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General Discussion

In this thesis, we aimed to provide new insights into the pathophysiology of liver fibrosis 
in biliary atresia and into the quality of life of young adult biliary atresia patients.

Is there a suitable animal model of biliary atresia? 

BA is a rare disease characterized by the obstruction and obliteration of the biliary tract 
leading to cholestasis and progressive liver fibrosis in infants requiring major surgery for 
long term survival. Without surgery (Kasai portoenterostomy [KPE] or liver transplanta-
tion [OLT]) BA is uniformly fatal with a reported median survival of just 8 months (1). 
Therapeutic medical interventions to delay or prevent (progressive) liver fibrosis (and the 
need of an OLT) after KPE are currently not clinically available. 

The etiology of BA is, unfortunately, still unresolved (2). Activation of the Hedgehog 
(Hh) signaling pathway has been hypothesized to play a pathogenic role in the develop-
ment of liver fibrosis in biliary atresia. The Hh signaling pathway regulates multiple cellular 
processes such as proliferation, apoptosis, migration and differentiation (3). Recent obser-
vations have supported the concept that activation of the Hh pathway leads to epithelial 
to mesenchymal transition (EMT) and that EMT might play a role in the development of 
the biliary pathology and liver fibrosis in BA (3). 

Examination of the early pathogenesis in humans in considerable detail is difficult for 
several reasons.  First, some degree of liver fibrosis is usually already present at time of 
diagnosis, which prevents the study of the initiating processes of fibrosis. Secondly, it has 
been demonstrated that long term prognosis of BA is negatively related with postnatal 
age of the Kasai surgery, which strongly limits the time period to study the pathogenesis 
before surgery. 

To better understand the pathogenesis of liver fibrosis in BA several animal models 
have been developed. The correspondence of each of these models with human BA 
remains a subject of debate. Nevertheless, several important insights have been obtained 
from animal models of BA, whose relevance for human BA could later be confirmed. In 
this thesis we investigated one of the animal models of BA to determine to what extent 
it resembles human BA and to address the hypothesis if EMT plays a pathogenic role 
during liver fibrosis in BA. Detailed insights in the pathogenesis of BA and BA-related liver 
damage/fibrosis are expected to aid in the development of interventions.

The rhesus rota virus (RRV) murine model of BA offers the unique possibility to in-
vestigate the development of BA-like hepatic and bile ductular injury from the onset of 
disease. Newborn pups are exposed to RRV at day 0, after which they develop cholestasis 
due to progressive obliteration of the biliary tree. Other models (e.g. bile duct ligation 
models) generally use adult animals. Whether (ongoing) liver fibrosis actually occurs in 
the RRV murine model of BA is unclear (4-6) and the suitability of this model for BA related 
liver fibrosis therefore still needed to be established. As the rapid development of fibrosis 
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is a clinical hallmark of human BA, it was also important to investigate whether fibrosis 
occurs early in this mouse model. 

In chapter 2 we demonstrate that moderate liver fibrosis does occur in the RRV 
murine model of BA. The morphological features observed in the RRV murine model 
correspond with the human BA characteristics according to the Biliary Atresia Research 
Consortium (BARC) criteria (i.e. portal fibrosis, bile duct proliferation, bile plugs, portal 
cellular infiltrate) (7). The demonstration of fibrosis improves the value of the RRV model 
for investigating the pathogenesis of liver fibrosis in BA. This model could also be used 
to develop and test novel therapeutic treatment strategies. It is, however, important to 
realize that the model does have a number of limitations. These limitations (discussed in 
detail in chapter 2) include: absence of severe liver fibrosis and portal hypertension, and 
survival of no longer than 21 days.

We speculate that another animal model, although not investigated in this thesis, 
might also be suitable to investigate BA (8). In an adult rat model originally developed to 
investigate the enterohepatic circulation and cholestasis, bile is quantitatively diverted 
through a permanent catheter in the hepatic bile duct. The bile catheter can be used to 
drain the bile outside the rat, thereby completely interrupting the enterohepatic circula-
tion. Alternatively, the bile catheter can be connected to a second, duodenal catheter, 
allowing the restoration of the enterohepatic circulation. By clamping the bile catheter, 
obstructive cholestasis can be induced (similar to the onset of BA). After a set time the bile 
circulation can be restored by releasing the clamp and connecting the bile catheter to 
the duodenal catheter. This second step could resemble features of the restoration of bile 
flow and the relieve of cholestasis after KPE in BA infants. This model has, to our knowl-
edge, not yet been used in BA research but could potentially help in the understanding of 
processes involved in fibrosis in BA during and after obstructive cholestasis. 

Do cholangiocytes become fibroblasts in BA?

Epithelial to mesenchymal transition (EMT), during which epithelial cells acquire typical 
features of mesenchymal cells such as fibroblasts, has been recognized to occur during 
embryonic development, fibrosis, and tumor metastasis. It has also recently been demon-
strated in liver fibrosis in chronic liver injury (primary biliary cirrhosis) (9, 10). The literature 
is inconclusive as to whether EMT is present in BA, a disease characterized by progressive 
liver fibrosis, frequently even after a successful KPE. 

It is important to establish if EMT is present in the development /progression of liver 
fibrosis in BA as it might be possible to develop targeted therapies to mitigate the del-
eterious effects. This could potentially help retard or even prevent progression of disease 
after a KPE and reduce the likelihood that an OLT is necessary for survival. A recent study 
showed that nuclear factor (NF)- κB plays an important role in EMT during liver fibrosis 
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and that inhibition of NF-κB decreased liver fibrosis after injury in vivo (11). Suppression 
of transforming growth factor (TGF) β1, a promotor of EMT, by Apamin (isolated from 
bees) or histone deacetylase has also been shown to limit EMT and fibrosis in murine liver 
fibrosis models (12, 13). If indeed EMT would be present in BA, it could then be relevant to 
test these compounds in BA models and, upon success, in patients.   

After establishing that the RRV murine model resembles human BA, we used both 
the RRV mouse model as well as human liver biopsies to determine if cholangiocytes 
undergo EMT in the development of liver fibrosis in BA in chapter 3. The human liver 
biopsies were obtained from BA patients at time of KPE. During EMT the morphological 
transition of cholangiocytes from an epithelial to mesenchymal phenotype is accompa-
nied by decreased expression of epithelial markers (i.e. CK7, CK19 and E-Cadherin) and 
increased expression of mesenchymal and fibroblast markers (i.e. α-SMA, Collagen type 
I, S100) (14, 15). 

In the murine livers, immunohistochemistry results of the RRV group showed an in-
crease of the mesenchymal/fibroblast markers α-SMA and Collagen type I with diminished 
bile duct staining of the epithelial marker CK19 and E-Cadherin, indeed suggesting the 
occurrence of EMT. However, gene expression levels of the epithelial markers CK7, CK19 
and E-Cadherin also increased in the RRV mice. These latter observations do not support 
the presence of EMT, for, if EMT would be prominent, the expression of the epithelial 
markers would be expected to decrease (16). 

We found no evidence for EMT in the liver biopsies of human BA patients: epithelial 
markers were present at differing levels (varying from low to strong) and the mesenchy-
mal/fibroblast marker α-SMA was generally only present at a low level. We also did not 
find a significant correlation between EMT markers and clinical outcome or fibrosis.

In summary, we did not find convincing indications in the RRV model nor in human 
liver biopsy material that cholangiocytes undergo EMT in a BA condition. Furthermore, 
no correlation between EMT markers and clinical outcome or fibrosis was found in the 
human patients. Our present findings regarding the absence of EMT in cholangiocytes in 
BA are in contradiction to several studies. 

Harada et al. used cultured human cholangiocytes to report observations that seemed 
to support that cholangiocytes undergo EMT under in vitro conditions. After stimulation 
of cultured human cholangiocytes with poly I:C, a synthetic analog of double-stranded 
RNA (molecular pattern associated with viral infection), a diminished expression of CK19 
and E-Cadherin with an increased expression of S100A was found, thus suggesting 
EMT (17). Diaz et al. used immunohistochemistry (markers including CK-19 and α-SMA, 
but not CK-7, E-cadherin or Collagen type 1) to investigate EMT in 14 human BA liver 
biopsies obtained from diagnostic biopsies or from liver explant tissue. These authors did 
find a decrease in CK19 expression and an increase in several mesenchymal markers in 
cholangiocytes but no increase in α-SMA. They hypothesized that the epithelial marker 
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CK-19 is lost before α-SMA expression occurs and concluded that their findings provided 
evidence for EMT of cholangiocytes in BA (18). Using immunohistochemistry to analyze 
liver biopsies from 18 BA patients, Xiao et al. reported that α-SMA emerged in many CK-
7-positive ductular cells and that α-SMA expression was highest in biopsies with more 
severe fibrosis. They postulated that this co-localization of CK-7 and a-SMA in the same 
cholangiocytes was indicative of EMT (19).

Our findings are, however, in accordance with findings of Chu et al. They used a mouse 
model in which the epithelial cells of the liver (hepatocytes, cholangiocytes, and their bi-
potential progenitors) are heritably with yellow fluorescent protein (YFP) labelled at high 
efficiency. This labelling allows cells to be traced: YFP expressing (“yellow”) cholangiocytes 
undergoing EMT should become YFP expressing (“yellow”) fibroblast. When they induced 
liver fibrosis in two separate murine models for liver fibrosis (bile duct ligation model and 
a toxic liver injury with carbon tetrachloride), no co-localization of YFP with the mesen-
chymal markers S100A4, vimentin, a-SMA was found demonstrating that cholangiocytes 
or hepatocytes do not undergo EMT to become fibroblasts during liver fibrosis (20). 

A review by Park et al discussed the ongoing debate concerning EMT in cholangiocytes 
(21). They concluded that indirect results suggest that EMT exists in human cholangiocytes 
but that two studies revealed strong evidence against EMT. These studies used lineage 
tracing methods (see above paragraphs) in murine models for liver fibrosis demonstrat-
ing that the cholangiocytes do not actually become fibroblasts (20, 22). Whether or not 
cholangiocytes, therefore, actually undergo EMT remains a controversy as studies report 
conflicting findings. Direct comparison is difficult since the studies use different markers, 
vary in species (rat/mice/human) and in in vitro or in vivo approach. In our study we used 
both murine and human samples to evaluate EMT using immunohistochemistry. We also 
measured the gene expression levels of the relevant markers. Given the limitations of 
our study discussed in chapter 3, it is not possible to completely exclude the presence 
of (some) EMT in the BA RRV mouse model. Yet, our data certainly do not support it. Our 
data are therefore in accordance with the linage tracing studies by Chu et al. and Scholten 
et al. It thus seems unlikely that cholangiocytes undergo EMT and become fibroblasts in 
liver fibrosis in BA. 

Due to the theoretical therapeutic potential of inhibiting EMT and thereby potentially 
preventing or retarding progressive biliary damage and liver fibrosis after a successful KPE, 
however, more research will need to be done before EMT can be fully discounted in BA. 

Predicting (severity of) fibrosis and course of disease

The natural course of BA in humans after KPE frequently includes progression of fibrosis, 
even up to the level of cirrhosis. This process can occur in the first postnatal year, but 
can also extend well into child- and even adulthood. It has been a challenge to assess 
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the amount and development of fibrosis. Early detection of progressive liver fibrosis and 
optimal timing of OLT have been suggested to be essential for survival in BA (23-25).

To date, assessment of liver fibrosis through liver biopsy (LB) remains the gold stan-
dard. This invasive technique has known limitations and cannot be readily performed. 
Non-invasive assessment of liver fibrosis can be broadly divided into two groups: physical 
or biological (26). The “physical” group measure liver stiffness through imaging tech-
niques and include magnetic resonance elastography (MRE) and transient elastography 
(Fibroscan ®) (26, 27). These techniques are costly and time consuming. Further, in the 
case of MRE, they require the patient to remain still for extended periods of time, which 
would require general anesthesia for infants. The “biological” approach is based on serum 
markers as a surrogate for fibrosis. These surrogate markers are an attractive alternative as 
they use results from routine blood examinations and are simple to calculate. 

Of the plethora of surrogate, non-invasive markers suggested in the literature, aspar-
tate transaminase to platelet ratio index (APRI) has been shown to reliably predict the 
degree of fibrosis and cirrhosis in chronic liver diseases in adults (28, 29). APRI has only 
been applied with differing success in chronic pediatric liver conditions (30). 

In 2010 Kim et al. were the first to report that APRI correlated with the grade of fibrosis 
at KPE in 35 BA patients. The authors suggested that APRI could possibly be used as a lon-
gitudinal marker to assess progressive fibrosis during follow-up after KPE surgery thereby 
preventing the need for frequent liver biopsies (31). However, the latter suggestion was 
not confirmed by the data that were presented and routine follow up liver biopsies is not 
standard care at our center. 

In chapter 4 we investigated whether APRI could successfully predict grade of fibrosis 
in BA, thereby providing an insight into whether ongoing fibrosis is present.

To assess the possibility that APRI could be used as a surrogate marker, we retrospec-
tively calculated APRI for all patients who had undergone a KPE (n = 31) at our center and 
correlated these scores to histological Metavir grade of liver fibrosis at time of surgery. 
Although our study design was similar to Kim et al. we did not find a correlation between 
APRI at time of KPE and severity of liver fibrosis. Median pre-KPE APRI was similar for all 
grades of fibrosis. Furthermore, in our study, APRI scores did not correlate with or predict 
survival (with or without native liver). Our findings are, therefore, contradictory to those 
presented by Kim et al.

Surprisingly, overall and transplant-free survival was not different for differing grades 
of histological fibrosis in our cohort. A lower degree of fibrosis at KPE, in other words, was 
not associated with a better (transplantation-free) survival in our cohort. This is also in 
contrast to previous studies (23, 24). One of the possibilities that may underlie this dis-
crepancy may relate to deterioration of other hepatic functions that has led to the need 
for liver transplantation, such as decreased protein synthesis and/or decreased excretory 
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function (jaundice, cholestasis). Davenport et al has suggested that clearance of jaundice 
after KPE rather than pre-KPE grade of liver fibrosis predicts survival of native livers (32). 

Since publication of our results two other reports have been published investigating 
the value of APRI in BA. Yang et al. found that, in accordance with Kim et al., APRI does 
correlated to grade of fibrosis in BA at time of KPE in 91 patients. Yang et al. also suggested 
that pre-KPE APRI could predict persistent jaundice at 6 months after corrective surgery 
(33). In contrast and similar to our findings, Souminen et al. found no correlation between 
APRI and histological grade of fibrosis at time of KPE in 29 patients (33, 34). 

A possible explanation for these differences might be that patients in our study and 
in the study by Souminen et al. did undergo KPE at a younger age: median 59 days and 
63 (Souminen et al.) vs 70 (Kim et al.) and 83 (Yang et al.). Infants with BA appear to have a 
relative thrombocytosis at onset of disease compared to control (unaffected) infants but 
with progressive liver damage platelet counts decrease (35, 36). A lower platelet concen-
tration will yield a higher APRI. Given that our and Souminen et al.’s patients were younger 
compared to the other two studies at time of KPE they will also have had a shorter course 
of disease prior to corrective surgery. This difference in length of disease prior to KPE 
is also reflected by the severity of histological fibrosis observed in the different studies. 
We observed an equal distribution in Metavir grades in our patients and Souminen et al. 
reported a median Metavir grade of F2 (= moderate fibrosis). The two studies with older 
infants observed a majority of F3 (= severe fibrosis) and F4 (= cirrhosis) fibrosis. Thus, we 
cannot exclude the possibility that differences in severity of fibrosis between the studies 
may (partly) underlie the different results. 

Based on the above findings and on the literature we consider it unlikely that APRI can 
be used as a reliable surrogate marker for liver fibrosis in infants with BA. In the early stage 
APRI will not change clinical practice since KPE surgery at the lowest age is warranted. In 
addition, a liver biopsy, the gold standard for assessment of fibrosis, is then usually avail-
able before or at KPE surgery. Whether the APRI could be used for longitudinal monitoring 
of the development of fibrosis during the post-KPE stage in individual pediatric patients 
with BA seems doubtful. 

Long term clinical outcomes 

Due to improved KPE and OLT techniques and better post-OLT medication BA has devel-
oped into a condition with a long-term prognosis: 10-years overall survival of 66-89% and 
20-years overall survival of 43-78% (37-40). Furthermore, 25% of patients survive at least 
20 years without OLT in the Netherlands (38). This makes it important to not only report 
“medical” success in treatment of BA in terms of survival but also ask the question how 
these patients are doing when they reach adulthood. The improved survival rates expose 
patients to the continuing uncertainty of complications which may require hospitaliza-
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tion. This constant risk may have a negative impact on their quality of life (QOL) and health 
status (HS or HS) in later life. Gaining insight into QOL, HS and related levels of anxiety/
depression as perceived by the adult population surviving BA with or without OLT, there-
fore, becomes an important assessment for defining long term clinical outcome. It is also 
necessary to assess their course of life: do the reach their developmental milestones and 
what factors are involved if they do not? 

It is important to realize that QOL and HS are not the same and are not interchange-
able. HS questionnaires measure the objective functional limitations as a result of disease 
whilst QOL questionnaires also reflect to what extent a patient is subjectively bothered 
by these limitations in daily life (41). 

In chapters 5 and 6 we demonstrate that BA patients surviving with their native liv-
ers or after OLT into adulthood report similar HS and QOL compared with healthy peers. 
They do not report impairment in their daily functioning due to their disease. As a group, 
the “BA with native liver” survivors do not demonstrate high levels of anxiety or depres-
sion. Nevertheless, at an individual level, a quarter of these survivors did report clinically 
relevant levels of anxiety and/or depression. This percentage is comparable to available 
reference data of the general public from literature (42, 43). Regular screening for anxiety 
and/or depression should be considered during outpatient appointments with subse-
quent referral when indicated as 25% of patients are at risk for depression. 

The HS and QOL results are comparable to the HS outcomes described by Howard et 
al. (44) but in contradiction to those reported by Sundaram et al. in long term BA survivors 
without OLT (45). Sundaram et al. reported an impaired HS in every dimension in pediatric 
patients using the with PedsQL 4.0. A possible explanation for the differences in outcomes 
with Sundaram et al. is that the population we investigated is older:  23 years versus 10 
years. We speculate that children are able to adjust to their health situation, and thus can 
cope better with BA when they mature to become adults.  

We find it an important finding that patients with a longstanding chronic disease 
which can have a negative impact on several body functions and which requires major 
surgery, lifelong follow-up, and medication use, reported an HS that was almost similar 
to that of an age-matched reference group. Just as relevant is our finding that HS is cor-
related to liver disease symptoms but not to biochemical markers of clinical condition. 
Biochemical markers alone should therefore not be used when evaluating how a patient 
is doing during follow-up. Non-transplanted females and patients suffering from liver 
disease–associated symptoms are the groups at risk for a lower HS. 

In a clinical or out-patient setting, regular screening through the use of the Liver Disease 
Index Score could possibly help in the early identification of patients at risk of a decreased 
HS. Management of these symptoms may be key in maintaining or improving HS and 
QOL in individual patients with BA, regardless of disease state. 
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In general, the course of life (COL, i.e. achievement of developmental milestones) of 
adolescents and young adults having grown up with a chronic disease is delayed (46). In 
chapter 7 we studied the effect of a major life event such as OLT in childhood on the COL 
in young adults. Gaining insight into the COL and factors associated with a delay in COL 
is important as more BA patients are reaching adulthood and a delay in the COL during 
childhood has been associated with decreased participation in social and professional 
activities in later life (46, 47). 

Young adult patients who had been transplanted at pediatric age show a delay in 
their developmental milestones in every dimension (autonomy, psychosexual, social, 
antisocial behavior). They do however, display less risk taking behavior than healthy peers 
which can be considered a positive effect. Furthermore, as adults they are less likely to 
be employed (49% vs 91%) or to have children when compared to age matched peers 
(0% vs 16%). More study participants were held back during primary and/or secondary 
education than in the reference group (63% vs. 44%). However, no significant difference 
in the accomplished educational level was found between both groups. Male recipients 
and those who required a re-transplantation are more at risk for a delay in COL. Delay in 
development was not associated with age at the time of study, age at OLT or time since 
OLT. 

This delay in development after pediatric OLT is comparable to findings in young 
adults with a history of chronic disease as a child (e.g. end stage renal disease; inflamma-
tory bowel disease) and survivors of childhood cancer (46, 48, 49).

Psychosexual development seems to be most affected by pediatric OLT (i.e. age of first 
boy/girlfriend, sexual intimacy and intercourse). This observation is in accordance with 
reports on patients with other forms of severe diseases at pediatric age (46, 48). Several 
reasons could explain the delay in psychosexual development: negative body image or 
insecurity due to scarring, discomfort caused by disease symptoms or the observed delay 
in social development. 

It is not only important to understand if delays in development and behavior occur 
but similarly when this delay starts. For example, in the OLT group, the delay in social 
development became apparent in secondary school. Young adults reported having fewer 
friends and were a less active member in sports clubs. It is unclear which factors underlie 
these observations. Perhaps these children and/or their parents feared increased physical 
vulnerability after an OLT which might have prevented the children from participating in 
sports. Additionally, it might be that parents of children with a chronic diseases exhibit 
overprotective behavior (50). 

Understanding the gaps in development enables health professionals and parents to 
focus on a favorable COL and to encourage these children and adolescents to be more 
independent, stimulate them to make friends and participate in activities with their peers 
especially during secondary school.
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The delay in course of life in transplanted pediatric patients is in contrast to that of 
children who have grown up with a chronic liver disease but have reached adulthood 
with their native livers. Non-transplanted pediatric BA patients reach developmental 
milestones similarly as their healthy peers (51). A potential explanation for this is again 
that survival with native livers represents a relatively benign course of disease and are not 
at risk of post-transplantation complications and risk avoiding behavior from the patients 
and/or their parents. A Kasai procedure within the first few months after birth will not 
be consciously experienced by patients whereas an OLT later in childhood (and subject 
sequelae) will be. 

Conclusions and future directions

In this thesis we investigated both the pathogenesis and the long term clinical outcomes 
in biliary atresia. 

We show for the first time that liver fibrosis is present in the RRV murine model of BA 
and that this model corresponds with the morphological features of human BA according 
to the BARC criteria. Using this model and human tissue samples we did not find support 
for the hypothesis that cholangiocytes undergo epithelial to mesenchymal transition in 
the pathogenesis of fibrosis of the BA condition.  

We were not able to correlate Aspartate Transaminase to Platelet Ratio Index with 
severity of liver biopsy fibrosis at time of KPE or (transplant-free) survival in pediatric BA 
patients and suggest that APRI is not a suitable surrogate marker for liver fibrosis in BA. 

From the clinical point, we have demonstrated that the long term outcome of BA 
patients, with their native liver or OLT, is generally good. BA patients who survive into 
adulthood, report a good health status and quality of life. However, at an individual level, 
a quarter of the young adult BA patients reports clinically relevant levels of anxiety and/
or depression. Regular screening is suggested to identify and possibly treat those adults 
at risk.

Young adult patients who underwent OLT in their childhood have a delay in reaching 
their developmental milestones in every dimension but display less risk taking behavior.

A remaining challenge to improve the prognosis of BA patients relates to preventing or 
mitigating the development of liver fibrosis. We feel that new medical treatment options 
should be tested, for example in the RRV murine model and, upon success, subsequently 
in patients. From clinical care, the developmental delay that may be seen after OLT for BA 
needs to be further addressed. Relevant contributors need to be identified, after which 
preventive measures or tools could hopefully be applied or developed to further improve 
the prognosis of BA patients and to allow them to develop (even) more similar to their 
peers in every dimension.
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