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Abstract: In biliary atresia (BA), apoptosis is part of the pathomechanism, which results in pro-
gressive liver fibrosis. There is increasing evidence suggesting that apoptotic liver injury can be
non-invasively detected by measuring the caspase activity in the serum. The purpose of this study
was to investigate whether serological detection of caspase activation mirrors apoptotic liver injury
in the infective murine BA-model and represents a suitable biomarker for BA in humans. Analysis
showed increased caspase-3 activity and apoptosis in the livers of cholestatic BALB/c mice, which
correlated significantly with caspase activation in the serum. We then investigated caspase activation
and apoptosis in liver tissues and sera from 26 BA patients, 23 age-matched healthy and 11 cholestatic
newborns, due to other hepatopathies. Compared to healthy individuals, increased caspase activa-
tion in the liver samples of BA patients was present. Moreover, caspase-3 activity was significantly
higher in sera from BA infants compared to patients with other cholestatic diseases (sensitivity 85%,
specificity 91%). In conclusion, caspase activation and hepatocyte apoptosis play an important role
in experimental and human BA. We demonstrated that serological detection of caspase activation
represents a reliable non-invasive biomarker for monitoring disease activity in neonatal cholestatic
liver diseases including BA.
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1. Introduction

During the last few decades, the overall outcome of patients with biliary atresia (BA)
has been stabilized in industrial nations [1,2]. However, the survival rate with the patient’s
native liver is still low and the complications and sequelae of liver transplantation (LTx),
as well as the financial burden, are unsolved problems [3]. The top priority is, therefore,
to unravel the etiology of BA and to turn the sequential, but only symptomatic, therapy
(Kasai procedure and LTx in approximately 70–80%) into an origin-related curative and/or
prophylactic approach [4,5]. Clinical research focuses on effective screening, timely and
appropriate diagnosis, surgery for BA, as well as postoperative care in order to extend the
survival of both native and transplanted livers [6–9]. Basic research refers either to patient
specimens, which are available after the diagnosis has been confirmed, or to experimental
BA, which is solely simulated in the Rhesus rotavirus (RRV) driven mouse model [10].
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Under these circumstances, the translation of findings from the animal model to the human
disease and to clinical application is of the highest interest [11].

In BA, an ongoing inflammatory process of the entire biliary tree leads to irreversible
damage of the extrahepatic bile ducts and the deterioration of liver function. The entity
is assumed to be an immunological dysregulation in genetically susceptible newborns,
probably triggered by hepatotropic viruses [12]. However, the pathomechanism of the
immunological process still remains unclear, although pieces of the pathophysiological
jigsaw puzzle have been identified [13]. Among them, apoptosis is known to be a signifi-
cant mechanism of liver injury when physiologically programmed cell death changes into
a deregulated process. Apoptotic liver injury plays a role in a variety of liver diseases
triggered by different signaling mechanisms, namely the extrinsic death receptor and
the intrinsic mitochondrial pathway [14,15]. The extrinsic pathway is initiated by death
ligand/receptor interaction, i.e., CD95L/CD95, which is followed by the activation of
initiator and effector caspases. The latter, such as caspase-3 or -7, cleave a variety of cellular
substrates, including cytokeratin-18 (CK-18), a major intermediate filament protein in hepa-
tocytes [16,17]. It has been demonstrated that CD95 enhances liver injury and fibrogenesis
in bile duct ligated mice, indicating that CD95 signaling plays a role in cholestatic liver
injury [18]. Funaki et al. demonstrated increased apoptosis in liver biopsies of BA patients
for the first time and Liu et al. showed that activation of the upstream CD95 pathway seems
to be a poor prognostic factor [19,20]. In s cholestatic RRV mouse model, up-regulation of
apoptosis-related genes has been shown [21,22]. Erickson et al. demonstrated that, in the
experimental mouse model, apoptosis along the entire biliary tree is, together with IFNγ

and TNFα, a crucial factor for developing cholestatic BA-like changes [23].
Recently, it has been shown that caspase-mediated CK-18 cleavage fragments as well

as activated caspases are released from apoptotic cells and can be detected in the blood
of patients with liver diseases [19–21]. However, whether serological detection of caspase
activation might be a suitable non-invasive biomarker for the early detection of cholestatic
liver diseases such as BA has, thus far, not been investigated. We therefore investigated
caspase-activation in liver and sera from newborn RRV-BALB/C mice in regard to apoptotic
liver injury and repeated these investigations in BA patients.

2. Materials and Methods
2.1. Experimental BA Mouse Model

BALB/c and C57BL/6 mice were purchased from Charles River Laboratory (Charles
River Laboratories, Research Models and Services, Sulzfeld, Baden-Wurttemberg, Ger-
many). The mice were kept in specific pathogen-free laminar-flow cages and subjected to a
12 h dark-light-cycle; food, water and litter were sterilized. All procedures were approved
by the local animal welfare committee, in compliance with the national regulations for the
protection of animals (permit number 07/1327) and performed under the supervision of a
responsible veterinarian.

Intraperitoneal application of a 20-microliter saline solution containing 1 × 106 pfu/mg
of RRV or sterile saline in controls, was performed in all newborn mice within 24 h
postpartum, as previously described [24]. Animals that died within 48 h after infection
were excluded as early lethality due to technical complications. Mice were monitored
daily for weight and general condition, as well as signs of cholestasis, i.e., icterus of the
non-fur covered skin and acholic stools. Bilirubinuria was tested by using Bilugen-TestTM

(Boehringer Mannheim, Mannheim, Baden-Wurttemberg, Germany).
Sacrifice and dissection of the mice was scheduled on day 5, 8, 11 or 15 after RRV-

infection and performed under a dissection microscope. Morphological changes of the gall
bladder and the hepatoduodenal ligament, as well as corresponding microscopic findings
in the liver, gave evidence of the experimental BA model, as previously described [25].
Explanted livers were divided and harvested for histological examination and viral mRNA
determination. Small parts of the liver were fixed in formalin 4%, embedded in paraffin
and stained with hematoxylin and eosin (H.E.). Remaining liver tissue samples were snap-
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frozen in liquid nitrogen and stored at −80 ◦C for future virus quantification. Up to 30 mg
of liver tissue from each animal was lysed and homogenized using a TissueRuptor and RLT
buffer (Qiagen GmbH, Hilden, North Rhine-Westphalia, Germany). After centrifugation
for 5 min at full speed, the supernatant was collected, and a volume of 70% ethanol was
added and mixed by pipetting. The sample was transferred to an RNeasy spin column
and RNA was isolated following the protocol of RNeasy Mini Handbook (Qiagen GmbH,
Hilden, North Rhine-Westphalia, Germany). Total RNA was quantified and validated for
integrity using the U3000 (HITACHI).

2.2. RRV and Real-Time PCR

The virus was kindly provided by M. Riepenhoff-Talty (Buffalo, NY, USA). The
Rhesus rotavirus strain (RRV, MMU 18006) was titrated in MA-104 cells and expressed
as plaque forming units (pfu/mg) [24,25]. Titration of the virus in graded logarithmic
dilutions was performed in tissue culture microtiter plates (Nunc, Roskilde, Denmark)
with confluent cells.

Reverse Transcription and Real-Time Polymerase Chain Reaction (rt-PCR) Assay Re-
verse transcription was performed using Superscript III Reverse Transcriptase and random
primers (Invitrogen, Karlsruhe, Germany), according to the manufacturer’s instructions.
A total of 0.5 µg of RNA from each sample was reverse transcribed into single-stranded
cDNA. The rt-PCR was performed using 50 ng of template for the quantitative detection
of mRNA levels for the rotavirus-specific VP6 protein and glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) as the internal control. We used an Mx-3000P Multiplex Quan-
titative PCR sequence detector (Stratagene, La Jolla, CA, USA) using SYBR Green as a
double-strand DNA-specific binding dye. PCR amplifications were performed with specific
primers (Supporting Information Figure S1) on a total volume of 25 µL containing 50 ng of
template, 1 µL of each primer (0.35 µM), 12.5 µL of 2X Brilliant SYBR Green QPCR Master
Mix (Stratagene) and 0.5 µL of a diluted reference dye (RedOrangeXanthocyanin), at a
final concentration of 300 nM. An initial denaturation at 95 ◦C for 10 min was followed
by 40 cycles (95 ◦C for 30 s, 51 ◦C for 30 s and 72 ◦C for 45 s). VP6 mRNA expression in
the liver of RRV treated mice was normalized to the internal control and compared to a
saline-treated control group.

2.3. Immunohistochemical Staining

Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphated nick
end-labelling (TUNEL), as the gold standard for the detection of apoptosis, was performed
together with the assessment of the cleaved caspase-3, the decisive effector enzyme in
the apoptosis pathway. In brief, for TUNEL, the ApoTag In situ Apoptosis Detection Kit
(CHEMICON International, Temecula CA, USA) was used for formalin-fixed, paraffin
embedded (FFPE) slides of 5 µm thickness. After mounting, slides were dewaxed and per-
meabilized by diluted proteinase K (RT, 15′; 20 µg/mL), followed by blocking endogenous
peroxidase (RT, 5′; H2O2 3% in PBS). Sections were washed in PBS and an equilibration
buffer, followed by incubation with a TdT reaction mixture (RT, 60′). After stop-wash, an
anti-digoxygenin peroxidase conjugate was applied (RT; 60′), visualized by DAB substrate.
Staining patterns on the slides were evaluated under a conventional light microscope.
Caspase and TUNEL were assessed in each specimen by counting the immunoreactive
hepatocytes, cholangiocytes and endothelial cells in 10 portal tracks with a magnification
of 200. DNA fragmentation and cytoplasmic staining were considered positive for TUNEL
and caspase, respectively. Inflammatory infiltrates were recorded whenever present.

Caspase-3 activity was assessed by immunohistochemistry using a polyclonal rabbit
antibody (RBK009; dilution 1:200; Zytomed Systems, Berlin, Germany). The 3 µm slides
were deparaffinized and a high-temperature antigen unmasking technique in a pressure
cooker was applied (5′; 121 ◦C, 0.01 M sodium citrate buffer pH 6.0), followed by blocking,
as described above. Sections were incubated overnight with a primary antibody, detection
was performed by a multilink biotinylated antibody (LSAB/HRP, DAKO Glostrup, Dane-
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mark), the substrate was DAB. Negative controls were completed by omitting the primary
serum that showed absence of specific staining. Adequate positive controls were included.

2.4. Detection of Caspase Activity in Mouse Liver Tissue

A total of 20–30 mg of liver tissue was homogenized in liquid nitrogen and lysed in
10 mM TRIS-HCl containing 0.5% Nonidet P-40, 10 mM MgCl2, 150 mM NaCl, 10 mM
dithiothreitol and 1% protease inhibitor (Sigma-Aldrich, St. Louis, MO, USA). The liver
tissue extracts were analyzed for protein concentration using a Lowry assay (BIO-RAD;
Munich, Germany) and then diluted in a buffer containing 50 mM Tris-HCl (pH 7.4),
10 mM KCl and 5% glycerol for a final concentration of 1 µg/µL. Then, 15 µL extracts
were incubated with 15 µL of the caspase substrate DEVD-luciferin and luciferase reagent
(Caspase-Glo Promega, Mannheim, Germany) for 1.5 h at room temperature. Following
cleavage of the substrate at the DEVD peptide by caspase-3 and caspase-7, aminoluciferin
was released, resulting in light production in a luciferase reaction that can be measured
in relative light units (RLU) using a luminometer (GloMax® 96 Microplate Luminometer
Mannheim, Germany). Samples were analyzed and compared to the saline treated control
group [26].

2.5. Detection of Caspase Activity in Mouse Sera

A total of 4 µL of mouse serum was diluted in 36 µL of a buffer containing 50 mM
Tris-HCl (pH 7.4), 10 mM KCl and 5% glycerol. Then, 10 µL of the dilution were incubated
with 10 µL of the caspase substrate DEVD-luciferin and luciferase reagent for 3 h in the
dark at room temperature. Finally, the luminescence of each sample was measured in
triplicates in a luminometer (Lumat, Berthold Technologies, Bad Wildbad, Germany) and
calculated as the increase relative to the saline-treated control group [26].

2.6. Detection of Caspase Activity in Human Sera

A total of 25 µL of human serum was diluted in 25 µL of a buffer containing 50 mM
Tris-HCl (pH 7.4), 10 mM KCl and 5% glycerol. Then, 15 µL of the diluted serum was
incubated with 15 µL of the caspase substrate DEVD-luciferin and luciferase reagent for
1.5 h at room temperature in triplicate. Finally, the luminescence of the samples was
measured in a luminometer (GloMax® 96 Microplate Luminometer, Promega, Mannheim,
Germany) and calculated as relative light units [26].

2.7. Patients Characteristics

Sera and liver biopsies were taken from 26 BA patients (70 days old on average; range,
21–101), simultaneously with the Kasai procedure. As controls, the following two distinct
groups were enrolled in the study: (i) sera from 23 age-matched healthy patients (62 days
old on average; range, 2–200), who were scheduled for routine surgical procedures and (ii)
sera from 11 patients with neonatal cholestasis (93 days old on average; range, 47–181). The
latter showed statistically no difference to the study group in terms of gender distribution,
bilirubin, AST, ALT and γGT (Supporting information Table S1). For ethical reasons, no
age-matched liver biopsies were available.

Approval was obtained from the Local Research Ethical Committee (No. 41/2006)
prior to enrolling patients in this study. Patients were included in the BA research program
after obtaining consent from the patient’s legal guardian.

2.8. Statistics

Statistical evaluation was calculated using SPSS 18 (IBM, Somers, NY, USA). A sta-
tistical analysis comparing the concentration of the M30 antigen (U/L), caspase activity
(RLU) and TUNEL signals in the different mouse and patient groups at various times was
performed using the unpaired two-tailed t-test for equality of means. The dependence
between readings of M30, caspase activity, virus load and TUNEL signals was performed
using Pearson’s r or, in a skewed distribution, Spearman’s rho, respectively. The difference



J. Clin. Med. 2021, 10, 2718 5 of 12

between the occurrences of BA in both mouse strains was analyzed using the chi-square
test. Values are expressed as mean ± SEM. Statistical significance was assumed for p < 0.05.
Sensitivity and specificity were calculated by using ROC analysis.

3. Results
3.1. Induction of BA and Cholestasis in RRV-Infected Mice

The early intraperitoneal infection with RRV induces a high incidence of experimental
BA in newborn BALB/c mice, while in C57BL/6-mice it induces a low incidence [24]. We
pre-tested the outcome parameters of our study’s design (incidence of cholestasis and BA),
at first in 192 pups (Table 1). The 192 pups were the basis of a multitude of studies from
our department, using the RRV-BALB/c mice model, which is the reason for the number of
animals. As previously demonstrated, we observed experimental BA in 69% of BALB/c
and 22% of C57BL/6 mice (p < 0.001). It remains unclear thus far, whether the development
of BA in this mouse model depends on the presence of the virus, or if RRV only acts as an
initial trigger resulting in immune-response mechanisms that lead to bile duct destruction.
Previous studies implicated that the pathomechanism, which turns cholestasis into BA,
is an on-going process even after viral clearance. Therefore, we investigated the viral
clearance in BALB/c pups that developed icterus after RRV-infection (n = 22). In line with
previous studies, the virus load increased up to day eight after RRV infection, and was
cleared within the next 3 days (Supporting Information Figure S2) [27].

Table 1. Incidence of biliary atresia and recovering pups in RRV-infected BALB/c and C57BL/6 mice.

Mouse Strain (N) Healthy (%) Biliary Atresia (%)

BALB/c (N = 91) 28 (31%) 63 (69%)
C57BL/6 (N = 101) 79 (78%) 22 (22%)

Total 107 85

3.2. Increased Caspase Activation and Apoptosis in Liver Tissues from BA Mice

We first investigated apoptotic liver injury in cholestatic RRV+-BALB/c mice com-
pared to control mice that received an injection of saline instead of RRV. In contrast to the
saline-treated control mice, the RRV-treated BA mice showed increased TUNEL reactivity
and caspase-3 activity (Figure 1A–C) in periductal regions of the liver tissue.

We then analyzed apoptotic liver injury in BALB/c mice after RRV treatment, inde-
pendent from clinical cholestasis. Therefore, the virus-treated mice without clinical signs of
cholestasis were defined as the second control group (n = 34). In contrast to the non-icteric
pups, the cholestatic mice developed increased serum-bilirubin levels in the observation
period of day 5–15 (Supporting Information Figure S3).

As demonstrated in Figure 2A, the icteric mice (n = 59) showed increased caspase-3/-7
activity in the liver tissue extracts, which was significantly (p < 0.05) higher at day 8 and
11 compared to the non-icteric mice (n = 55). Similarly, during day 5–15 following the
virus application, the icteric BA mice showed an increased number of TUNEL-positive
cells in liver tissues (significant p < 0.05 at day 8) compared to the non-icteric control
mice (Figure 2B). The caspase-activity significantly (p < 0.01) correlated (r = 0.056) with
TUNEL reactivity in the liver tissues of BA mice (Figure 2C), indicating that increased
caspase-activation is associated with apoptotic liver injury in those mice.
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3.3. Increased Caspase Activity in Sera of BA Mice Compared to Non-Icteric Mice

We then investigated whether the apoptotic liver injury of BA mice is reflected by
increased caspase activity in the serum. For this purpose, we analyzed the caspase-3/-7
activity in the sera of icteric RRV+-BALB/c mice compared to non-icteric mice with a
luminometric substrate assay, as used for the detection of caspase activity in the liver
tissue extracts [24]. Initial experiments showed that the saline-treated control mice (n = 18)
revealed similar caspase activity in the serum compared to the virus-treated non-icteric con-
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trol mice (n = 22), indicating that cholestasis triggers caspase activation and apoptotic liver
injury in BA mice (Supporting Information Figure S4). However, we found significantly
(p < 0.05) higher caspase activity in the serum of the icteric mice (n = 28) at day 5, 8 and
11 compared to the non-icteric mice (n = 40) (Figure 3B). Moreover, the caspase activity in
the serum of the RRV+-BALB/c mice was significantly (p < 0.01) correlated (r = 0.69) with
the caspase activity in the liver tissue of those mice (Figure 3C). In addition, we measured
the caspase activity in the liver (n = 98) and serum (n = 46) samples of C57BL/6 mice, which
developed cholestasis in less than 30% of cases. The icteric C57BL/6 mice also showed an
elevated caspase activity in the liver and serum compared to the non-icteric C57BL/6 mice;
however, a significant peak could only be observed for day 8 within the observation period
from day 5 to day 15 following RRV-treatment (Figure S5A,B). Compared to the icteric
C57BL/6 mice, the icteric BALB/c mice revealed significantly higher caspase activity in
the liver tissue extracts at day 5, 8 and 11 following the RRV treatment (Figure S6). Thus,
the differences in the immune response between both mouse strains might contribute to
the various extent of caspase activation and liver injury observed in those cholestatic mice.
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and 40 non-icteric BALB/c mice after RRV infection within 24 h of birth. The difference of caspase activity in the liver
tissues between both groups is statistically significant (*) at day 8 (p < 0.001) and day 11 (p = 0.001) and in serum at day 5
(p = 0.015), 8 (p = 0.016) and 11 (p < 0.001). A positive correlation between caspase activity in liver and serum (C) (Pearson’s
correlation coefficient 0.687, p < 0.001) shows that caspase activity in serum mirrors apoptosis of the liver in experimental
BA mouse model (p < 0.001).

3.4. Apoptotic Liver Injury Is Increased in BA Patients and Associated with Elevated Caspase
Activity in Serum

Previous studies in BA demonstrated increased TUNEL reactivity in liver biopsies,
especially in the bile duct epithelia [19,20]. In the present study, we investigated the role
of apoptotic liver injury in liver biopsies from BA patients. We found increased caspase-3
activation and DNA fragmentation in the biliary epithelial cells of the liver tissues from BA
patients compared to healthy liver tissues (Figure 1D–F).

We then investigated caspase-3/-7 activity in sera from BA patients by using the above
mentioned luminometric substrate assay. BA patients revealed significantly increased
caspase activity in sera compared to patients with other causes of cholestasis (Figure 4).
To determine the discriminating value for caspase-3/-7 activity for a prediction of BA
in cholestatic children, we performed an ROC analysis. As shown in Figure 5, a cut-
off value of 1991 RLU of serum caspase-3/-7 activity correctly predicted BA in children
with cholestasis with a sensitivity of 85% and a specificity of 91% (AUC 0.91). Thus, the
serological detection of caspase activity revealed a very promising diagnostic performance
for the detection of BA in cholestatic children.
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4. Discussion

The diagnosis of BA is often delayed and treatment options, especially in progressed
BA, remain limited [28]. Therefore, understanding the pathomechanism is necessary in
order to identify novel biomarkers for early diagnosis and new therapeutic targets of this
disease. There is rising evidence suggesting that increased apoptosis plays an important
role in the pathogenesis of BA, leading to the regression and atrophy of bile ducts [19,23].

In this study we investigated the role of apoptosis in an experimental murine BA
model and in human BA. We used an infective BA mouse model in which the RRV infection
of newborn BALB/c mice results in histomorphological bile duct changes in approximately
70% of the rotavirus-infected pubs resembling human BA [29]. Previous studies from the
murine model of BA have shown a time restricted gene upregulation of specific proteases,
such as granzyme A and caspases, that triggers apoptosis induction with a peak at day
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7 following RRV challenge [21,22]. The Cincinnati group demonstrated that apoptosis is
induced in both murine intra- and extra-hepatic bile ducts, and depends on the synergistic
effect of IFNγ and TNFα [11].

In the present study, we demonstrated increased caspase-3 activation and apoptosis
(TUNEL reactivity) in the liver parenchyma and bile ducts of cholestatic RRV-infected new-
born mice compared to non-cholestatic control mice. The subsequent analysis of caspase
activity in the tissue extracts revealed a peak at day 8, followed by a continuous decline
until day 15, which is contradictory to former theories considering ongoing apoptosis as a
pathomechanism in experimental BA. Interestingly, in our study, the virus load also peaked
at day 8 and then declined. Viral clearance has been associated with an increased number
of CD3+ CTLs (27), which secrete TNF-α and express high levels of the CD95 ligand, both
cytokines that trigger apoptosis. In addition, caspases can be activated by granzyme B,
which is also produced from CTLs [30,31]. Whether caspase activation in experimental BA
reflects the clearance of virus-infected cells and/or the apoptosis of non-infected liver cells
remains nebulous.

Intriguingly, compared to the course of caspase activity in liver tissues, we found a very
similar course of caspase-3/-7 activity in the sera of BA mice. The monitoring of caspase
activity in the serum obviously mirrors apoptotic liver injury in experimental BA. Since no
biomarker exists for the early detection and monitoring of disease activity in BA patients
thus far, we evaluated caspase-3/-7 activity as possible biomarkers for the detection of BA.
Similar to our findings in the BA mouse model, we found increased caspase-3 activation
and apoptosis (TUNEL reactivity) in the liver tissues of BA patients compared to healthy
liver tissues. Compared to murine BA tissues, in human BA, apoptosis was more restricted
to the biliary epithelial cells. Those differences mainly show the limitations of translational
research in biliary atresia. As recently discussed, the murine model of BA was used in a
multitude of studies to investigate the mechanistic aspects of the disease. However, in the
RRV-BALB/c model, pups decease within 21 days of life and, in our cohort, were sacrificed
at day 15 of life [32]. In this short life span, the extent and the localization of injury can
differ [32]. In human BA patients, epithelial cells acquire mesenchymal phenotypes and
are, therefore, contributors to the process of apoptosis and fibrosis. In contrast, severe liver
fibrosis has not yet been observed in the murine model of BA [33].

Patients with BA showed increased levels of caspase-3/-7 activity in the serum, com-
pared to healthy control individuals. Moreover, BA patients revealed significantly higher
caspase-3/-7 activity in sera compared to patients with other causes of cholestasis. Recently,
it has been demonstrated that a decreased T-regulatory (Treg) cell number in the liver was
associated with increased bile duct injury in experimental BA [34]. Similarly, in infants
with BA, a decreased number of Treg cells has been associated with bile duct damage [3,35].
We have recently shown that the apoptosis of Treg cells in patients with chronic inflamma-
tory disease is mirrored by an elevated caspase-3/-7 activity in the blood [36]. It might,
therefore, be possible that the increased serum levels of caspase activity observed in BA
patients at least partially reflects Treg cell apoptosis. In such a scenario, the increased
apoptosis of Treg cells would result in a decreased Treg cell number, leading to impaired
control of the immune response, increased inflammation and bile duct injury. A further
intriguing finding of our study is the promising diagnostic performance (AUC value 0.91)
of serological detection of caspase-3/-7 activity, which allows for the identification of BA in
children with cholestasis with a high sensitivity and specificity.

The main limitation of the study is the missing follow up data for the human BA
cohort and the lack of caspase-3/-7 dynamics in the infants. Therefore, the conclusions are
based on the presented data of caspase-3/-7 activity in the human BA cohort at the time of
the Kasai procedure and the murine RRV-BALB/c model.

In summary, the data of our study implicate that serological detection of caspase acti-
vation represents a suitable non-invasive biomarker for early identification of infants with
BA and, moreover, distinguishes them from children with other cholestatic liver diseases.
This is of clinical relevance since the restoration of the bile flow in BA patients should be
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performed as early as possible to prevent liver disease progression and the development of
liver cirrhosis with associated complications. Furthermore, our observation that activated
caspases play a major role in bile duct injury might open up new therapeutic strategies
that are urgently needed for BA. In this respect, caspase-inhibitors, which have recently
been demonstrated to attenuate liver injury and fibrosis in bile-duct ligated mice, could
be promising agents for BA treatment [37]. Further studies in larger patient cohorts are
warranted to evaluate the diagnostic performance of apoptosis biomarkers in BA patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10122718/s1.

Author Contributions: Conzeptualization, O.M.-S., C.P., H.B.; Methodology, J.A., R.v.W., K.K.;
Software, G.B., F.W., J.A.; Validation, O.M.-S., C.P., H.B., J.A.; Formal Analysis, G.B., F.W., J.A., O.M.-
S.; Writing—Original Draft Preparation, O.M.-S., F.W., G.B.; Writing—Review & Editing, O.M.-S.,
C.P., H.B., R.v.W.; Visualization, J.A., R.v.W.; Supervision, C.P., H.B., R.v.W.; Project Administration,
C.P.; All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study protocol is in accordance to the declaration of
Helsinki and was approved by the ethic committee of the Hannover Medical School.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BA Biliary Atresia
LTx Liver Transplantation
RRV Rhesus Rotavirus
CK Cytokeratin
IFNγ Interferon-Gamma
TNFα Tumor Necrosis Factor-alpha
Pfu Plaque Forming Units
ELISA Enzyme-Linked Immunosorbent Assay
H.E. Hematoxylin and Eosin
PCR Polymerase Chain Reaction
GAPDH Glyceraldehyde-3-Phosphate-Dehydrogenase

TUNEL
Terminal Deoxynucleotidyl Transferase-mediated Deoxyuridine Triphosphated Nick
End-Labelling

FFPE Formalin-Fixed, Paraffin Embedded
SEM Standard Error of Mean
DAB Diaminobenzidin
RLU Relative Light Units
CTL Cytotoxic T Cell

References
1. Chardot, C.; Buet, C.; Serinet, M.-O.; Golmard, J.-L.; Lachaux, A.; Roquelaure, B.; Gottrand, F.; Broué, P.; Dabadie, A.;

Gauthier, F.; et al. Improving Outcomes of Biliary Atresia: French National Series 1986–2009. J. Hepatol. 2013, 58, 1209–1217.
[CrossRef]

2. Davenport, M.; Ong, E.; Sharif, K.; Alizai, N.; McClean, P.; Hadzic, N.; Kelly, D.A. Biliary Atresia in England and Wales: Results
of Centralization and New Benchmark. J. Pediatr. Surg. 2011, 46, 1689–1694. [CrossRef] [PubMed]

3. Nio, M.; Wada, M.; Sasaki, H.; Tanaka, H. Effects of Age at Kasai Portoenterostomy on the Surgical Outcome: A Review of the
Literature. Surg. Today 2015, 45, 813–818. [CrossRef]

4. Davenport, M. Biliary Atresia: Clinical Aspects. Semin. Pediatr. Surg. 2012, 21, 175–184. [CrossRef]
5. Petersen, C. Pathogenesis and Treatment Opportunities for Biliary Atresia. Clin. Liver Dis. 2006, 10, 73–88. [CrossRef]
6. Lien, T.-H.; Chang, M.-H.; Wu, J.-F.; Chen, H.-L.; Lee, H.-C.; Chen, A.-C.; Tiao, M.-M.; Wu, T.-C.; Yang, Y.-J.; Lin, C.-C.; et al.

Effects of the Infant Stool Color Card Screening Program on 5-Year Outcome of Biliary Atresia in Taiwan. Hepatology 2011, 53,
202–208. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/jcm10122718/s1
https://www.mdpi.com/article/10.3390/jcm10122718/s1
http://doi.org/10.1016/j.jhep.2013.01.040
http://doi.org/10.1016/j.jpedsurg.2011.04.013
http://www.ncbi.nlm.nih.gov/pubmed/21929975
http://doi.org/10.1007/s00595-014-1024-z
http://doi.org/10.1053/j.sempedsurg.2012.05.010
http://doi.org/10.1016/j.cld.2005.10.001
http://doi.org/10.1002/hep.24023
http://www.ncbi.nlm.nih.gov/pubmed/21140377


J. Clin. Med. 2021, 10, 2718 11 of 12

7. Shneider, B.L. Screening for Biliary Atresia: A Ray of Hope. Hepatology 2008, 47, 1105–1107. [CrossRef] [PubMed]
8. Sokol, R.J. Biliary Atresia Screening: Why, When, and How? Pediatrics 2009, 123, e951–e952. [CrossRef] [PubMed]
9. Sokol, R.J.; Mack, C.L. Optimizing Outcomes and Bridging Biliary Atresia into Adulthood. Hepatology 2005, 41, 231–233.

[CrossRef]
10. Petersen, C. Biliary Atresia: The Animal Models. Semin. Pediatr. Surg. 2012, 21, 185–191. [CrossRef]
11. Bezerra, J.A. Biliary Atresia—Translational Research on Key Molecular Processes Regulating Biliary Injury and Obstruction.

Chang Gung Med. J. 2006, 29, 222–230. [PubMed]
12. Mack, C.L. The Pathogenesis of Biliary Atresia: Evidence for a Virus-Induced Autoimmune Disease. Semin. Liver Dis. 2007, 27,

233–242. [CrossRef] [PubMed]
13. Sharland, A.; Gorrell, M.D. Cooperation of Innate and Adaptive Immunity in the Pathogenesis of Biliary Atresia: There’s a Killer

on the Run. Hepatology 2009, 50, 2037–2040. [CrossRef]
14. Malhi, H.; Gores, G.J. Cellular and Molecular Mechanisms of Liver Injury. Gastroenterology 2008, 134, 1641–1654. [CrossRef]

[PubMed]
15. Schulze-Osthoff, K.; Ferrari, D.; Los, M.; Wesselborg, S.; Peter, M.E. Apoptosis Signaling by Death Receptors. Eur. J. Biochem. 1998,

254, 439–459. [CrossRef]
16. Fischer, U.; Jänicke, R.U.; Schulze-Osthoff, K. Many Cuts to Ruin: A Comprehensive Update of Caspase Substrates. Cell Death

Differ. 2003, 10, 76–100. [CrossRef]
17. Leers, M.P.; Kölgen, W.; Björklund, V.; Bergman, T.; Tribbick, G.; Persson, B.; Björklund, P.; Ramaekers, F.C.; Björklund, B.;

Nap, M.; et al. Immunocytochemical Detection and Mapping of a Cytokeratin 18 Neo-Epitope Exposed during Early Apoptosis.
J. Pathol. 1999, 187, 567–572. [CrossRef]

18. Canbay, A.; Higuchi, H.; Bronk, S.F.; Taniai, M.; Sebo, T.J.; Gores, G.J. Fas Enhances Fibrogenesis in the Bile Duct Ligated Mouse:
A Link between Apoptosis and Fibrosis. Gastroenterology 2002, 123, 1323–1330. [CrossRef]

19. Funaki, N.; Sasano, H.; Shizawa, S.; Nio, M.; Iwami, D.; Ohi, R.; Nagura, H. Apoptosis and Cell Proliferation in Biliary Atresia. J.
Pathol. 1998, 186, 429–433. [CrossRef]

20. Liu, C.; Chiu, J.H.; Chin, T.; Wang, L.S.; Li, A.F.; Chow, K.C.; Wei, C. Expression of Fas Ligand on Bile Ductule Epithelium in
Biliary Atresia—A Poor Prognostic Factor. J. Pediatr. Surg. 2000, 35, 1591–1596. [CrossRef]

21. Carvalho, E.; Liu, C.; Shivakumar, P.; Sabla, G.; Aronow, B.; Bezerra, J.A. Analysis of the Biliary Transcriptome in Experimental
Biliary Atresia. Gastroenterology 2005, 129, 713–717. [CrossRef] [PubMed]

22. Leonhardt, J.; Stanulla, M.; von Wasielewski, R.; Skokowa, J.; Kübler, J.; Ure, B.M.; Petersen, C. Gene Expression Profile of the
Infective Murine Model for Biliary Atresia. Pediatr. Surg. Int. 2006, 22, 84–89. [CrossRef]

23. Erickson, N.; Mohanty, S.K.; Shivakumar, P.; Sabla, G.; Chakraborty, R.; Bezerra, J.A. Temporal-Spatial Activation of Apoptosis
and Epithelial Injury in Murine Experimental Biliary Atresia. Hepatology 2008, 47, 1567–1577. [CrossRef]

24. Leonhardt, J.; Kuebler, J.F.; Turowski, C.; Tschernig, T.; Geffers, R.; Petersen, C. Susceptibility to Experimental Biliary Atresia
Linked to Different Hepatic Gene Expression Profiles in Two Mouse Strains. Hepatol. Res. Off. J. Jpn. Soc. Hepatol. 2010, 40,
196–203. [CrossRef]

25. Petersen, C.; Grasshoff, S.; Luciano, L. Diverse Morphology of Biliary Atresia in an Animal Model. J. Hepatol. 1998, 28, 603–607.
[CrossRef]

26. Volkmann, X.; Fischer, U.; Bahr, M.J.; Ott, M.; Lehner, F.; Macfarlane, M.; Cohen, G.M.; Manns, M.P.; Schulze-Osthoff, K.; Bantel,
H. Increased Hepatotoxicity of Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand in Diseased Human Liver. Hepatology
2007, 46, 1498–1508. [CrossRef] [PubMed]

27. Petersen, C.; Davenport, M. Aetiology of Biliary Atresia: What Is Actually Known? Orphanet J. Rare Dis. 2013, 8, 128. [CrossRef]
[PubMed]

28. Anthony, S.J.; Annunziato, R.A.; Fairey, E.; Kelly, V.L.; So, S.; Wray, J. Waiting for Transplant: Physical, Psychosocial, and
Nutritional Status Considerations for Pediatric Candidates and Implications for Care. Pediatr. Transplant. 2014, 18, 423–434.
[CrossRef]

29. Mack, C.L.; Feldman, A.G.; Sokol, R.J. Clues to the Etiology of Bile Duct Injury in Biliary Atresia. Semin. Liver Dis. 2012, 32,
307–316. [CrossRef] [PubMed]

30. Ahmed, A.F.; Ohtani, H.; Nio, M.; Funaki, N.; Shimaoka, S.; Nagura, H.; Ohi, R. CD8+ T Cells Infiltrating into Bile Ducts in Biliary
Atresia Do Not Appear to Function as Cytotoxic T Cells: A Clinicopathological Analysis. J. Pathol. 2001, 193, 383–389. [CrossRef]

31. Clarke, P.; Tyler, K.L. Apoptosis in Animal Models of Virus-Induced Disease. Nat. Rev. Microbiol. 2009, 7, 144–155. [CrossRef]
32. Mohanty, S.K.; Lobeck, I.; Donnelly, B.; Dupree, P.; Walther, A.; Mowery, S.; Coots, A.; Bondoc, A.; Sheridan, R.M.;

Poling, H.M.; et al. Rotavirus Reassortant—Induced Murine Model of Liver Fibrosis Parallels Human Biliary Atresia. Hepatology
2020, 71, 1316–1330. [CrossRef]

33. Keyzer-Dekker, C.M.G.; Lind, R.C.; Kuebler, J.F.; Offerhaus, G.J.A.; ten Kate, F.J.W.; Morsink, F.H.M.; Verkade, H.J.; Petersen, C.;
Hulscher, J.B.F. Liver fibrosis during the development of biliary atresia: Proof of principle in the murine model. J. Pediatr. Surg.
2015, 50, 1304–1309. [CrossRef]

34. Tucker, R.M.; Feldman, A.G.; Fenner, E.K.; Mack, C.L. Regulatory T Cells Inhibit Th1 Cell-Mediated Bile Duct Injury in Murine
Biliary Atresia. J. Hepatol. 2013, 59, 790–796. [CrossRef]

http://doi.org/10.1002/hep.22302
http://www.ncbi.nlm.nih.gov/pubmed/18366131
http://doi.org/10.1542/peds.2008-3108
http://www.ncbi.nlm.nih.gov/pubmed/19403487
http://doi.org/10.1002/hep.20575
http://doi.org/10.1053/j.sempedsurg.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/16924882
http://doi.org/10.1055/s-2007-985068
http://www.ncbi.nlm.nih.gov/pubmed/17682970
http://doi.org/10.1002/hep.23399
http://doi.org/10.1053/j.gastro.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18471544
http://doi.org/10.1046/j.1432-1327.1998.2540439.x
http://doi.org/10.1038/sj.cdd.4401160
http://doi.org/10.1002/(SICI)1096-9896(199904)187:5&lt;567::AID-PATH288&gt;3.0.CO;2-J
http://doi.org/10.1053/gast.2002.35953
http://doi.org/10.1002/(SICI)1096-9896(199812)186:4&lt;429::AID-PATH195&gt;3.0.CO;2-6
http://doi.org/10.1053/jpsu.2000.18322
http://doi.org/10.1016/j.gastro.2005.05.052
http://www.ncbi.nlm.nih.gov/pubmed/16083724
http://doi.org/10.1007/s00383-005-1589-0
http://doi.org/10.1002/hep.22229
http://doi.org/10.1111/j.1872-034X.2009.00577.x
http://doi.org/10.1016/S0168-8278(98)80283-3
http://doi.org/10.1002/hep.21846
http://www.ncbi.nlm.nih.gov/pubmed/17705261
http://doi.org/10.1186/1750-1172-8-128
http://www.ncbi.nlm.nih.gov/pubmed/23987231
http://doi.org/10.1111/petr.12305
http://doi.org/10.1055/s-0032-1329899
http://www.ncbi.nlm.nih.gov/pubmed/23397531
http://doi.org/10.1002/1096-9896(2000)9999:9999&lt;::AID-PATH793&gt;3.0.CO;2-O
http://doi.org/10.1038/nrmicro2071
http://doi.org/10.1002/hep.30907
http://doi.org/10.1016/j.jpedsurg.2014.12.027
http://doi.org/10.1016/j.jhep.2013.05.010


J. Clin. Med. 2021, 10, 2718 12 of 12

35. Yang, Y.; Liu, Y.; Tang, S.; Yang, L.; Yang, J.; Cao, G.; Zhang, J.; Wang, X.; Mao, Y. Elevated Th17 Cells Accompanied by Decreased
Regulatory T Cells and Cytokine Environment in Infants with Biliary Atresia. Pediatr. Surg. Int. 2013, 29, 1249–1260. [CrossRef]
[PubMed]

36. Veltkamp, C.; Anstaett, M.; Wahl, K.; Möller, S.; Gangl, S.; Bachmann, O.; Hardtke-Wolenski, M.; Länger, F.; Stremmel, W.;
Manns, M.P.; et al. Apoptosis of Regulatory T Lymphocytes Is Increased in Chronic Inflammatory Bowel Disease and Reversed
by Anti-TNFα Treatment. Gut 2011, 60, 1345–1353. [CrossRef] [PubMed]

37. Canbay, A.; Feldstein, A.; Baskin-Bey, E.; Bronk, S.F.; Gores, G.J. The Caspase Inhibitor IDN-6556 Attenuates Hepatic Injury and
Fibrosis in the Bile Duct Ligated Mouse. J. Pharmacol. Exp. Ther. 2004, 308, 1191–1196. [CrossRef] [PubMed]

http://doi.org/10.1007/s00383-013-3421-6
http://www.ncbi.nlm.nih.gov/pubmed/24122073
http://doi.org/10.1136/gut.2010.217117
http://www.ncbi.nlm.nih.gov/pubmed/21459928
http://doi.org/10.1124/jpet.103.060129
http://www.ncbi.nlm.nih.gov/pubmed/14617689

	Introduction 
	Materials and Methods 
	Experimental BA Mouse Model 
	RRV and Real-Time PCR 
	Immunohistochemical Staining 
	Detection of Caspase Activity in Mouse Liver Tissue 
	Detection of Caspase Activity in Mouse Sera 
	Detection of Caspase Activity in Human Sera 
	Patients Characteristics 
	Statistics 

	Results 
	Induction of BA and Cholestasis in RRV-Infected Mice 
	Increased Caspase Activation and Apoptosis in Liver Tissues from BA Mice 
	Increased Caspase Activity in Sera of BA Mice Compared to Non-Icteric Mice 
	Apoptotic Liver Injury Is Increased in BA Patients and Associated with Elevated Caspase Activity in Serum 

	Discussion 
	References

