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Antifibrotic potential of bone marrow-derived
mesenchymal stem cells in biliary atresia mice
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Abstract. Biliary atresia (BA) is a rare and severe disease that
affects infants where a fibroinflammatory process destroys
the bile ducts, leading to fibrosis and biliary cirrhosis, and
mortality if untreated. Bone marrow-derived mesenchymal
stem cells (BMMSCs) have been considered as a promising
therapy in fibrotic diseases. The aim of the present was to
investigate the anti-fibrotic roles of BMMSC transplantation
in a BA mouse model. Mouse BA models were established by
Rhesus rotavirus administration to neonatal mice. The results
revealed that the liver enzyme and bilirubin metabolism levels,
and the levels of the oxidative stress marker malondialdehyde
(MDA) and the fibrosis marker were all increased in the BA
model, while the liver tissue levels of superoxide dismutase
and glutathione peroxidase were reduced. The hematoxylin
and eosin and Masson's trichrome staining revealed severe
liver fibrosis and collagen accumulation in BA livers.
However, these indicators were all reversed once the BA mice
were administered the BMMSC inoculation. In conclusion,
the present study demonstrated the anti-fibrotic potential of
BMMSCs in BA mice, which may provide a novel approach to
ameliorate the fibrotic response in BA patients.

Introduction

Biliary atresia (BA), a unique disease of infancy, is caused by
fibro-inflammatory destruction of extra- or intra-hepatic bile
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ducts. BA leads to cholestasis and progressive liver fibrosis and
cirrhosis, as well as end-stage liver disease in some infants,
who then require a liver transplantation (1,2). Worldwide, the
incidence of BA ranges from 1 in 5,000 to 1 in 20,000 live
births, which is responsible for nearly one-third of all neonatal
cholestasis cases and more than 90% of obstructive choles-
tatic cases (3). If untreated, the prognosis is extremely poor,
with death from liver cirrhosis occurring within 2 years (4).
Although a type of surgery knows as the Kasai procedure has
markedly improved the prognosis of BA, life quality of the
majority of patients remains relatively poor, and long-term
survival depends on a liver transplant (5).

Over the past decade, mesenchymal stem cells (MSCs) have
been extensively investigated as potential therapeutic options
for the treatment of various degenerative diseases and immune
disorders (6,7). Focus on MSCs lies in their potential for
self-renewal, ability to differentiate into multiple cell lineages,
and immunoregulatory properties, as well as their ability to
secrete several types of anti-fibrotic molecules (8), such as
hepatocyte growth factor (9). Furthermore, unlike embryonic
stem cells, the use of MSCs does not give rise to ethical issues,
and they have a safer profile in terms of carcinogenesis. To date,
the effects of bone marrow-derived MSCs (BMMSCs) on liver
fibrosis induced by BA remain largely unknown. In the present
study, we investigated the anti-fibrotic potential of BMMSCs in
a murine model of BA induced by RRV administration.

Materials and methods

Ethics statement. The present study was reviewed and
approved by the Ethics Committee of the Jiangxi Provincial
Children's Hospital (Jiangxi, China) and all of the experiments
were carried out in accordance with relevant guidelines and
regulations. All procedures adhered to the Chinese Veterinary
Medical Association Guide.

Animals. Pregnant BALB/c mice aged 10 to 12 weeks
and 4-week-old healthy BALB/c nonpregnant mice were
purchased from SLAC Inc. (Shanghai, China). The animals
were housed in groups in a specific pathogen-free facility
under artificial lighting conditions (12:12 h), with food and
water available ad libitum.
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Murine BA model induced by RRV. ARRV strain (MMU 18006)
was purchased from the American Type Culture Collection
(Manassas, VA, USA), and amplified in MA104 cells. The
experimental model of BA was established as described in
previous study (10). Briefly, neonatal mice were injected with
20 pl of 1.2x10° pfu/ml of RRV or supernatant of MA104 cell
culture medium (controls) intraperitoneally within 24 h of birth.
Infected mice that died within the first 2 days or that were not fed
by their mothers were excluded from further analysis. All mice
were weighed every day and observed the signs of cholestasis
(icterus of non-fur-covered skin, color and quality of stools, and
bilirubin in urine) until the day of sacrifice. Liver samples were
collected for histological analysis and western blot analysis.

BMMSC isolation, purification, and characterization.
BMMSCs were obtained from 4-week-old BALB/c
mice. BMMSC isolation and purification protocols were
performed in accordance with method described previously (11).
To exclude hematopoietic stem cells and leucocytes, a magnetic
bead-based mouse cell depletion kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) containing anti-CD45, anti-CDl11b,
anti-CDS5, anti-Grl (Ly-6/C), and anti-TER 119 monoclonal
antibodies was used. The expression profiles of BMMSC
surface markers were determined by flow cytometry. BMMSC
plasticity (i.e., differentiation into chondrogenic, adipogenic,
and osteogenic lineages) was assessed using a commercial kit
(StemPro; Thermo Fisher Scientific, Inc., Waltham, MA, USA),
following the manufacturer's instructions. The purified cells
were kept in standard culture media until the day of transplant.

BMMSC transplantation. Infected mice received an intra-
peritoneal injection of 1x10® BMMSCs in a single dose
7 days post-challenge. All the animals included in the experi-
mental groups were sacrificed via broking the neck 14 days
post-inoculation, and livers were harvested for further studies.

Collection of blood and tissue samples. After 14 days of the
inoculation, mice were intraperitoneally injected 1% pentobar-
bital sodium at 80 mg/kg, then blood samples were withdrawn
from the ventral main vein of the mice and allowed to clot.
Serum was separated by centrifugation at 2,000 rpm for 10 min
at 4°C and used for the assessment of liver function. Afterwards,
the animals were killed by cervical dislocation. The livers
were dissected out and portions placed in 10% neutral buffered
formalin (pH 7.4) for subsequent histopathological examination.
The remaining tissues were kept deep frozen at -80°C.

Measurements of clinical biochemistry parameters. Murine
blood samples were collected after the experiments and
analyzed by the hospital's clinical laboratory using a Hitachi
Pre-Analytical Process Automation System with a 7600
Clinical Analyzer (Hitachi, Ltd., Tokyo, Japan). The parame-
ters analyzed were alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total bilirubin (TBIL), and direct
bilirubin (DBIL).

Western blot analysis. Frozen liver samples were lysed with
RIPA III lysis buffer (Sangon Biotech, Shanghai, China).
After determination of the protein concentration with a BCA
kit (Thermo Fisher Scientific, Inc.), equal amount of proteins
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from different samples were subjected to 10% SDS-PAGE gels
following electrophoretic transfer to nitrocellulose membranes.
The membranes were then blocked with 5% nonfat milk
and incubated with the primary antibodies against laminin
(LN), transforming growth factor-f3 (TGF-f3), tumor necrosis
factor-a (TNF-a), collagen IV (all Abcam, Cambridge,
MA, USA, a-smooth muscle actin (a-SMA; Cell Signaling
Technology, Inc., Danvers, MA, USA), a-1 type 1 collagen
(COL1AT) (Abcam), or B-actin (Cell Signaling Technology,
Inc.). After incubation with corresponding horseradish
peroxidase-coupled secondary antibody (Beyotime Institute
of Biotechnology, Haimen, China), the membrane was devel-
oped using an enhanced chemiluminescence system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Densitometric analysis
was performed using ImageJ software (National Institutes of
Health, Bethesda, MD, USA), using [3-actin as an endogenous
control.

Measurement of antioxidant enzyme activities. Liver tissues
were homogenized in saline using a Teflon homogenizer (Glas
Col, Vernon Hills, CA, USA). The sample was then centrifuged
at 3,000 rpm for 15 min at 4°C, and the resultant supernatant
was collected. The homogenate was then used for assessments
of oxidative stress markers. Antioxidant enzyme activities
were measured using an SOD, GSH, and MDA activity detec-
tion kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China), following the manufacturer's instructions.

Histology and immunohistochemistry. Liver specimens were
fixed in 10% neutral-buffered formalin and embedded in
paraffin. Then, the embedded tissues were cut into 5 ym-thick
serial sections. Next, the sections were deparaffinized in xylene,
hydrated through graded ethanol, and stained with hematoxylin
and eosin (H&E) or Masson's trichrome for histopathological
analysis. For immunohistochemistry, a three-step immunohis-
tochemical protocol was used, including sectioning, dewaxing,
and hydrating the tissues. After deparaffinized with xylene and
rehydrated with graded ethanol, paraffin sections of tissues
were antigen repaired with Tris-EDTA, followed by incubation
with 3% H,0, at room temperature for 10 min. Then, the slides
were blocked with 5% goat serum (diluted in PBS) for 1 h at
room temperature and incubated overnight at 4°C with primary
antibody against collagen IV, LN, a-SMA, COL1A1, TGF-f or
TNF-a at the indicated dilutions, followed by incubation with
secondary antibody and rinsing with PBS. Cell nuclei were
counterstained with Harris hematoxylin solution.

Statistical analysis. Statistical analysis was performed using
SPSS 23.0 software (IBM Corp., Armonk, NY, USA). Data
were expressed as the mean + standard deviation. One-way
analysis of variance followed by Tukey's post-hoc test were
used to compare the means of multiple groups. P<0.05 was
considered to indicate a statistically significant difference.

Results

Liver enzymatic function and bilirubin metabolism recovered
after BMMSC treatment. Liver enzyme levels such as AST,
ALT, and the levels of bilirubin metabolism TBIL and DBIL
were upregulated in the RRV-induced BA murine model as
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Figure 1. Evaluation of clinical biochemical parameters in blood samples from mice. Assessment of levels of (A) liver enzymes and (B) bilirubin metabolism
(n=10). "P<0.05 and ““P<0.001 vs. control group; “P<0.05 and #*P<0.001 vs. BA model group. ALT, alanine aminotransferase; AST, aspartate aminotransferase;
TBIL, total bilirubin; DBIL, direct bilirubin; SC, bone marrow-derived mesenchymal stem cells; BA, biliary atresia.
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Figure 2. Detection of antioxidant enzyme activities in liver tissues of mice in Control, BA (model group), and BA + BMMSC (model + SC) groups. (A) MDA,
(B) GSH and (C) SOD (n=10). "P<0.05 and ““P<0.001 vs. control group; “P<0.05 and *P<0.01 vs. BA model group. MDA, malondialdehyde; SOD, superoxide
dismutase; GSH, glutathione peroxidase; BMMSC/SC, bone marrow-derived mesenchymal stem cells; BA, biliary atresia.

compared with the control group (Fig. 1). Following BMMSC
transplantation, liver enzyme and bilirubin metabolism
levels markedly decreased in the RRV-induced BA murine
model (Fig. 1), indicating that the BMMSCs greatly improved
liver function.

Effect of BMMSC treatment on liver oxidative stress. As
shown in Fig. 2, MDA levels significantly increased and GSH
and SOD levels significantly decreased in the BA model as
compared with those of the control group. BMMSC treatment
reversed these effects, with clearly reduced MDA levels and
increased GSH and SOD levels as compared with those in
the nontreated RRV-induced BA group. These data indicated
that BMMSC treatment dramatically inhibited liver oxidative
stress in RRV-induced BA mice.

BMMSC treatment reduced the expression of proteins
associated with liver fibrosis. Expression levels of collagen IV,
LN, a-SMA, COL1A1, TGF-f1 and TNF-a in liver tissues
increased significantly in the BA group when compared with
those in the control group (Fig. 3). And BMMSCs treatment
significantly decreased the protein expression of collagen IV,
LN, a-SMA, COL1A1, TGF-B1, and TNF-a levels (Fig. 3).
Moreover, results from immunohistochemical staining of
collagen 1V, LN, a-SMA, COL1A1, TGF-p1, and TNF-a
proteins in liver tissues from the different groups (control
group, BA group, and BA + BMMSC treatment group) were
consistent with those assessed by western blotting (Fig. 4).
Taken together, these results indicated that BMMSCs
administration appeared to relieve liver fibrosis caused by BA.

The effect of the BMMSC treatment on histology. Liver
sections of the control group displayed normal histological
features, whereas liver sections in the BA group showed
massive diffuse and progressive histological alterations, with
massive mononuclear cellular infiltration and marked fibrosis
(Fig. SA and B). In the BMMSC-treated group, most of the
histological alterations observed in the BA group disappeared,
and cell histology was more or less similar to that observed in
the control group (Fig. 5A and B). These findings suggested
that BMMSC treatment alleviated liver fibrosis in a murine
model of RRV-induced BA.

Discussion

BA is a devastating disease of newborns that occurs within
the first few months after birth. The disease is characterized
by liver inflammation, fibrosis, and obstruction of the bile
duct (12). Although the etiology of BA is largely unclear, human
and mouse data have implicated that a perinatal viral infection
is a possible pathogenic mechanism (13). In the murine model
of BA, RRV infection of newborn BALB/c mice results in
inflammatory cholangiopathy, with a pathological phenotype
similar to that seen in human BA (14,15). BA mice develop
bilirubinuria and jaundice, with pale-colored stools and growth
retardation, culminating in death. Based on this, in the present
study, we constructed a murine model of BA by RRV admin-
istration and explored the antifibrotic roles of BMMSCs in BA
mice.

The present study demonstrated that BMMSCs treatment
significantly restored liver enzymatic function and bilirubin
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Figure 3. Detection of the expression of proteins associated with liver fibrosis by western blotting. Protein expression in liver tissues from the different
groups: Control, BA model and BA + BMMSC (model + SC). 3-catenin was used to normalize protein expression (n=10). “P<0.01 and ““P<0.001 vs. control
group; "P<0.05 and ""P<0.01 vs. BA model group. LN, laminin; TGF-f, transforming growth factor-; TNF-a, tumor necrosis factor-a; COL1AL1, collagen
1 type al; a-SMA, a-smooth muscle actin; BMMSC/SC, bone marrow-derived mesenchymal stem cells; BA, biliary atresia.
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Figure 4. Immunohistochemistry analysis of the expression of proteins associated with liver fibrosis. Protein expression in liver tissues from the different
groups: Control, BA, model and BA + BMMSC (model + SC). Magnification, x100; scale bars=50 zm. "P<0.05 vs. control group; “P<0.05 vs. BA model
group. LN, laminin; TGF-f, transforming growth factor-f3; TNF-a, tumor necrosis factor-o; COL1A1, collagen 1 type al; a-SMA, a-smooth muscle actin;
BMMSC/SC, bone marrow-derived mesenchymal stem cells; BA, biliary atresia.
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Figure 5. Histological analyses of livers from the control, BA model and BA + BMMSC (model + SC) treatment groups. (A) Masson's trichrome staining.

(B) H&E staining. Arrows indicate mononuclear cellular infiltration and marked fibrosis. Magnification, x100; scale bars=150 ym." "P<0.001 vs. control group;
#P<0.01 vs. BA model group. H&E, hematoxylin and eosin; BMMSC/SC, bone marrow-derived mesenchymal stem cells; BA, biliary atresia.

metabolism and inhibited oxidative stress and alleviated liver
fibrosis of the RRV-induced murine model of BA. Our results
were consistent with those of a previous study (16). Our study
points to a potentially novel approach to ameliorate the fibrotic
response of BA patients.

Besides, we showed that the administration of RRV led to
a parallel increase of MDA, an oxidative stress marker, with a
subsequent decrease of antioxidant markers (GSH and SOD).
Active oxygen species play essential roles in host defense
mechanisms against disease. However, excessive production of
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active oxygen species caused by chronic inflammation may lead
to tissue injury and disease progression (17). In many BA patients,
Kasai's hepatic portoenterostomy fails to resolve upregulation
of oxidative stress, even in cases of mild liver dysfunction
without jaundice (18). The aforementioned finding suggests
that antioxidant therapy may be necessary for the treatment
of BA patients. And our study demonstrated that BMMSCs
transplantation significantly rescued the decrease of GSH and
SOD and increase of MDA induced by RRV-administration,
indicating the important value of BMMSCs in the treatment
of BA. LN, an extracellular matrix component, is a major
non-collagenous glycoprotein synthesized by hepatic stellate
cells (HSCs) and deposited in the basement membrane of the
liver (19). Previous study revealed that elevated levels of LN
were correlated with the degree of perisinusoidal fibrosis (20).
In the present study, the liver content of LN was significantly
increased in the RRV-induced BA model, whereas it was
significantly decreased after BMMSC treatment. In addition
to LN, collagen, another extracellular matrix protein, plays an
important role in fibrosis (21). Accordingly, we determined the
effect of BMMSC therapy on the collagen content of liver tissue.
Both collagen IV and COL1A1 were highly expressed in liver
tissues of the model group, and the BMMSC treatment markedly
reduced their expression. As demonstrated in previous research,
activated HSCs are a major source of matrix proteins in diseased
livers (22). Accordingly, we evaluated the formation of a-SMA,
an indicator of HSC activation (22), by immunohistochemical
staining and western blotting of liver samples. The results
showed that a-SMA expression was elevated in the BA group,
whereas it was clearly reduced in the BA BMMSC-treated group.

MSCs exert inhibitory effects on monocytes, dendritic
cells, macrophages, and natural killer (NK) cells, which are
part of the innate immune system. Besides, MSCs inhibit the
maturation of monocytes into dendritic cells, which play a role
in antigen presentation to naive T-cells and repress the secre-
tion of TNF-a, INF-y, and interleukin-12 by dendritic cells
and increase their secretion of interleukin-10, thereby reducing
their pro-inflammatory potential (23). In contrast to MSCs,
HSC activation in response to injury results in the secretion
of TGF-f1, which has potent fibrogenic effects in both auto-
crine and paracrine patterns (24). However, BMMSCs could
suppress the activity of HSCs and reduce the secretion of
specific cytokines, such as TGF-f1 and interleukin-6 (24). In
accordance with this finding, our study revealed that treatment
with BMMSCs significantly inhibited inflammatory reactions
in the liver by decreasing the secretion of pro-inflammatory
factors, such as TNF-a and TGF-p1.

Overall, the results of the present study point to the poten-
tial beneficial role of BMMSCs in the inhibition of fibrosis
progression induced by RRV in mice.
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