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Abstract

BACKGROUND: This study investigated whether xenotransplantation of human Wharton’s jelly-derived mesenchymal
stem cells (WJ-MSCs) reduces thioacetamide (TAA)-induced mouse liver fibrosis and the underlying molecular
mechanism.

METHODS: Recipient NOD/SCID mice were injected intraperitoneally with TAA twice weekly for 6 weeks before
initial administration of WJ-MSCs. Expression of regenerative and pro-fibrogenic markers in mouse fibrotic livers were
monitored post cytotherapy. A hepatic stallate cell line HSC-T6 and isolated WJ-MSCs were used for in vitro adhesion,
migration and mechanistic studies.

RESULTS: WJ-MSCs were isolated from human umbilical cords by an explant method and characterized by flow
cytometry. A single infusion of WJ-MSCs to TAA-treated mice significantly reduced collagen deposition and ameliorated
liver fibrosis after 2-week therapy. In addition to enhanced expression of hepatic regenerative factor, hepatocyte growth
factor, and PCNA proliferative marker, WJ-MSC therapy significantly blunted pro-fibrogenic signals, including Smad2,
RhoA, ERK. Intriguingly, reduction of plasma fibronectin (pFN) in fibrotic livers was noted in MSC-treated mice. In vitro
studies further demonstrated that suspending MSCs triggered pFN degradation, soluble pFN conversely retarded adhesion
of suspending MSCs onto type I collagen-coated surface, whereas pFN coating enhanced WJ-MSC migration across
mimicked wound bed. Moreover, pretreatment with soluble pFN and conditioned medium from MSCs with pFN strikingly
attenuated the response of HSC-T6 cells to TGF-f1-stimulation in Smad2 phosphorylation and RhoA upregulation.
CONCLUSION: These findings suggest that cytotherapy using WJ-MSCs may modulate hepatic pFN deposition for a better
regenerative niche in the fibrotic livers and may constitute a useful anti-fibrogenic intervention in chronic liver diseases.
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1 Introduction

Liver fibrosis, which is characterized by an excessive
deposition of extracellular matrix (ECM) proteins, is con-
sidered to be a wound-healing response to a variety of
chronic stimuli [1, 2]. Following liver injury, pro-inflam-
matory cytokines initiate the wound healing processes
including liver regeneration orchestrated by various
molecular and cellular participants. Meanwhile, the
upregulated expression of hepatic transforming growth
factor-B1 (TGF-B1) potently activates hepatic stellate cells
(HSCs), which is the primary cell type in the liver under-
going myofibroblastic phenotype transformation in
response to hepatic insult but is also responsible for
excessive ECM production in fibrotic livers, in particular
collagen fibrils [2, 3]. The TGF-B1-driven profibrogenic
signaling is well known to be delivered through the
canonical Smad pathway [2, 3]. Besides, TGF-B1 induces
the activation of extracellular signal-regulated kinase 1/2
(ERK1/2) [4] and the protein expression of Ras homolog
gene family member A (RhoA) that activate HSCs via a
Smad-dependent mechanism [5].

Mesenchymal stem cells (MSCs) are found to reside in
diverse adult tissues and have been claimed to be thera-
peutic against a broad range of human diseases currently
refractory to conventional treatments. Adult MSCs have
been identified in various organs including bone marrow
(BM), brain, liver, skeletal muscle, and umbilical cord [6].
Wharton’s jelly of the umbilical cord is a potential source
for MSC isolation. Because Wharton’s jelly-derived MSCs
(WJ-MSCs) show fibroblast-like morphology [7], they
were once considered to be myofibroblasts [8, 9]. Ex vivo
studies have demonstrated the capacities of WJ-MSCs for
differentiating into different cell lineages, including adi-
pocytes [10], osteocytes [10], chondrocytes [11], neurons
[12], islet-like cells [13], myocytes [14], and endothelial
cells [15], illustrating their therapeutic potential against a
variety of diseases in different organs. Recent in vitro and
in vivo findings have also indicated that WJ-MSCs, after
hepatogenic induction, could differentiate into hepatocyte-
like cells expressing hepatocytic markers including albu-
min, o-fetoprotein and cytokeratin 18 [16, 17] and that WJ-
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MSCs administration could improve experimental liver
fibrosis and regeneration in rats [18, 19]. All evidence
suggests that WJ-MSCs may be promising for tissue
engineering and cell therapy against chronic liver diseases.

Sakaida et al. were the first to demonstrate the thera-
peutic potential of BM-derived MSCs against carbon
tetrachloride (CCly)-induced liver fibrosis in a murine
model [20]. Studies later showed that the upregulation of
matrix metalloproteinases (MMPs) in the implanted cells is
responsible for ECM degradation and fibrosis resolution in
the liver [21]. We previously found that infusion of BM
stromal cells enhances liver regeneration and reduces
fibrosis in the regenerating fibrotic rat livers [22]. Para-
doxically, transplantation of UCB-derived CD34+
hematopoietic stem cells did not engraft in thioacetamide
(TAA)-induced cirrhotic livers of rats [23], while admin-
istration of MSC-conditioned medium exerts similar anti-
inflammatory and anti-fbrotic effects in CCly-injured
mouse livers [24], suggesting that paracrine actions of stem
cells may participate in liver regeneration. Although WJ-
MSCs have been previously demonstrated to improve rat
liver fibrosis induced by either CCly [18] or TAA [19], the
mechanism underlying the therapeutic potential of MSC
has not been sufficiently addressed. This study, therefore,
aimed at evaluating the therapeutic efficiency of human
WIJ-MSC xenotransplantation in the NOD-SCID mice with
TAA-induced liver fibrosis, and further elucidating the
underlying mechanism of MSC therapy against liver
fibrosis.

2 Materials and methods
2.1 Isolation and characterization of WJ-MSCs

Protocol for collection of human umbilical cord was
approved by Institutional Reviewing Board of our institute
(EMRP26100N). WJ-MSCs were isolated from W] tissues
using a previously reported explant method [25]. The iso-
lated WJ-MSCs were expanded in Iscove modified Dul-
becco medium (IMDM; Invitrogen, Grand Island, NY,
USA) containing 10% (v/v) FBS, 10 ng/mL bFGF (Pe-
proTech, Rocky Hill, NJ, USA), 100 U penicillin, 1000 U
streptomycin, and 2 mM L-glutamine (Invitrogen) and
incubated at 37 °C in an incubator with 5% CO, at satu-
rated humidity. Medium changes were carried out twice
weekly and the cells were passaged with TrypLE™
Express enzyme (Gibco/Thermo Fisher, Grand Island, NY,
USA), washed twice with PBS, centrifuged at 1000 rpm for
5 min, and replated at a ratio of 1:3 under the same culture
conditions. Using flow cytometry, WJ-MSCs at passage 2
were phenotypically characterized with antibodies for
MSC-expressing markers, CD44, CD73, CD90 and CD105,
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as well as a cocktail of CD45/CD34/CD11b/CD19/HLA-
DR antibodies for negative expression included in a com-
mercially available kit for human MSC analysis (Stem-
flow™, BD Biosciences, San Jose, CA, USA). The
percentages of CD marker expression were measured in a
flow cytometer (Accuri™, BD Biosciences) with initial
gating to exclude dead cells and debris. To confirm the
in vitro differentiation potentials of the isolated WJ-MSCs,
the expanded cells at passage 2 were grown with induction
media for adipogenesis, osteogenesis and chondrogenesis
before being subject to Oil red O, alizan red S staining and
pellete formation assays, respectively, for identification
after the indicated periods of induction according to the
methods previously described [26].

2.2 Quantitative polymerase chain reaction (qPCR)
for differentiation markers

Total RNA was extracted from liver tissues and cultured
cells using Trizol solution (Invitrogen, Gaithersburg, MD,
USA). Reverse transcription and qPCR were performed as
previously described. The primer sequences for detecting
differentiation markers were listed in Supplemental
Table 1.

2.3 Animal liver fibrosis induction

All animal experimental procedures, which were approved
by and under surveillance of the Institute of Animal Care
and Use Committee at our institute (Affidavit of Approval
of Animal Use Protocol No. IACUC-101017), were per-
formed in accordance with the Guide for the Care and Use
of Laboratory Animals (NIH Publication No. 85-23,
National Academy Press, Washington, DC, USA, revised
1996). Six-week-old male NOD-SCID mice were pur-
chased from BiolLasco Inc., and bred at 20-22 °C with
12 h light—dark cycle and free access to feed and water at
an accredited animal facility. Chronic liver fibrosis was
induced through intraperitoneal injection of TAA (200 mg/
kg, Sigma-Aldrich Corporation, St. Louis, MO, USA)
twice weekly for 6 consecutive weeks. Age-matched mice
receiving saline only served as vehicle control.

2.4 MSC administration

Before cell administration, cultured adherent MSCs were
rinsed with D-PBS and suspended at 1 x 10° cells/mL and
labeled with 5 uM of Vybrant® CM-Dil (Molecular Probe,
Eugene, OR, USA) for 5 min at 37 °C and then for an
additional 15 min at 4 °C. Incubation at lower temperature
allows the dye to label the plasma membrane instead of
undergoing endocytosis, thereby minimizing dyeing of
cytoplasmic vesicles. After washes with PBS, the labeled

MSCs were resuspended in fresh medium without serum
and aliquoted into parts (3 x 10° cells suspended in 200
pL PBS). Cytotherapy was conducted in mice receiving
6 weeks of TAA treatment by injecting 3 x 10> WJ-MSCs
suspended in PBS through the tail vein. The mice were
sacrificed at 3, 7, and 14 days after initiation of cell ther-
apy. At the end of the experiment, 1 mL of whole blood
was collected by heart puncture under deep anesthesia,
placed into heparinized tubes (Vacutainer, BD Diagnostics,
Oxford, UK), and subject to biochemical analysis. After
euphanasia of the animals, the liver, spleen, kidneys, and
lungs were dissected and divided into two portions before
being frozen at — 80 °C for histological and molecular
analyses, respectively.

2.5 Biochemistry

Mouse sera were thawed on ice and subject to biochemical
quantifications, including aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phos-
phatase (ALP), blood urea nitrogen (BUN), uric acid (UA),
and ammonia, using a clinical automatic analyzer.

2.6 Sirius red staining and histomorphometry

Sirius red staining was performed on formalin-fixed
paraffin-embedded sections as previously described
[27-29]. In brief, the rehydrated paraffin sections were
stained in 0.1% Sirius red (Direct Red 80, Sigma) in sat-
urated picric acid solution for 1 h, followed by washes with
0.5% acetic acid. Morphology of collagen fibers was doc-
umented with a light microscope (Olympus Optical Com-
pany, Tokyo, Japan). The area of collagen deposition was
morphometrically measured using Image-Pro Plus software
(Media Cybernetrics, Bethesda, MD, USA) and at least five
randomly captured low-power images in each section were
counted. The percentages of collagen deposition area were
calculated with the function of collagenous area divided by
total image area.

2.7 Western blotting

Total protein of mouse livers or cultured cells were lysed in
RIPA buffer containing protease inhibitor cocktail (Roche,
Indianapolis, IN, USA) and quantitatively determined by
using Coomassie protein assay kit (Pierce Biotechnology,
Rockford, IL, USA). SDS-PAGE and Western blotting
were performed as previously described [27]. The detecting
antibodies including those against [-actin, hepatocyte
growth factor (HGF), proliferative cell nuclear antigen
(PCNA), and plasma FN (pFN) were from Abcam (Cam-
bridge, MA). Anti-Ets-1, Smad2, p-Smad2, RhoA, ERK1/2
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and p-ERK1/2 antibodies were purchased from Cell Sig-
nalling (Danvers, MA, USA).

2.8 Cell culture and in vitro assays

WI-MSCs cultivated between passages 3 through 5 were
used for cell adhesion and wound closure migration assays.
Culture wares were pre-coated with 10 pg/mL of either
pFN (Sigma) or type I collage protein extracted from rat
tail tendons using a previous protocol [30]. Coating and
assay procedures were performed as previously described
[31]. The conditioned media from WJ-MSCs were col-
lected after cultivation under serum-free condition for 24 h.
An active form of HSC cell line, HSC-T6, was maintained
as previously described [32] and used for TGF-f stimula-
tion study.

2.9 Statistic analysis

In vivo and in vitro data are presented as mean =+ standard
error of the mean (SEM) and mean = standard deviation
(SD), respectively. Difference among groups was statisti-
cally analyzed by one-way ANOVA, followed by Bonfer-
roni post hoc test for multiple comparisons. Significance is
declared when P value is less than 0.05.

3 Results
3.1 Human WJ-MSC characterization

Primary MSCs migrated from umbilical cord explant tis-
sues showed typical mesenchymal morphology and a rapid
rate of proliferation for early passages (Fig. 1A, B). The
explanted WJ-MSCs at passage 2 were characterized by
expression of MSC-specific surface CD marker. Consistent
with the finding of our previous study [26], flow cytometry
showed the expressions of MSC phenotype markers,
including CD44, CD73, CD90, and CD105, but not those
of CD45/CD34/CD11b/CD19/HLA-DR surface antigens
on WJ-MSCs (Fig. 1C). The multi-lineage differentiation
potentials of isolated WJ-MSCs were further morphologi-
cally and transcriptionally investigated, including lipoge-
nesis, chondrogenesis, and osteogenesis. Oil red O staining
(Fig. 1D) and the expression profiles of PPAR-y and
GLUT4 genes by qPCR (Fig. 1E) indicated differentiation
of WJ-MSC into lipocyte-like cells. Positive Alizard red
staining (Fig. 1F) and upregulation of osteopontin and ALP
genes (Fig. 1G) supported their osteogenic differentiating
capacity. In addition, pellet formation assay (Fig. 1H) and
induction of perlecan and syndecan genes (Fig. 1)
revealed the chondrogenesis capacity of the isolated WJ-
MSCs.

@ Springer

3.2 WJ-MSC therapy ameliorated TAA-induced
mouse liver fibrosis

To explore the therapeutic effect of the isolated WJ-MSCs
on the hepatotoxin-injured liver, the cells were intra-
venously administered into the tail veins of mice that
already received TAA for six consecutive weeks. At 3, 7
and 14 days post WJ-MSC administration, plasma samples
of the mice were collected and subject to biochemistry
analysis. Biochemistry measurement data indicated that,
despite no differences in body weight and blood AST and
ALT levels, MSC administration significantly reduced
BUN levels after 3-day treatment and ameliorated UA and
ammonia concentrations after 2 weeks of cell therapy
(Supplemental Table 2). Although both PCR monitoring of
human CK-18 gene and immunofluorescent visualization
of labeled MSCs in the fibrotic livers revealed no
implantation of administered WJ-MSCs in all treated mice
(data not shown), histological observation following Sirius
red staining (Fig. 2A) and subsequent morphometrical
analysis (Fig. 2B) demonstrated that a single dose of WJ-
MSC transiently increased intrahepatic collagen abundance
in injured mouse livers at the early phase of therapy (i.e.,
3 days post-treatment), while it significantly ameliorated
collagen deposition in the livers after 2 weeks of treatment.
The finding, therefore, suggested that WJ-MSC therapy
improved regeneration of the injured mouse livers.

3.3 WJ-MSC therapy enhanced hepatic
regeneration and reduced profibrogenic signals
in mouse liver

To scrutinize the molecular mechanisms underlying the
beneficial effects of MSC treatment, liver protein extracts
were subject to western blotting analysis (Fig. 3A). The
subsequent densitometry clearly showed that WJ-MSC
injection increased hepatic abundance of HGF protein
(Fig. 3B) and proliferative marker PCNA (Fig. 3C).
Besides, WJ-MSC therapy significantly increased hepatic
expression of Ets-1 p42 protein at least within 7 days of
cell therapy (Fig. 3D). Because transcription factor Ets-1 is
an oncogene responsible for hepatocyte proliferation [33],
these findings strongly supported the enhancing effect of
WI-MSC treatment on liver regeneration. Densitometry
analysis demonstrated that WJ-MSC treatment dramati-
cally suppressed constitutive expression of Smad2 protein
(Fig. 3E), which plays a pivotal role in conveying TGF-f1-
mediated profibrogenic signal. Similar to its suppressive
effect on Smad2 expression, WJ-MSC therapy after 7 days
significantly reduced the expression of total RhoA protein
that crucially contributes to liver fibrosis (Fig. 3F), and
completely abrogated the early increase of ERK1/2 levels
in TAA-injured mouse livers (Fig. 3G). Despite no
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Fig. 1 Morphology and differentiation potential characterization of
MSCs explanted from human Wharton’s jelly tissues (WJ-MSCs) by
incubation with differentiation inducing media, including adipogen-
esis, osteogenesis and chondrogenesis. A Morphology of fibroblast-
like cells isolated by an explant method (passage O, at day 5). B
Expansion of mesenchymal stromal cells at passage 1 (day 10). C
Flow cytometry showed WJ-MSCs at passage 2 expressing MSC
phenotypic markers, including CD44, CD73, CD90, and CD105, but
without expression of CD45/CD34/CD11b/CD19/HLA-DR surface
antigens. D Adipogenesis of WJ-MSCs evidenced by Oil-red O stain.

difference in hepatic FN mRNA levels between animals
with and without WIJ-MSC treatment (Supplemental
Fig. S1), WJ-MSC administration significantly decreased
hepatic pFN contents in the fibrotic livers after 2 weeks of
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Inset photo clearly shows oil droplets in adipocyte-like cells. E
Induction of two adipocyte marker genes expression, peroxisome
proliferator-activated receptor-y (PPAR-y) and glucose transporter
type 4 (GLUT-4), was quantified by qPCR. F Osteogenesis of WJ-
MSCs as shown by Alizarin red S staining. G Induction of two
osteoblastic marker genes, osteopontin (OPN) and alkaline phos-
phatase (ALP). H Chondrogenesis of WJ-MSCs as shown by pellet
formation. I Induction of two chondrocyte-specific genes, perlecan
and syndecan. qPCR data are shown as mean + SD. *p < 0.05,
versus time zero control

cell therapy (Fig. 3H). This finding strongly suggests a

modulatory role of administered WJ-MSCs in hepatic pFN
relocation and/or its stability.
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Fig. 2 Amelioration of TAA-
induced mouse liver fibrosis by
intravenous administration with
WIJ-MSCs. A NOD-SCID mice
received intraperitoneal TAA
injection twice weekly for

6 weeks and received MSC
infusion (3 x 10° cells per
mouse) or PBS as vehicle
control. After 3, 7, and 14 days
of MSC therapy, liver tissues
were collected for
histopathological examination
using Sirius red stain.
Representative
microphotographs showing
typical fibrotic nodules and
collagen deposition (red) in
liver sections of TAA-treated
mice. B Histomorphometrical
analysis for percentage of
collagen-deposited area
showing reduction of
intrahepatic collagen
accumulation. Data are

mean = SEM. **p < 0.01 and
*#%p < 0.001, vs. vehicle
control. NS, not significant.
Scale bar, 200 pm
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Fig. 3 Modulatory effects of WJ-MSC therapy on expression of
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weekly for 6 weeks and received MSC infusion (3 x 10° cells per
mouse) or PBS as vehicle control. After 3, 7, and 14 days of WJ-MSC
therapy, liver tissue and plasma proteins were collected for western

3.4 Modulation of pFN on adhesion and migration
of WJ-MSCs

Despite the absence of fluorescent-labeled WJ-MSCs in the
injured livers (data not shown), we suspected that the
administered WJ-MSCs might activate the liver repairing
machinery through modulating pFN functionality. To elu-
cidate the mechanism underlying the reduction of hepatic
pFN, we first explored whether pFN binds to circulating
WI-MSCs. However, flow cytometry revealed that pFN did
not directly bind to the surface of suspending WJ-MSCs
(Supplemental Fig. S2), ruling out the masking effect of
pFN on suspending MSC via binding to surface integrins.
Intriguingly, we noted that the suspended WJ-MSCs dra-
matically induced depolymerization and/or degradation of
pFN in vitro (Fig. 4A). Meanwhile, WJ-MSCs were treated
with soluble pFN and subject to cellular adhesion and
migration assays. Adhesion assay results indicated that
adhering ability of suspending WJ-MSCs to pFN-coated
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blotting detection. Relative expression levels of target proteins were
subsequently measured by densitometry, including B HGF, C PCNA,
D Ets-1 p42, E total Smad2, F RhoA, G ERK1/2, and H plasma
fibronectin (pFN). Data are mean £ SEM induction folds over
control. *p < 0.05 compared with normal control (NC) or between
indicated groups. NS, not significant

dishes was significantly lower than that of the cells to type I
collagen-coated dishes (Fig. 4B), while the suppressive
effect appeared to be dose-dependent (Fig. 4C). Moreover,
migration assay demonstrated that adherent WJ-MSCs
grown on pFN-coated dishes exhibited higher migrating
ability than those without ECM coating (Fig. 4D, E). These
findings imply that the interaction between MSCs and pFN
plays an important role in determining stem cell migratory
ability.

3.5 Attenuation of TGF-B1-induced pro-fibrogenic
signal in activated HSCs by soluble pFN
and WJ-MSC conditioned medium

Since MSC therapy is known to ameliorate pro-fibrogenic
signals in experimental liver fibrosis models and cultured
activated HSCs [22, 34-40], we next sought to investigate
whether pFN and/or its MSC-conditioned medium would
exhibit similar actions in a rat HSC cell line, HSC-T6 cells.
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Fig. 4 Interactions between WJ-MSCs and plasma fibronectin (pFN)
in vitro. A Western blotting detection on the serum-free conditioned
media from suspending WJ-MSCs with or without pFN. B Adherence
of suspending WJ-MSCs to surface precoated with different extra-
cellular matrices. Cell adhering ability was determined by removing
non-adherent cells 20 min after seeding. C Suppression of pFN on the
binding ability of WJ-MSCs onto type I collagen (COLI1)-coated

The effect on TGF-B1-elicited profibrogenic signals was
first compared in the cells grown on non-coated and pFN-
coated dishes (Fig. 5). Western blotting and subsequent
densitometry clearly showed that pFN coating markedly
enhanced TGF-Bl-induced Smad2 hyperphosphorylation
(Fig. 5D) and potentiated TGF-1-upregulated RhoA pro-
tein expression (Fig. 5G), while pretreatment with soluble
pFN partially ameliorated TGF-B1-stimulated Smad2
phosphorylation and dramatically abrogated RhoA upreg-
ulation in cells grown on pFN-coated dishes (Fig. 5B, E,
H). Furthermore, pretreating conditioned medium of WJ-
MSCs with soluble pFN completely inhibited TGF-B1-
driven Smad2 phosphorylation as well as RhoA upregula-
tion (Fig. 5C, F, I). These findings strongly support that
WI-MSCs, when combined with pFN, markedly suppress
the profibrogenic signal from TGF-B1 stimulation.
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4 Discussion

Although WIJ-MSCs have been previously shown to
effectively ameliorate chemically induced liver fibrosis in
experimental rodent models [18, 19], the present study
provides a novel molecular insight into the WIJ-MSC
therapeutics. FN is a multifunctional glycoprotein known
to play a key role in governing fundamental cell behaviors,
including embryogenesis, homeostasis, wound healing, and
malignancy [41]. Notably, a major fraction of pFN present
in tissue ECM has been found to be derived from plasma
[42], highlighting the regulatory role of pFN in tissue
homeostasis. One of the interesting findings of the present
study was the significant reduction in pFN levels in the
fibrotic murine livers after WJ-MSC therapy. Mechanisti-
cally, our results showed that WJ-MSCs could induce pFN
degradation in vitro. Moreover, the conditioned medium
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Fig. 5 Effects of soluble plasma fibronectin (pFN) and its WJ-MSC-
conditioned media on the response of cultured HSC-T6 cells to TGF-
B1 stimulation. A HSC-T6 cells were grown on dishes precoated with
or without pFN, received 2 h of serum starvation, followed by TGF-f
stimulation (10 ng/ml). Alternatively, B soluble pFN or C serum-free
conditioned media of WJ-MSCs with soluble pFN were added into

from WJ-MSCs and pFN effectively suppressed the TGF-
B1-driven profibrogenic signals. These observations
strongly suggest that interactions between MSCs and pFN
may have an important role to play in the effectiveness of
MSCs against hepatic fibrogenesis.

Despite extensive discussion about the role of pFN in
liver regeneration, no tangible link has been identified.
Kwon et al. reported an immediate reduction in circulating
pEN levels following hepatectomy in both human and rats
as well as persistently low levels in those with cirrhosis.
That study also demonstrated a correlation between pFN
levels and the degree of liver regeneration in patients and
the rats with TAA-induced cirrhosis [43]. Intriguingly,
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administration of human pFN reportedly enhances liver
regeneration and improves phagocytic function of the
reticuloendothelial system in hepatectomized rats [44],
while pFN supplementation in early phase reduces liver
damage and improves rat survival from galactosamine-in-
duced acute liver failure [45]. Although these findings
support the pro-regenerative role of circulating pFN, little
is known about the significance of hepatic pFN levels.
Given that pFN may deposit in tissues [42, 46] and smaller
FN fragments (180 kDa) lacking the ED-A domain is
found to transiently appear in the regenerating liver after
hepatectomy [47], our in vitro finding showing the pFN-
degrading effect of WJ-MSCs may link to the reduction in
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hepatic pFN deposition in the regenerating livers. It
remains controversial that inhibition of endogenous fibro-
nectin assembly and hepatic deposition may decrease col-
lagen accumulation and improve liver function in
experimental models of liver fibrosis [48]. Taken together,
our findings showed that administration of WJ-MSCs may
modulate the distribution of pFN between circulation and
the liver. However, the detailed mechanism awaits further
elucidation.

The beneficial effects of cellular therapy have been
widely reported in rodent liver fibrosis models by using
MSC:s of different sources, including BM [22, 34, 36, 39],
as well as adipose [49], amnion [35], and umbilical cord
tissues [37]. It is well documented that MSC therapy may
suppress TGF-B-driven profibrogenic signaling, including
TGF-B receptor and Smad2/3 expression, and attenuate
consequent HSC activation [34]. In agreement with our
observation, umbilical cord-derived MSCs can ameliorate
TAA-induced liver fibrosis in mice [37]. The present study
showed, for the first time, that conditioned medium of WJ-
MSCs and soluble pFN could effectively attenuate TGF-
driven Smad2 phosphorylation and RhoA upregulation in
cultured HSC-T6 cells. The finding was consistent with the
previously reported MSC-related paracrine effect in which
soluble factors secreted from MSCs were found to decrease
hepatic macrophage infiltration and modulate HSC acti-
vation [38]. Moreover, the secretomes derived from
umbilical cords in particular is evidenced to attenuate TGF-
B signaling machinery in TAA-treated mouse livers [37].
Also, previous studies have demonstrated that conditioned
medium as well as extracellular vesicles from cultured
MSCs ameliorate CCly-induced hepatic inflammation and
attenuate HSC activation in rodents [24, 35]. Although our
findings are consistent with those of previous studies, it is
still noteworthy that treatment with MSC conditioned
medium may elevate the constitutive levels of Smad2
phosphorylation and RhoA expression in the HSC-T6 cells
grown on pFN-coated dishes. Even though this elevation
might contribute to enhanced collagen deposition in the
fibrotic liver shortly after WJ-MSC administration (i.e.,
3 days) and result in the blunted response of cultured HSCs
to TGF-B stimulation (Fig. 2B), we cannot rule out the
possibility that WJ-MSC therapy might have short-term
deleterious effects on the signaling machinery in resident
liver cells.

As a vital player in the TGF-f signaling axis, RhoA
protein can deliver Smad-dependent or -independent sig-
nals for HSC activation [50]. In the regenerative niche of
muscle fibers, a Wnt4-Rho signaling axis is recently found
to constrain satellite cell numbers and their activation,
while RhoA disruption is essential for muscle stem cell
activation [51]. In the setting of liver fibrosis, the present
study provides the first evidence that WJ-MSC therapy
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reduces hepatic RhoA expression in fibrotic livers and its
conditioned medium with pFN further abrogates TGF-f1-
induced RhoA upregulation. In line with our observation,
the conditioned medium from BM-derived MSCs is pre-
viously demonstrated to decrease RhoA expression in
HSCs and retards their proliferation via regulation of cell
cycle regulator P27 [36]. Our findings may shed additional
light on the molecular mechanism underlying WJ-MSC
therapy.

The present study had several limitations. Firstly, the
use of xenotransplantation inevitably limits its clinical
applicability. Secondly, because of the lack of functional
lymphocytes in immunodeficient NOD-SCID mice, we did
not evaluate the effect of lymphocyte depletion on hepatic
pFN expression and its dynamic tissue relocation under
pathologic conditions. Because the adherence of infiltrating
lymphocytes to hepatic FN is known to contribute to the
pathogenesis of liver cirrhosis [52], the role of lymphocyte
could not be elucidated with this animal model. Thirdly,
introduction of WJ-MSCs into the systemic circulation via
the venous system instead of direct administration into the
hepatic artery may diminish the therapeutic effectiveness
because of possible sequestration of MSCs in the lungs [53]
rather than the injured liver. On the other hand, MSCs
residing in the lungs may still secrete soluble factors or
extracellular microvesicles that enhance liver regeneration
[35, 37]. Furthermore, the use of hepatotoxins to create a
liver fibrosis animal model may damage other non-liver
organs. Indeed, a TAA dose equivalent to that used in this
study has been reported to cause proximal renal tubular
injuries [54]. Therefore, the possibility of hepatic regen-
eration signals from other injured organs remains to be
elucidated.

In conclusion, this study demonstrated that WJ-MSC
therapy ameliorated TAA-induced chronic liver injury and
exerted pFN-lowering effect in mice. In addition, in vitro
mechanistic study showed that conditioned medium of WJ-
MSCs with soluble pFN effectively attenuated TGF-driven
Smad2 phosphorylation and RhoA upregulation in cultured
HSCs. These findings highlight the significance of hepatic
pFN and MSC-derived soluble factors in the regeneration
process of hepatic fibrogenesis.
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