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There is currently no effective treatment method available for liver fibrosis. We therefore evaluated the use
of Wharton’s jelly stem cells (WJSCs; the major umbilical cord stem cell population) to treat chemically
induced liver fibrosis via intraperitoneal injection of thioacetamide. WJSCs were transplanted into liver-
damaged rats via the portal vein and the treatment was evaluated by assessing serum biochemistry and
histopathology. Transplanted WJISCs were distributed in the fibrotic area and around blood vessels, and
hepatic recovery was accelerated. Serum prothrombin time significantly recovered, and serum albumin also
improved at 21 days posttransplantation; collagen accumulation also decreased at 14 days. Thus, human
WIJSCs promoted recovery after chronic liver damage. Using immunohistochemical analyses, we determined
that transplanted WJSCs produce albumin, hepatocyte growth factor (HGF), and metalloproteinase (MMP)
after transplantation to chemically injured liver, indicating that WJSC may help to decrease liver collagen

and thus may be useful for treating liver fibrosis.

Key words: Liver fibrosis; Stem cells; Thioacetamide; Wharton’s jelly; Metalloproteinase

INTRODUCTION

According to the World Health Organization (WHO)
census, chronic liver diseases are a serious worldwide
health problem (18). Hepatitis B, hepatitis C, alcohol,
and certain chemicals can result in liver fibrosis and cir-
rhosis, and ultimately in liver failure. Currently, liver
transplantation remains the only curative option for pa-
tients with liver failure (11).

The potential role for stem cell therapy in the treat-
ment of liver diseases has lately become topical in medi-
cal research because of the self-renewal characteristics
and differentiation potential of stem cells. Stem cells de-
rived from bone marrow or umbilical cord blood have
the potential to become various kinds of cells (10,31-

33) and hepatocyte-like cells (3,21,25,27,30,37,39). In
addition, in vivo studies indicate that transplanted stem
cells can differentiate into hepatocyte-like cells and ex-
press specific markers such as albumin, tryptophan 2,
3-dioxygenase, and cytokeratin 18 (CK18) (5,27,35).
Transplantation of rat stem cells accelerates an animal’s
recovery following liver damage (2,14,15,29,38).
Excess deposition of collagen is the main characteris-
tic of liver fibrosis induced by chronic viral hepatitis,
alcohol abuse, and drug toxicity. Metalloproteinase
plays an important role in digesting collagen in fibrotic
liver, and studies have revealed that increased expres-
sion of metalloproteinase can help to degrade collagen
in the fibrotic liver (26,28). Further, other stem cells
(e.g., mouse embryonic stem cells) can secrete metallo-
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proteinase to degrade collagen, but this has not been
clearly established for Wharton’s jelly stem cells.

Wharton’s jelly from human umbilical cord is an im-
portant source of stem cells (22). Wharton’s jelly stem
cells (WJSCs) are easily isolated and expanded ex vivo,
and under certain conditions they have the potential to
differentiate into neuron-like and cartilage-like cells
(22), and can be adipogenic, cardiogenic, chondrogenic,
and osteogenic (36). To date, however, neither the he-
patic differentiation potential of WJSC nor their poten-
tial in the treatment of liver fibrosis has been thoroughly
described. Therefore, the purpose of this study was to
evaluate the feasibility of WJSC therapy for managing
thioacetamide-induced liver damage. A rat liver fibrosis
model was established, and both liver biochemical func-
tion and the resulting histopathology were assessed to
monitor the recovery from liver damage.

MATERIALS AND METHODS
Cells and Cell Culture

The WJSCs used in this study were originally iso-
lated and expanded from a donated human umbilical
cord with the donor’s consent, according to a previously
reported protocol (36). The WIJSCs isolation was ap-
proved by the Institutional Review Board of Buddhist
Tzu Chi General Hospital. The cells obtained were cul-
tured in Iscove’s modified Dulbecco’s medium (IMDM;
Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (HyClone, Logan, UT, USA),
10 ng/ml basic fibroblast growth factor (R&D, Minneap-
olis, MN, USA), 2 mM L-glutamine, and 100 U/L peni-
cillin-streptomycin (Invitrogen, Carlsbad, CA, USA) in
a 37°C incubator with 5% CO,. Cells with passage num-
ber 10 to 20 were used in this study.

Surface Phenotype Characterization

WISC surface markers were characterized by flow
cytometry (FC500; Beckman Coulter, Brea, CA, USA)
after being labeled with various antibodies, including
those against human CD105 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA); CDI13, CD14, CD29, CD34,
CD44, CD45, HLA-DR, and IgG2a (Dako, Carpinteria,
CA, USA), and CD49b, CD49d, CD73, and CD90 (Bec-
ton Dickinson, Franklin Lakes, NJ, USA). Secondary
antibodies conjugated with fluorescein isothiocyanate
were purchased from Chemicon (Temecula, CA, USA).

In Vitro Hepatic Differentiation

In vitro hepatic differentiation was tested by a modi-
fied coculture protocol (13). With a trans-well mem-
brane (pore size 0.4 um; Becton Dickinson) separating
the two cell populations, 3 x 10* WJSCs were cocultured
with 50 mg liver tissue in each well of a six-well plate.
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The liver tissue was obtained from male C57BL/6 mice
that had been exposed to a hepatotoxic reagent [thioacet-
amide (TAA) Sigma-Aldrich, St. Louis, MO, USA] at
350 mg/kg, intraperitoneally, 24 h prior to the coculture
experiment. On day 2 and day 4 during the coculture,
total RNA from WJSC was extracted to examine the
expression of liver-specific genes. Polymerase chain re-
action (PCR) was performed using specific primers as
follows: albumin—(F) 5-TGCTTGAATGTGCTGAT
GACAGGG-3" and (R) 5-AAGGCAAGTCAGCAGG
CATCTCATC-3’; tryptophan 2,3-dioxygenase—(F) 5’-
TGGTACTCTCCTCAATCTGCTG-3" and (R) 5°-CTC
TGGATTGACTGTGGAAGT-3"; o-fetoprotein—(F) 5’-
ATACAGAGACTTCAGGAGC-3” and (R) 5-GTGAA
GAGGGAAGACATAACTG-3’; hepatocyte growth fac-
tor (HGF)—(F) 5-CAGATCATCCATTGCATTCG-3’
and (R) 5-ACTCCAGAGGCATTTCCATG-3"; metal-
loproteinase (MMP)—(F) 5’-TgAATgCCCTTgATgTC
ATCCT-3" and (R) 5-ACACCTACACCAAgAACTT
C-3; CYP7A1—(F) 5-GAGAAGGCAAACGGGTGA
AC-3" and (R) 5-ATCGGGTCAATGCTTCTGTG-3’;
nanog—(F) 5-TGCCTCACACGGAGACTGTC-3" and
(R) 5-TGCTATTCTTCGGCCAGTTG-3’; octd—(F) 5'-
CTTGCTGCAGAAGTGGGTGGAGGAA-3" and (R) 5’-
CTGCAGTGTGGGTTTCGGGCA-3"; ckit—(F) 5-AT
GAGAGGCGCTCGCGGCGC-3” and (R) 5-AGCTTG
GCAGGATCTCTAAC-3"; glyceraldehyde 3 phosphate
dehydrogenase—(F) 5-GGGCTGCTTTTAACTCTGG
T-3’ and (R) 5-GCAGGTTTTTCTAGACGG-3’. PCR
was performed for 35 cycles, with each cycle consisting
of denaturation for 30 s at 95°C, annealing for 30 s at
56-60°C (based on the primer set used), and elongation
for 60 s at 72°C, with a final 10-min incubation at 72°C.
The amplified cDNAs were analyzed by gel electropho-
resis.

Establishment of the Rat Liver Fibrosis Model

In this study, Wistar Kyoto (WKY) rats were ob-
tained from LASCO CO., LTD (Taipei, Taiwain). All
procedures followed the ethical guidelines and were ap-
proved by the Institutional Animal Care and Use Com-
mittee of Dong-Hwa University.

To establish the chronic liver fibrosis model in rat,
20 adult male WKY rats (320 = 20 g) were used. Twelve
out of 20 rats were intraperitoneally injected with 200
mg/kg TAA (Sigma-Aldrich) once every 3 days for 60
days (i.e., 20 injections) as the fibrosis model group. In
the control group (8 out of 20 rats), normal saline was
used in place of the TAA. At day 64 (i.e., 4 days after
the last injection), these rats were sacrificed and cardiac
blood samples were collected. These samples were ana-
lyzed with a biochemical analyzer (Integra 800; Roche,
Holliston, MA, USA) to measure the liver function in-
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Figure 1. Surface phenotype and typical morphology of Wharton jelly stem cells (WJSCs) observed in this study. Immunohisto-
chemical staining with antibodies against (A) CD13, (B) CD14, (C) CD29, (D) CD 34, (E) CD44, (F) CD45, (G) CD49b, (H)
CD49d, (I) CD73, (J) CD90, (K) CD105, (L) HLA-DR, and (M) [gG2a-FITC as a positive control. (N) Morphology of WISCs.
Left panel: low-density culture; right panel: high-density culture. Scale bar: 50 pm.
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Days 0 2 4
CK18 0.00 1.00 + 0.13 1.33 £0.12"
Alb 0.00 1.00£0.147 116+0.17"
TO 0.00 1L.00+0.11% 276+ 0.50
AFP 0.00 1.00 £ 0.07" 157+ 0.64°
HGF 1.07£0.07  1.00+ 0.06 1.38 £ 0.10
MMP 0.75£0.06 1.00£0.13°  1.142+0.38'
CYP7AIl 0.00 1.00 £ 0.12% 3.73+£0.38"
Nanog 1.58+0.01  1.00£0.07 0.76 + 0.09"
ckit 325032 1.00x0.06 0
0OCT4 245030  1.00£0,09 0.92 + 0.12°

*P<0.05, 'P<0.01, " P<0.005.

Figure 2. The expression of liver-specific genes in WJSCs as a measure of their hepatic differentiation. The WJSCs were cocultured
with thioacetamide (TAA)-treated liver tissue and the total RNA was extracted from WISCs at day 0, 2, and 4, respectively. (A)
The expression of hepatic-specific genes was analyzed by RT-PCR and gel electrophoresis. (B) The semiquantitative result from
RT-PCR. The gene expression at day 2 or day 4 was compared with gene expression at day 0, respectively. *p < 0.05, *p < 0.01,
*p < 0.005. The Bonferroni correction was used for the multiple comparisons.

dex, which included glutamate oxaloacetate transami-
nase (GOT), glutamate pyruvate transaminase (GPT),
serum albumin, and prothrombin time.

Afterwards, the histopathology of liver tissue samples
obtained from the sacrificed rats was also analyzed.
Liver tissue samples were fixed in 3.7% formaldehyde
and then embedded in paraffin. Serial 3-um sections of
the embedded tissues were stained with hematoxylin and
eosin or Masson’s trichrome. Liver fibrosis is the exces-
sive accumulation of collagen in liver, and therefore the
accumulation of collagen is an important index for eval-
uvating liver fibrosis (6). Masson’s trichrome stain is fre-
quently used to identify increases in collagenous tissue
in fibrotic liver. For Masson’s trichrome stain, sectioned
samples were placed in Bouin’s solution (Sigma-Ald-
rich) at 56°C for 1 h and then were stained sequentially
with the following solutions: Mayer’s hematoxylin solu-
tion (Sigma-Aldrich) for 5 min, Biebrich scarlet-acid
fuchsin solution (Sigma-Aldrich) for 15 min, phospho-

Table 1. Plasma Biochemical Value of Normal Rats
and Liver Fibrosis Rats

Normal Liver
Rats Fibrosis Rats
n=28) n=12)
GOT (U/L) 11016 1034 £ 361*
GPT (U/L) 77 +£10 185 + 507
Albumin (g/dl) 4.11+0.11 3.43 £0.08*
Prothrombin time (s) 9.410.11 11.5+1.0*%

Data represent mean + SD. The normal rats group did not receive any
treatment and the liver fibrosis rats group was injected with 200 mg/
kg once every 3 days for 60 days. After 60 days, the normal rats or
liver fibrosis rats were sacrificed and the cardiac blood samples were
collected from normal rats or liver fibrosis rats, respectively. The bio-
chemical values, GOT (glutamate oxaloacetate transaminase), GPT
(glutamate pyruvate transaminase), albumin, and prothrombin time, of
cardiac blood samples were analyzed with a biochemical analyzer.

#*p < 0.01, the liver fibrosis rats compared to the normal rats.

Tp <0.05, the liver fibrosis rats compared to the normal rats.
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Table 2. Plasma Biochemical Value of Wharton Jelly Stem Cell Group (WJSC-Transplanted Liver Fibrosis

Rats) or Sham Group (Saline-Treated Liver Fibrosis Rats)

WISC Sham WISC Sham WISC Sham
Day 7 Day 7 Day 14 Day 14 Day 21 Day 21
(n=5) (n=3) (n=3) (n=5) (n=5) (n=5)
GOT (U/L) 161 £30 127 £ 35 131+29 136 £ 26 151+ 36 136 £ 17
GPT (U/L) 82+23 84+£5 86+8 78+ 17 89118 95+ 10

Albumin (g/dl) 379+0.04 3.73+£0.04 3.79+0.08 3.79+£0.16 3.84+0.22
Prothrombin time (s) 9.9+03 10.0+0.3 99102 10.0£0.2

3.52+0.14
9.5+0.1% 99+02

Data represent mean + SD. Fifteen thioacetamide (TAA)-induced liver fibrosis rats were transplanted with 1 x 10° WJSCs (in
0.5 ml normal saline) via the portal vein as WISC group. Another 15 TAA-induced liver fibrosis rats were injected with 0.5
ml normal saline via portal vein only as sham group. After WJSC transplantation or normal saline treatment, five rats each
from the WJSC or sham groups were sacrificed on day 7, 14, and 21 and the cardiac blood samples were collected. The
biochemical values, GOT (glutamate oxaloacetate transaminase), GPT (glutamate pyruvate transaminase), albumin, and pro-
thrombin time, of cardiac blood samples were analyzed with a biochemical analyzer. WISC, TAA-induced liver fibrosis rats

transplanted with WJSC; sham group, TAA-induced liver fibrosis rats treated with 0.5 ml normal saline.
*p <0.01, WJSC at 21 days compared to the sham at day 21.
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molybdic acid-phosphotungstic acid (Sigma-Aldrich) for
15 min, and aniline blue (Sigma-Aldrich) for 5 min.

Cell Transplantation Experiment

WISCs (2 x 107) that had been cultured in 75-cm? T-
flasks as described above were detached by trypsiniza-
tion and collected by centrifugation. These cells were
then resuspended in normal saline to a concentration of
2thinsp;x 10° cells/ml.

The cell transplantation protocol was modified from
that reported previously (1,38). Thirty rats with TAA-
induced fibrotic livers were used for cell transplantations
at day 64 (i.e., 4 days after the last TAA injection) as
described in the establishment of the rat liver fibrosis
model section. These rats were randomly divided into
two groups for the transplantation experiment. Fifteen
rats in the WJSC group were anesthetized with ether and
injected with 1 x 10° WJSCs (in 0.5 ml of normal saline)

Figure 3. Hematoxylin and eosin staining of rat liver sections. (A) Liver section of a normal rat.
(B) Liver section of a liver fibrosis rat (Rats were injected with TAA 200 mg/kg once every 3
days for 60 days). (C) Liver section of WJSC group at day 21 after WISC transplantation. (D)
Liver section of sham group at day 21 after normal saline injection. Scale bars: 50 wm.
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Figure 4. Masson’s trichrome staining of liver sections. (A) Liver sections of a normal rat. (B)
Liver section of liver fibrosis rat. (C) Liver section of WISC group at day 7. (E) Liver section of
WISC group at day 14. (G) Liver section of WISC group at day 21. (D) Liver section of sham
group at day 7. (F) Liver section of sham group at day 14. (H) Liver section of sham group at day
21. Scale bars: 200 pm.

LIN ET AL.
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Table 3. The Quantity Score of Liver Fibrosis in Each
Experimental Group

Treatment Fibrosis Score (0-3)
Normal rats (n = 8) 0

Liver fibrosis rats (n=12) 2.36 £0.49
Sham day 7 (n=15) 2.27+045
WISC day 7 (n=15) 2.03+£0.49
Sham day 14 (n=15) 2.20+£0.48
WISC day 14 (n=15) 1.47 £0.57*
Sham day 21 (n=5) 2.23+£043
WISC day 21 (n=15) 0.87 £ 0.34*

Values shown as mean + SD. Normal rats: Rats did not receive any
treatment; liver fibrosis rats: Rats were injected with TAA 200 mg/kg
once every 3 days for 60 days; sham group: TAA-induced liver fibro-
sis rats were injected with 0.5 ml saline via portal vein; WISC group:
TAA-induced liver fibrosis rats were transplanted with WJISCs via
portal vein.

*p <0.01, the WISC at day 14 compared to the sham at day 14 and
the WISC at day 21 compared to the sham at day 21.

(A)

WISC group
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via the portal vein. The other 15 rats (sham group) were
treated with 0.5 ml normal saline only.

After transplantation, five rats each from the WJSC
and sham groups were sacrificed weekly for 3 weeks.
The biochemical liver function index and liver histopa-
thology were also analyzed at each time point.

Monitoring Transplanted WJSCs

Monoclonal antibodies specific for human albumin,
human mitochondria, metalloproteinase, and human hepa-
tocyte growth factor were used to monitor the transplanted
WISCs. Sectioned paraffin-embedded liver samples (as
described above) were subjected to immunohistochemis-
try with anti-human albumin (1:1000; Sigma-Aldrich),
anti-metalloproteinase (1:200; Abcam, Cambridge, MA,
USA), and anti-human hepatocyte growth factor (1:200,
Abnovus, Walnut, USA). Subsequently, an immunohis-
tochemistry kit (InnoGenex, San Ramon, CA, USA) was
used to visualize the immune complexes. For immuno-
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Figure 5. Human albumin immunostaining of WJSC group and sham group liver sections at day 21 after transplantation. (A, B)
The liver section of WISC group; (C, D) the liver section of sham group. Antibodies specific for human albumin was used. Brown
staining indicates the human albumin-positive cells. Scale bars: (A, C) 50 um; (B, D) 20 um.
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Figure 6. Inmunostaining for metalloproteinase and mitochondria in liver sections of WJSC group
and sham group at day 21 after transplantation. (A) The immunostaining for metalloproteinase in
liver sections from a WJSC rat. (B) The immunostaining for metalloproteinase in liver sections
from a sham rat. (C) The immunostaining for human mitochondria in liver sections from a WJSC
rat. (D) The immunostaining for human mitochondria in liver sections from a sham rat. Black and
white arrows: metalloprotease and human mitochondria-positive cells. Arrowheads: metallopro-

tease-positive bile duct cells. Scale bars: 10 um.

fluorescence staining, sectioned paraffin-embedded liver
samples were incubated overnight with anti-human mi-
tochondria (1:50; Chemicon, Billerica, MA, USA). After
removing the primary antibody, rhodamine-conjugated
anti-mouse secondary antibody (Chemicon, Billerica,
MA, USA) was added for 2 h, and the samples were
then evaluated by fluorescence microscopy.

Quantification of Liver Fibrosis

For quantification of liver fibrosis in each experimen-
tal group, Liver fibrosis was quantified using the method
reported by Bruck et al. (7). According to their method,
the liver sections were stained with Masson’s trichrome.
The Masson’s trichrome-stained liver tissue slices were
photographed and scored semiquantatively by three in-
dependent pathologists. The degrees of liver fibrosis of
different experimental group were shown as the average

of 10 different fields within each slide, which had been
classified on a score of 0—3. A higher fibrosis score sig-
nifies a more serious degree of liver fibrosis. By using
this method, the liver fibrosis degree in each experimen-
tal group was determined.

Statistical Analysis

All data were shown as mean with SD. For the com-
parison of different treatments in two groups, the data
were analyzed by using the Student’s t-test. Values of
p <0.05 were considered significant. The Bonferroni
correction was used for the multiple comparisons.

RESULTS

Characterization of WJSCs

WIJSC morphology and surface phenotype were eval-
uated by microscopy and flow cytometry, respectively.
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The surface phenotypes of WISCs isolated for this study
were similar to that described previously for WJSCs
(35). The WIJSCs obtained in this study did not express
hematopoietic markers CD14, CD34, or CD45 but did
express the mesenchymal stem cell markers CD29,
CD44, CD49b, CD49d, CD73, CD90, and CD105, the
myeloid marker CD13, and the major histocompatibility
complex marker HLA-DR (Fig. 1A—M). In addition, these
cells showed a fibroblast-like morphology (Fig. IN).

The expression of hepatic-related WISC genes, and
thus the ability of these cells to undergo hepatic differ-
entiation, was examined by coculturing WJSCs with
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TAA-damaged mouse liver tissue. RT-PCR showed that
WISCs cultured under the experimental conditions ex-
pressed liver-specific genes including CK18, albumin,
tryptophan 2,3-dioxygenase (TO), o-fetoprotein (AFP),
and CYP7A1 (Fig. 2). Further, the expression of stem
cell genes, including nanog, oct4, and ckit, were de-
creased while WJSCs were cocultured with TAA-damaged
liver. These results suggest that the WJSCs had the po-
tential to differentiate into hepatocyte-like cells in vitro.
In addition, the gene expression of HGF and MMP were
increased while WJSCs differentiate into hepatocyte-like
cells.
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Figure 7. Human hepatocyte growth factor immunostaining of WJSC group and sham group liver
sections at day 21 after transplantation. (A) The liver section of WISC group. (B) The liver section
of sham group, which was only treated by normal saline. Antibodies specific for human hepatocyte
growth factor (HGF) was used. Brown staining and arrows indicate the human HGF-positive cells.

Scale bar: 20 wm.
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Establishment of a Liver Fibrosis Model
and Evaluation of WISC Cell Therapy

To confirm the liver fibrosis model, 12 of 20 rats
were treated with TAA every 3 days for 60 days as the
liver fibrosis rat group. The other rats (8 of 20) were
treated with normal saline as a normal rat group. Rats
in both groups were sacrificed at day 64 to examine the
liver function index and to score histopathology. In eval-
uation of WISC cell therapy, 30 rats were subjected to
TAA treatment as described for the liver fibrosis model.
At day 64, rats were divided into two groups and either
WISCs (WIJSC group) or saline (sham group) was intro-
duced into the liver-damaged rats (n =15 for each
group) through the portal vein. Five rats from each
group were evaluated at days 7, 14, and 21 after trans-
plantation, as described in Materials and Methods.

In the liver fibrosis rat group, the GOT and GPT lev-
els, compared to the normal rat group, were increased
(GOT from 110 £ 16 to 1034 £ 361 U/L, and GPT from
77 £ 10 to 185 = 50 U/L), indicating liver damage (Ta-
ble 1). Decreased albumin (from 4.11 £ 0.43 to 3.43 +
0.08 g/dl) and significantly increased prothrombin time
(from 9.4 £0.11 to 11.5 £ 1.0 s) were also found in the
blood. The biochemical results in the TAA-induced liver
fibrosis experiments were consistent with previous re-
ports (1,16,24,38), suggesting significantly reduced liver
function in these animals. In the WISC group and the
sham group, biochemical liver function indices were
also examined (Table 2). GOT and GPT levels declined
to near-normal values in both the WIJSC and sham
groups at day 7 after transplantation. GOT and GPT lev-
els did not differ significantly between groups. The ob-
served low GOT and GPT levels may be attributable to
the short half-lives of GOT and GPT (i.e., 17 and 47 h,
respectively) (17).

Although the GOT and GPT levels did not differ be-
tween groups, prothrombin time indicated significant
differences between the two groups at 21 days and the
albumin was approaching normal levels in the WJSC
group at 21 days. Prothrombin time was significantly
different between the WJSC group and the sham group
21 days after transplantation (9.5 £0.1 vs. 9.9 £0.2,
p <0.01). At 21 days posttransplantation, serum albu-
min in the WJSC group had recovered to a greater extent
than in the sham group (3.84 +0.22 vs. 3.52 £ 0.14).
These changes suggest that liver function had recovered
after 21 days of WISC therapy (Table 2).

Hematoxylin and eosin staining of normal rat liver
tissue sections indicated that there was no damage, as
expected (Fig. 3A). In comparison, tissue vacuolation,
necrosis, and the degeneration of cell nuclei were ob-
served in liver sections from TAA-induced liver fibrosis
rats (Fig. 3B). Histopathologic data also suggested that
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WISC transplantation ameliorated liver damage; recovery
of tissue degeneration and vacuolation was evident in the
WISC group at day 21, whereas the sham group still
showed serious inflammation and necrosis (Fig. 3C, D).

Masson’s trichrome stain revealed severe accumula-
tion of collagen in livers from the liver fibrosis rat group
(Fig. 4). The quantification of the degree of liver fibrosis
in the liver fibrosis rat group was significantly higher
than in the normal rat group (Table 3). This suggested
that TAA injection indeed induced liver fibrosis in rats.
“Bridging,” which results from accumulated collagen
that connects two blood vessels, was found in most areas
in the liver fibrosis group. This phenomenon was very
similar to previous liver fibrosis reports (4,6,16,20) and
was not found in the control group (Fig. 4A, B).

Using Masson’s trichrome staining to assess collagen
expression, there was no difference in collagen content
at day 7 in the 10 rats analyzed from each group (Fig.
4C, D, Table 1). Collagen degradation was found at day
14 in the WJSC group (Fig. 4E, F, Table 1). The WISC
group rarely showed collagen accumulation at day 21
(Fig. 4G, Table 1), whereas the sham group still showed
substantial collagen accumulation (Fig. 4H, Table 1) at
21 days after transplantation.

Monitoring Transplanted Cells

To follow the transplanted human cells in this study,
antibodies specific for human albumin, human mito-
chondria, metalloproteinase, and human HGF were used
to stain sectioned liver samples. The human albumin-
positive cells were detected in the WJSC group up to 21
days after transplantation (Fig. 5A, B) but in the sham
group the albumin-positive cells were not detected (Fig.
5C, D). This result suggested that the transplanted
WISCs differentiated into albumin-secreting hepatocyte-
like cells in the damaged livers of the rats from the
WISC group. Immunohistochemical staining for metal-
loproteinase revealed many metalloproteinase-positive
cells in the peri-venule and bile duct areas in the WJSC
group (Fig. 6A). However, metalloproteinase-positive
and human mitochondria-positive cells were not ob-
served in the sham group (Fig. 6B). The metalloprotei-
nase-positive cells in the WISC group were also cos-
tained with human mitochondria (Fig. 6C) but were not
observed in the sham group. This indicated that these
metalloproteinase-positive cells were transplanted WJSCs.
Further, the human HGF-positive cells were observed
and along the collagen fiber in the damaged liver of the
WISC group (Fig. 7A) but were not observed in the
sham group. This indicated that the transplanted WJSCs
could express human HGF in damaged liver.

DISCUSSION

We have established a model system for studying
liver damage following periodic injections of TAA for
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60 days. In this study, WJISCs had the potential to differ-
entiate into hepatocyte-like cells when cocultured with
chemically damaged mouse liver in vitro. The biochemi-
cal liver function index and histopathological analysis
from in vivo experiments revealed that the human WISCs
promoted the recovery of TAA-induced hepatic damage
and thus may have potential cell therapy applications.

There are several explanations for the amelioration of
TAA-induced liver damage facilitated by WJSCs. First,
immunostaining of WJSCs incorporated into the TAA-
induced fibrotic liver indicated that WJISCs could differ-
entiate into albumin-producing hepatocyte-like cells
(Fig. 5A, B). The in vitro study showed that WJSCs
expressed liver-specific genes when cocultured with
chemically damaged liver tissue (Fig. 2). These hepato-
cyte-like cells that differentiated from WJSCs may play
an important role in liver function recovery. Moreover,
in the animal study, the WJSC-derived hepatocyte-like
cells were likely responsible for facilitating the recovery
of TAA-induced cell damage. Second, HGF might play
a role in the acceleration of liver function recovery.
HGF can facilitate damaged liver regeneration because
of its antiapoptotic effects of signaling through c-met
(8,9,19,23,40). The WIJSCs used in this study could ex-
press HGF mRNA (Fig. 2) and secrete HGF in fibrotic
liver (Fig. 7). This led us to speculate that the WJSCs
could secrete HGF and accelerate liver recovery. Third,
the collagen content in the WISC group decreased every
week; at day 21 posttransplantation, there was little col-
lagen in liver sections. By comparison, the sham-treated
group showed no collagen decrease (Fig. 4, Table 1).
Rat mesenchymal stem cells have a potential therapeutic
effect on the fibrotic process through their ability to
minimize collagen deposition in addition to their capac-
ity to differentiate into hepatocytes (1,24). Our study is
the first to describe a similar reduction in collagen depo-
sition in response to exposure to WJSCs.

The matrix metalloproteinase family plays an impor-
tant role in collagen degradation (11,12). Since Whar-
ton’s jelly secretes certain matrix metalloproteinases
(34), it is reasonable to presume that transplanted WISCs
can secrete metalloproteinase, which would help to de-
grade collagen in the fibrotic liver. Indeed, immunohis-
tochemical staining of the TAA-damaged liver 21 days
after WJISC transplantation revealed that metalloprotei-
nase expression was significantly increased in WJSC
(Fig. 6). Increased metalloproteinase expression was ob-
served in the peri-venule area in our study, where WISCs
were often observed. Interestingly, metalloproteinases
were also present in the proliferating bile ducts where
no WJSC were observed. One possible explanation is
that WJSCs generated a microenvironment that induced
metalloproteinase expression in bile ducts. Both sources
of induced metalloproteinase expression may contribute
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to the degradation of collagen fibers in TAA-induced
liver fibrosis. Further investigation is required to eluci-
date the precise mechanism of collagen degradation that
occurs after WISC transplantation.

In conclusion, our results demonstrate that WJSC
could different into hepatocyte-like cells in vitro. The
WISC also could express MMP and HGF in vitro. In
addition, in an in vivo study WISC differentiated into
hepatocyte-like cells. Besides, WIJSC could express
HGF and metalloproteinase, an attribute that also was ob-
served in the surrounding bile duct, in vivo. The expres-
sion of HGF and metalloproteinase in undifferentiated
WISC as well as the WJSC-mediated differentiation of
cells into hepatocyte-like cells facilitated regeneration of
damaged liver in TAA-induced liver fibrosis. WISC, the
major stem cell population of the umbilical cord, are
thus a promising source of cells for the treatment of liver
fibrosis.

ACKNOWLEDGMENTS: This work was supported by a Grant
from Buddhist Tzu Chi General Hospital (TCRD94-16) and
Taiwan Department of Health Clinical Trial and Research
Center of Excellence (DOH99-TD-B-11-004). This work was
also supported by grants (No. 09/426K9) from the Gwo Xi
Stem Cell Applied Technology, Hsinchu, Taiwan, ROC.

REFERENCES

1. Abdel Aziz, M. T.; Atta, H. M.; Mahfouz, S.; Fouad,
H. H.; Roshdy, N. K.; Ahmed, H. H.; Rashed, L. A;
Sabry, D.; Hassouna, A. A.; Hasan, N. M. Therapeutic
potential of bone marrow-derived mesenchymal stem cells
on experimental liver fibrosis. Clin. Biochem. 40(12):
893-899; 2007.

2. Allen, K. J.; Cheah, D. M.; Lee, X. L.; Pettigrew-Buck,
N. E.; Vadolas, J.; Mercer, J. F.; loannou, P. A.; William-
son, R. The potential of bone marrow stem cells to correct
liver dysfunction in a mouse model of Wilson’s disease.
Cell Transplant. 13(7-8):765-773; 2004.

3. Alvarez-Mercado, A. I.; Saez-Lara, M. J.; Garcia-Media-
villa, M. V.; Sanchez-Campos, S.; Abadia, F.; Cabello-
Donayre, M.; Gil, A.; Gonzalez-Gallego, J.; Fontana, L.
Xenotransplantation of human umbilical cord blood mo-
nonuclear cells to rats with D-galactosamine-induced hep-
atitis. Cell Transplant. 17(7):845-857; 2008.

4. Anand, B. S. Cirrhosis of liver. West. J. Med. 171(2):
110-115; 1999.

5. Baksh, D.; Song, L.; Tuan, R. S. Adult mesenchymal stem
cells: Characterization, differentiation, and application in
cell and gene therapy. J. Cell. Mol. Med. 8(3):301-316;
2004.

6. Bataller, R.; Brenner, D. A. Liver fibrosis. J. Clin. Invest.
115(2):209-218; 2005.

7. Bruck, R.; Weiss, S.; Traister, A.; Zvibel, 1.; Aeed, H.;
Halpern, Z.; Oren, R. Induced hypothyroidism accelerates
the regression of liver fibrosis in rats. J. Gastroenterol.
Hepatol. 22(12):2189-2194; 2007.

8. Corpechot, C.; Barbu, V.; Wendum, D.; Chignard, N.;
Housset, C.; Poupon, R.; Rosmorduc, O. Hepatocyte
growth factor and c-Met inhibition by hepatic cell hy-
poxia: A potential mechanism for liver regeneration fail-



1462

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

ure in experimental cirrhosis. Am. J. Pathol. 160(2):613—
620; 2002.

. Cramer, T.; Schuppan, D.; Bauer, M.; Pfander, D.; Neu-

haus, P.; Herbst, H. Hepatocyte growth factor and c-Met
expression in rat and human liver fibrosis. Liver Int.
24(4):335-344; 2004.

Ding, D. C.; Shyu, W. C.; Chiang, M. F.; Lin, S. Z;
Chang, Y. C.; Wang, H. J.; Su, C. Y.; Li, H. Enhancement
of neuroplasticity through upregulation of betal-integrin
in human umbilical cord-derived stromal cell implanted
stroke model. Neurobiol. Dis. 27(3):339-353; 2007.
Gordon, M. Y.; Levicar, N.; Pai, M.; Bachellier, P.;
Dimarakis, I.; Al-Allaf, F.; M’Hamdi, H.; Thalji, T.;
Welsh, J. P.; Marley, S. B.; Davies, J.; Dazzi, F.; Marelli-
Berg, F.; Tait, P.; Playford, R.; Jiao, L.; Jensen, S.;
Nicholls, J. P.; Ayav, A.; Nohandani, M.; Farzaneh, F.;
Gaken, J.; Dodge, R.; Alison, M.; Apperley, J. F.; Lechler,
R.; Habib, N. A. Characterization and clinical application
of human CD34+ stem/progenitor cell populations mobi-
lized into the blood by granulocyte colony-stimulating
factor. Stem Cells 24(7):1822-1830; 2006.

. Iimuro, Y.; Brenner, D. A. Matrix metalloproteinase gene

delivery for liver fibrosis. Pharm. Res. 25(2):249-258;
2008.

Jang, Y. Y.; Collector, M. L.; Baylin, S. B.; Diehl, A. M.;
Sharkis, S. J. Hematopoietic stem cells convert into liver
cells within days without fusion. Nat. Cell Biol. 6(6):532—
539; 2004.

Jiang, Z.; Teng, G. J.; Chen, B. A.; Xu, Z. F.; Hu, J;
Shao, Z. Y. Local effects of retrovirally transduced endos-
tatin-expressing human umbilical cord blood CD34+ cells
on transplanted malignancy in a mouse model of hepatic
cancer. Cell Transplant. 17(8):969-975; 2008.

Kallis, Y. N.; Alison, M. R.; Forbes, S. J. Bone marrow
stem cells and liver disease. Gut 56(5):716-724; 2007.
Kershenobich Stalnikowitz, D.; Weissbrod, A. B. Liver fi-
brosis and inflammation. A review. Ann. Hepatol. 2(4):
159-163; 2003.

Knapen, M. F.; Mulder, T. P.; Bisseling, J. G.; Penders,
R. H.; Peters, W. H.; Steegers, E. A. Plasma glutathione
S-transferase alpha 1-1: A more sensitive marker for hepa-
tocellular damage than serum alanine aminotransferase in
hypertensive disorders of pregnancy. Am. J. Obstet. Gyne-
col. 178(1 Pt. 1):161-165; 1998.

Kung, H. C.; Hoyert, D. L.; Xu, J.; Murphy, S. L. Deaths:
Final data for 2005. Natl. Vital Stat. Rep. 56(10):1-120;
2008.

Latasa, M. U.; Boukaba, A.; Garcia-Trevijano, E. R.;
Torres, L.; Rodriguez, J. L.; Caballeria, J.; Lu, S. C,;
Lopez-Rodas, G.; Franco, L.; Mato, J. M.; Avila, M. A.
Hepatocyte growth factor induces MAT2A expression and
histone acetylation in rat hepatocytes: Role in liver regen-
eration. FASEB J. 15(7):1248-1250; 2001.

Lee, K. S. Hepatic fibrogenesis. Korean J. Gastroenterol.
48(5):297-305; 2006.

Lee, O. K.; Kuo, T. K.; Chen, W. M.; Lee, K. D.; Hsieh,
S. L.; Chen, T. H. Isolation of multipotent mesenchymal
stem cells from umbilical cord blood. Blood 103(5):1669—
1675; 2004.

Mitchell, K. E.; Weiss, M. L.; Mitchell, B. M.; Martin, P.;
Davis, D.; Morales, L.; Helwig, B.; Beerenstrauch, M.;
Abou-Easa, K.; Hildreth, T.; Troyer, D.; Medicetty, S.
Matrix cells from Wharton’s jelly form neurons and glia.
Stem Cells 21(1):50-60; 2003.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

LIN ET AL.

Ogura, Y.; Hamanoue, M.; Tanabe, G.; Mitsue, S.; Yoshi-
dome, S.; Nuruki, K.; Aikou, T. Hepatocyte growth factor
promotes liver regeneration and protein synthesis after
hepatectomy in cirrhotic rats. Hepatogastroenterology
48(38):545-549; 2001.

Oyagi, S.; Hirose, M.; Kojima, M.; Okuyama, M.;
Kawase, M.; Nakamura, T.; Ohgushi, H.; Yagi, K. Thera-
peutic effect of transplanting HGF-treated bone marrow
mesenchymal cells into CCl4-injured rats. J. Hepatol.
44(4):742-748; 2006.

Reiser, J.; Zhang, X. Y.; Hemenway, C. S.; Mondal, D.;
Pradhan, L.; La Russa, V. F. Potential of mesenchymal
stem cells in gene therapy approaches for inherited and
acquired diseases. Expert Opin. Biol. Ther. 5(12):1571-
1584; 2005.

Roderfeld, M.; Hemmann, S.; Roeb, E. Mechanisms of
fibrinolysis in chronic liver injury (with special emphasis
on MMPs and TIMPs). Z. Gastroenterol. 45(1):25-33;
2007.

Sakaida, I. Bone marrow cell as a source of hepatic stem
cell. Nippon Shokakibyo Gakkai Zasshi 103(6):607-614;
2006.

Senties-Gomez, M. D.; Galvez-Gastelum, F. J.; Meza-
Garcia, E.; Armendariz-Borunda, J. [Hepatic fibrosis:
Role of matrix metalloproteases and TGFbeta]. Gac. Med.
Mex. 141(4):315-322; 2005.

Shi, M. X.; Fang, B. J.; Liao, L. M.; Yang, S. G.; Liu,
Y. H.; Zhao, C. H. Flk1+ mesenchymal stem cells amelio-
rate carbon tetrachloride-induced liver fibrosis in mice.
Sheng Wu Gong Cheng Xue Bao 21(3):396-401; 2005.
Shirahashi, H.; Wu, J.; Yamamoto, N.; Catana, A.; Wege,
H.; Wager, B.; Okita, K.; Zern, M. A. Differentiation of
human and mouse embryonic stem cells along a hepato-
cyte lineage. Cell Transplant. 13(3):197-211; 2004.
Shyu, W. C.; Lin, S. Z.; Chiang, M. F.; Su, C. Y.; Li, H.
Intracerebral peripheral blood stem cell (CD34+) implan-
tation induces neuroplasticity by enhancing betal integrin-
mediated angiogenesis in chronic stroke rats. J. Neurosci.
26(13):3444-3453; 2006.

Shyu, W. C.; Lin, S. Z.; Yang, H. L.; Tzeng, Y. S.; Pang,
C.Y.; Yen, P. S.; Li, H. Functional recovery of stroke rats
induced by granulocyte colony-stimulating factor-stimu-
lated stem cells. Circulation 110(13):1847—-1854; 2004.
Shyu, W. C.; Liu, D. D.; Lin, S. Z.; Li, W. W.; Su, C. Y.;
Chang, Y. C.; Wang, H. J.; Wang, H. W.; Tsai, C. H.; Li,
H. Implantation of olfactory ensheathing cells promotes
neuroplasticity in murine models of stroke. J. Clin. Invest.
118(7):2482-2495; 2008.

Sobolewski, K.; Galewska, Z.; Wolanska, M.; Jaworski,
S. The activity of collagen-degrading enzymes of Whar-
ton’s jelly in EPH gestosis (pre-eclampsia). Biol. Neonate
80(3):202-209; 2001.

Tang, X. P.; Zhang, M.; Yang, X.; Chen, L. M.; Zeng, Y.
Differentiation of human umbilical cord blood stem cells
into hepatocytes in vivo and in vitro. World J. Gastroent-
erol. 12(25):4014-4019; 2006.

Wang, H. S.; Hung, S. C.; Peng, S. T.; Huang, C. C.; Wei,
H. M.; Guo, Y. J.; Fu, Y. S.; Lai, M. C.; Chen, C. C.
Mesenchymal stem cells in the Wharton’s jelly of the hu-
man umbilical cord. Stem Cells 22(7):1330-1337; 2004.
Zeng, L.; Rahrmann, E.; Hu, Q.; Lund, T.; Sandquist, L.;
Felten, M.; O’Brien, T. D.; Zhang, J.; Verfaillie, C. Multi-
potent adult progenitor cells from swine bone marrow.
Stem Cells 24(11):2355-2366; 2006.



STEM CELL THERAPY FOR LIVER FIBROSIS 1463

38. Zhao, D. C.; Lei, J. X.; Chen, R.; Yu, W. H.; Zhang, 40. Zwirska-Korczala, K.; Dziambor, A. P.; Wiczkowski, A.;
X. M.; Li, S. N.; Xiang, P. Bone marrow-derived mesen- Berdowska, A.; Gajewska, K.; Stolarz, W. Hepatocytes
chymal stem cells protect against experimental liver fibro- growth factor (HGF), leptin, neopterin serum concentra-
sis in rats. World J. Gastroenterol. 11(22):3431-3440; tions in patients with chronic hepatitis C. Przegl. Epide-
2005. miol. 55 Suppl 3:164—-169; 2001.

39. Zipori, D. The stem state: Plasticity is essential, whereas
self-renewal and hierarchy are optional. Stem Cells 23(6):
719-726; 2005.






