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Abstract

Background/Aims: Although mesenchymal stem cells (MSCs) provide effective therapy for
liver fibrosis, there are conflicting data regarding their marginal therapeutic effects. This study
aimed to enhance the potential of hepatocyte regeneration in human adipose mesenchymal
stem cells (ASCs) and investigate whether they have robust therapeutic efficacy in experimental
liver fibrosis. Methods: ASCs were cultured with four cytokines (ASC-C), the expression of
hepatogenic factors was detected by microarray, and the effects of conditioned medium
(CM) from ASC-C on the activation of hepatic stellate cells were analyzed. The therapeutic
effects and mechanism of liver fibrosis induced by thioacetamide (TAA) were determined
after cell transplantation. Results: ASC-C exhibited high levels of hepatogenic (HGF, G-CSF),
anti-apoptotic (IGFBP-2), and chemokine (IL-8) genes and increased expression of hepatocyte
specific proteins. ASC-C CM inhibited the activation of hepatic stellate cells in vitro, and
injection of ASC-C significantly delayed TAA-induced liver fibrosis and improved liver function
and regeneration in vivo. In addition, human albumin-expressing ASC-C were observed in
the livers of recipient animals. High levels of expression of HGF and its downstream signaling
molecules, including p-38, were detected in the ASC-C-injected livers. Transplantation of
ASC-C exerts anti-fibrotic effects and accelerates liver regeneration. Conclusion: Thus, ASC-C
may be a novel candidate for the enhanced treatment of liver cirrhosis in clinical settings.
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Introduction

Chronic hepaticinjury and liver cirrhosis are mostly caused by exposure to many factors,
such as hepatitis virus, drugs, xenobiotics and alcohol abuse, which lead to progressive
fibrosis, hepatocellular carcinoma and organ failure [1]. To date, liver transplantation is the
only effective treatment; however, limited donors and organ rejection are the main obstacles
to effective treatment with transplantation.

Recently, stem cell therapy has been suggested as one of the promising therapeutic
approaches to treat liver failure. In fact, adipose tissue-derived mesenchymal stem cells
(ASCs) secrete high levels of hepatocyte regeneration-associated cytokines or growth
factors, showing that the transplantation of stem cells can improve the function of damaged
livers [2, 3].

Hepatocyte growth factor (HGF) has been demonstrated as a key factor responsible
for the cytoprotective and regenerative potential of hepatocytes [4-6]. It is known that HGF
stimulates the proliferation and migration of hepatic stem cells into the liver parenchyma,
and it helps their differentiation into mature hepatocytes [7]. Recent reports showed that
mesenchymal stem cells (MSCs) overexpressing HGF prevented liver failure and reduced
mortality in rats [8].

The secretion of potent growth factors or cytokines and the proliferation of MSCs can be
affected by growth factors, such as platelet-derived growth factor (PDGF), fibroblast growth
factor-2 (FGF-2), epidermal growth factor (EGF) and insulin-like growth factor-1 (IGF-1),
suggesting potential synergism in enhancing therapeutic efficacies [9-11]. In addition, FGF-
2-induced HGF secretion by adipose-derived stromal cells inhibits post-injury fibrogenesis
through JNK signaling [12]. In this study, we found a novel stem cell culture condition that
enhances the potential of anti-fibrosis and liver regeneration by ASCs and investigated its
therapeutic mechanism in acute liver fibrosis.

Materials and Methods

Cell culture

Five differentlines of human adipose MSCs (ASCs) were purchased from ATCC (Manassas, markers was
examined by FACS. ASCs were maintained at 37°C under 5% CO, in culture medium [a-MEM with 10% fetal
bovine serum (FBS), 100 U/mL of penicillin, and 100 mg/mL of streptomycin]. To enhance HGF expression,
ASCs were cultured at 37°C under 5% CO, in culture medium [a-MEM with 2% fetal bovine serum (FBS),
100 U/mL of penicillin, and 100 mg/mL of streptomycin] containing cytokine cocktails including 20 ng/ml
human vascular endothelial growth factor (VEGF)-A, 100 ng/ml human fibroblast growth factor (FGF)-2,
20 ng/ml human epidermal growth factor (EGF), and 20 ng/ml human insulin-like growth factor (IGF)-1
for 5 days. The human hepatic stellate cells (HSCs) LX-2 were purchased from Millipore (Temecula, CA,
USA). HSCs were derived from healthy donors and characterized by immunocytochemistry such as Desmin
(positive), GFAP (positive) and aSMA (negative).

All experimental protocol was approved by the institutional review board of Catholic Kwandong
University. Written informed consent for all human subjects was provided by each donor. All experiments
were performed in accordance with relevant guidelines and regulations.

Real-time polymerase chain reaction (PCR)

Quantitative real-time (qRT)-PCR assays were performed as previously described [13, 14]. Briefly,
total RNA was isolated from cells using RNA-stat (Iso-Tex Diagnostics, Friendswood, TX, USA) according to
a previously reported method [15]. The extracted RNA was subsequently reverse transcribed using TagMan
reverse transcription reagents (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
instructions. The synthesized cDNA was subjected to qRT-PCR or reverse transcription (RT)-PCR using
human/mouse-specific primers and probes. The RNA levels were quantitatively assessed using an ABI
PRISM 7000 Sequence Detection System (Applied Biosystems). The relative mRNA expression normalized to
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GAPDH expression was calculated. The primers used for qRT-PCR were as follows: HGF (Hs00300159_m1),
M-CSF (Hs00174164_m1), G-CSF (Hs00738432_g1), SCF (Hs00241497_m1), LIF (Hs01055668_m1), IL-8
(Hs00174103_m1), IGFBP-2 (Hs01040719_m1), TNF-a (Hs00174128_m1) and GAPDH (Hs99999905_m1).

Induction of liver fibrosis and cell transplantation

Six-week-old female BALB/c nu mice were purchased from Koatech (Pyeongtaek, Korea). All
experimental protocol was approved by the Institutional Animal Care and Use Committee of Catholic
Kwandong University. The mice were intraperitoneally injected with 150 mg/kg thioacetamide (TAA; Sigma
Chemicals, St Louis, MO, USA) two times a week for 4 weeks. After the induction of liver fibrosis (i.e., 1 week
after TAA injection), cell transplantation was performed. Cells (1 x 10°) were resuspended in normal saline
and administered via the portal vein. The mice were randomly divided into three groups: sham (PBS) (n =
10), ASC (n = 10) and ASC-cocktail (ASC-C) (n = 10). The sham group received 50 pl of normal saline. Liver
tissues were collected 3 weeks after cell injection.

Histological analyses and collagen detection

The livers from nude mice were fixed with 4% paraformaldehyde for 1 day and embedded in Tissue-Tek
OCT compound (Sakura Fine Technical Co. Ltd., Japan). Sectioned (5 pm thick) samples were stained with
Harris hematoxylin solution (Sigma) for 2 minutes followed by eosin Y (Sigma, MO) for 20 sec. Collagen and
hepatic fibrosis were assessed using a Sirius red/fast green collagen staining kit (Chondrex, Inc., Redmond,
WA, USA) and Sirius red staining. Sectioned samples (10 pum thick) were fixed in Kahle’s fixative for 30
minutes, and the sections were then stained in the dye solution for 30 minutes. The sections were rinsed
with distilled water and incubated with a dye extraction buffer. Then, we collected the eluted dye solution
and read the 0.D. value at 540 nm and 620 nm with a spectrophotometer. Masson'’s trichrome staining was
performed, and the areas of fibrosis were measured by MetaMorph software (Downingtown, PA). anti Ki-67
(1:200, Dako, Carpinteria, CA) and anti- proliferating cell nuclear antigen (PCNA,1:100, Abcam) were used
for cell proliferation assay. To measure capillary density and human albumin, tissues were stained with
primary biotinylated IL (isolectin) B4 (1:250, Vector Laboratory, Burlingame, CA) and anti-human/anti-
mouse albumin (1:200, Abcam, Cambridge, MA) using a secondary antibody conjugated with streptavidin-
Alexa Fluor 488 or 555 (1:400, Invitrogen, Carlsbad, CA). TdT-mediated dUTP nick end labeling (TUNEL)
assay was performed using a fluorescein in situ cell death detection kit (Roche Molecular Biochemicals,
Mannheim, Germany). Nuclei (blue) were stained with DAPI.

Immunoblot analysis

Western blot assays were performed using a previously described method [16, 17]. Briefly, protein
extracts (100 pg each) were separated on 8% SDS-PAGE gels (Bio-Rad Laboratories) and electrotransferred
onto PVDF membranes (GE Healthcare). The specimens were probed with antibodies against the following:
alpha-fetoprotein (AFP), albumin (ALB), cytokeratin (CK)-18, CK-19, a-smooth muscle actin (a-SMA) and
-actin (Santa Cruz Biotechnology, Inc.). The membranes were washed and incubated with horseradish
peroxidase-conjugated secondary antibody, and the signal was detected using an LAS-3000 chemidoc
system (Fujifilm, Japan).

Assessment of liver functions

Blood samples were collected from each group of nude mice and centrifuged, and serum samples were
obtained 1 week before cell injection and 1, 2 and 3 weeks after cell injection. The serum samples were
tested for liver injury markers such as aspartate aminotransferase (GOT/AST), alanine aminotransferase
(GPT/ALT), ammonia and bilirubin by a FUJIFILM DRI-CHEM 3500 machine (Tokyo, Japan).

Statistical analysis

All data are presented as the mean * SD. Statistical analyses were conducted using Student’s t-test for
comparisons between 2 groups and ANOVA with Bonferroni’s multiple comparison test using SPSS v11.0.
The data with P < 0.05 were considered statistically significant.
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Results

Cell proliferation and hepatogenic characteristics of cytokine-induced human ASCs

To enhance the hepatogenic potential of ASCs, we tested several cytokine combinations.
We designed a candidate cytokine combination with FGF-2, IGF-2, EGF and VEGF-A and
tested whether it promoted the hepatogenic property of ASCs. First, to examine the effect
of cell proliferation, ASCs were cultured for 5 days. ASCs without cytokine treatment were
used as the control. In addition, we used FGF-2 (20 ng/ml)-treated ASCs (ASC-b) for 5 days
as the positive control, as FGF-2 enhances the hepatogenic property of rat-derived ASCs
[18]. Interestingly, ASCs treated with the cytokine cocktail (ASC-C) were highly proliferative
compared with the FGF-2-treated or the untreated ASCs (Fig. 1A and 1B). In line with a
previous report, FGF-2 was found to be the key factor in the cytokine cocktail for promoting
HGF secretion (Supplementary Fig. 1A and 1B - all supplementary material available online
at www.cellphysiolbiochem.com), and an extracellular signal-regulated kinase (ERK)
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Fig. 1. Cell proliferation analysis. (A) Representative image of ex vivo expanded ASCs after incubation with
FGF-2 and a cytokine cocktail for 5 days. (B) Comparison of the total number of ASCs after incubation with
cytokines for 5 days. **p<0.01; n = 5 per group. Bar = 100 pm.
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Fig. 2. Cell proliferation and global gene expression patterns of ASC-C and ASCs. Untreated ASCs were used
as controls. (A) Global gene expression profiles of three lines of ASCs and ASC-C. The results of hierarchical
clustering analysis represented as a heat map where each row reflects a probe set. Yellow signifies increased
expression, and blue signifies decreased expression. (B) Heat map of chemotaxis as a biological process. (C)
Chemotaxis as a significantly regulated process in ASC-C compared with ASCs.
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inhibitor (U0126) significantly decreased the expression of HGF in ASCs (Supplementary
Fig. 1C). These results indicate that FGF-2 enhanced the expression of HGF through the ERK
signaling pathway. In addition, we did not observe any remarkable changes in the spindle
fibroblast-like morphology and surface expression of representative MSC markers after
cytokine treatment of ASCs (Supplementary Fig. 2A-2E).

ASC-C exhibit upregulated hepatogenic and chemotactic genes

To explore the characteristics of ASC-C in detail, we investigated their global gene
expression profile (30, 606 probe sets on the arrays) using microarray analysis (Fig. 2A).
Three ASC lines without cytokine treatment were used as controls, and three cytokine
cocktail-induced ASC lines were tested. Interestingly, we found that the ASC-C exhibited
higher levels of gene expression of insulin-like growth factor-binding protein (IGFBP)-2
(50.3-fold), HGF (26.1-fold) and granulocyte-colony stimulating factor (G-CSF), also known
as colony-stimulating factor 3 (CSF3) (23.3-fold) than the control ASCs (Supplementary
Table 1). Intriguingly, gene ontology (biological process) analysis revealed that a chemotaxis-
related gene set was highly enriched in the ASC-C (Fig. 2B and Table 1).

Next, to confirm the microarray data, we performed qRT-PCR. In line with the microarray
data, the ASC-C significantly expressed multiple factors associated with essential hepatocyte
regeneration, including HGF, tumor necrosis factor (TNF)-a, stem cell factor (SCF) and G-CSF,
compared with ASCs (Fig. 3). Other minor regenerative or cytoprotective factors, such as
leukemia inhibitory factor (LIF), interleukin (IL)-8 and IGFBP-2, were also highly expressed
by ASC-C compared with ASCs or ASC-b.

ASC-C exhibit expression of hepatocyte-specific genes and proteins

To investigate whether ASC-C possess hepatocyte-like properties, we analyzed their
hepatocyte-specific gene expression patterns by microarray analysis. We randomly chose
41 hepatocyte-related genes and analyzed the microarray data. The results demonstrated
that 15 hepatocyte-related genes were upregulated in ASC-C compared with those in ASCs

Table 1. Gene ontology result. Significantly up-regulated biological process in ASC-C compared with ASCs
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HGF G-CSF IGFBP-2 SCF LIF
c Hk ek
O 400 ok
® 350 == 28 “L 1000 <2 25 s : =
- 30 900 *x
g 300 800 2 2
X 250 & 700 6
o 20 600 15 5
2 200 500 %
g 150 5 400 10 :
s = - b : -
":‘. 50 5 100 1
o 0 0 0 g o
o ASC ASC-b ASC-C ASC ASC-b ASC-C ASC ASCh ASC-C ASC ASCH AsCC ASC ASChb ASCC
M-CSF IL-8 TNF-a
*k
8 50 T wx
7 45 25 Hk
40 Kk

e 35 2

5 30 -

4 25 )

3 20 1

2 -

1 . 0.5

o 0 o

ASC ASCb AsC-C ASC ASC-b ASC-C ASC ASC-b ASC-C

Fig. 3. The expression patterns of multiple hepatogenic and chemotactic factors were measured by qRT-PCR.
The data are presented as fold change compared with the mononuclear cell group. Individual values were
normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). n = 4 per group. *p<0.05; **p<0.01.
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Fig. 4. Hepatocyte characteristics of ASC-C. (A) The results of hierarchical clustering analysis represented
as a heat map of the expression level of 15 hepatocyte-related genes. (B) Western blot results of the
expression of 5 representative hepatocyte-specific proteins. Protein levels of AFP, ALB and HGF correlated
with the microarray data. (C) Quantitative analysis of western blot results. The individual values were
normalized to a-actin. n = 4 per group. **p<0.01 vs. ASC-b; #p<0.01 vs. ASC-C (D-10); *p<0.01 vs. ASCs. (D)
Immunocytochemistry results of ASC-C. DAPI=4’,6-diamidino-2-phenylindole (Blue fluorescence).

(Fig. 4A and Supplementary Table 2). Next, we confirmed the expression of representative
hepatocyte-specific proteins by western blotting and immunocytochemistry. Intriguingly,
ASC-C (day 5) highly expressed alpha-fetoprotein (AFP), albumin (ALB), cytokeratin (CK) 18,
CK19 and HGF compared with ASCs and ASC-b (Fig. 4B and 4C). In line with western blotting
results, immunocytochemistry results revealed that ASC-C (day 5) exhibited AFP, ALB, CK18,
CK19 and HGF (Fig. 4D). These results indicate that ASC-C were partially differentiated into
hepatocyte-like cells and possess hepatocyte progenitor-like properties.
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Conditioned medium (CM) from ASC-C decreases the activation of HSCs in vitro

The effect of MSC-CM on a-smooth muscle actin (SMA) expression of primary human
hepatic stellate cells (HSCs) was measured. HSCs were treated with control medium, TGF-f3
(positive control), ASC-CM and ASC-C-CM together with TGF-f3 for 5 days and analyzed by dot
blotting (Fig. 5A and 5B). Quantification of a-SMA levels demonstrated that HSCs cultured
with MSC-C-CM showed significantly lower levels of a-SMA compared with HSCs cultured
with the vehicle (positive control) and ASC-CM (Fig. 5C), indicating the neutralization of the
activation induced by TGF-f.

Transplantation of ASC-C ameliorates acute liver injury

To investigate the therapeutic effect of cytokine-induced ASCs, we transplanted 5 x 10°
cells into nude mice via the portal vein 1 week after induction of acute liver failure with TAA.
Three weeks after cell injection, the liver tissues were evaluated (Fig. 6A). Morphological
analysis showed that the contour of the liver surface from PBS- and ASC-treated mice was
markedly irregular compared with that of the ASC-C-treated mice (Fig. 6B and Supplementary
Fig. 3). H&E examination of the livers also showed that the PBS- and ASC-treated mice
displayed a distorted hepatic architecture compared with the ASC-C treated mice (Fig. 7A).
We also assessed hepatic collagen content after cell transplantation. The hepatic collagen
content of the ASC-C-treated mice was significantly lower than that of the PBS- and ASC-
treated mice (Fig. 7B). Decreased collagen content in liver indicates that there has been an
active extracellular matrix (ECM) remodeling. Thus we measured mRNA level in liver tissues
after cell injection using representative ECM molecules. Matrix metalloprotease (MMP) is
one of the key regulators of ECM glycoprotein and remodeling [19]. In present study, MMP-
13 was upregulated in ASC-C injected liver tissue (Supplementary Fig. 4A and 4B).

Fig. 5. Effect of ASC-C
conditioned medium (CM) on
the activation of hepatic stellate
cells. (A-B) Western blot results
of total protein of LX2 cells
treated with TGF-f and CM
from ASCs, ASC-C and untreated
cells (Veh = Vehicle) for 5 days
and untreated LX2 cells (C
= control). (C) Quantitative
analysis of western blot results.
The individual values were

normalized to a-actin. n = 4 per group. **p<0.01.
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Fig. 6. In vivo therapeutic effects of ASC-C in acute liver failure in nude mice. (A) Schematic representation
of the procedure for the induction of acute liver failure, cell injection and the collection of specimens. (B)
Representative morphology of the liver after the induction of acute liver failure and cell injection. The
surface contour of the livers of PBS- or ASCs-treated mice was markedly irregular compared with that of the
ASC-C-treated mice.
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Fig. 7. Invivo therapeutic effects of ASC-C in acute liver failure mice model. (A) Representative H&E staining of
liver sections after cell transplantation. PBS- and ASC-treated livers showed a distorted hepatic architecture
compared with ASC-C-treated livers. Bar = 100 um. (B) Quantitative analysis of collagen from liver tissues.
The hepatic collagen content was measured using Sirius red/fast green collagen staining. Sectioned samples
were fixed in Kahle’s fixative, and the sections were stained in dye solution and mixed with a dye extraction
buffer. The dye solutions were collected and their 0.D. values were read by a spectrophotometer. n = 6 per
group. **p<0.01; *p<0.05. (C) Representative images of fibrosis by Masson’s trichrome (MT) staining after
cell injection. Bar = 100 um. (D) Quantitative analysis of the fibrotic area by MT staining. n = 6 per group.
**p<0.01; *p<0.05. (E) Representative images of Sirius red staining after cell injection. (F) Quantitative
analysis of the area of hepatic fibrosis by Sirius red staining. n = 6 per group. **p<0.01; *p<0.05. Bar = 100
pm.

Next, to examine hepatic anti-fibrosis effects after cell injection, we conducted Masson’s
trichrome and Sirius red staining. The staining results also revealed that ASC-C treatment
significantly reduced fibrosis compared with treatment with PBS or ASCs (Fig. 7C-7E and
7F). In addition, we also investigated stellate cell activation in liver after cell injection.
Interestingly, a-SMA level in vivo was highly reduced in ASC-C treated group compared with
treatment with PBS or ASCs (Fig. 8A and 8B), suggesting low stellate cell activation.

Transplantation of ASC-C improves liver function

Next, to clarify the therapeutic effect from the changes in hepatic function after cell
injection, we performed biochemical analysis using serum from mouse blood. At 2 weeks after
ASC-C treatment, the concentration of GPT/ALT, GOT/AST, and ammonia was significantly
decreased compared with ASC or PBS treatment (Fig. 9A-9C). Likewise, total bilirubin was
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also significantly decreased
in the ASC-C-treated group
compared with the ASC- or
PBS-treated groups (Fig.
9D). We also measured the
differences in body and liver
weight between the groups
after cell injection. The ASC-
C-treated mice also showed
higher liver/body weight
at 3 weeks after injection
than the ASC-, ASC-b- or
PBS-treated mice (Fig. 9E).
These data indicate that
ASC-C have a beneficial
influence on promoting
liver recovery.

Transplantation of

ASC-C promotes liver

regeneration

To elucidate the
mechanisms of the

amelioration ofliver damage
by cell transplantation, the
proliferation of hepatocytes
and capillary density in
the liver were evaluated.
Histological observations
revealed significantly higher
numbers of Ki-67-positive
cells (Fig. 10A and 10B) or
PCNA-positive hepatocytes
in ASC-C-treated mice than
in ASC- or in PBS-treated
mice (Fig. 10C and 10D).
Capillary density was also
significantly higher in the
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Fig. 9. Biochemical and body/liver weight analyses after cell
transplantation. (A-D) The concentrations of GPT/ALT, GOT/AST,
ammonia and total bilirubin in the serum at 3 weeks after cell injection
were measured in nude mice. **p<0.01; *p<0.05; n = 10 per group. ns
= not significant. (E) Liver/body weight at 3 weeks after cell injection.
**p<0.01; n = 10 per group.

ASC-C-treated livers than in the ASC- or PBS-treated livers (Fig. 10E and 10F). The number
of apoptotic cells and hepatocytes in liver tissues measured by terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay was lowest in the ASC-C-injected mice
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Fig. 10. ASC-C promote liver regeneration. (A) Representative images of Ki-67-positive cells in liver tissues
by immunohistochemistry. The brown colored nuclei (arrow) indicate the Ki-67-positive hepatocytes. Bar
=100 um. (B) Quantitative analysis of Ki-67 staining. **p<0.01; n = 7 per group. HPF = high power field. (C)
Representative images of PCNA (green) and anti-mouse albumin (red)-positive hepatocytes in liver tissues
by immunohistochemistry. Bar = 20 um. (D) Quantitative analysis of PCNA staining. **p<0.01; n =7 per group.
(E) Representative images of capillary density in liver tissues after cell injection. Immunohistochemistry
was performed by staining for IL-B4, an endothelial marker. Bar = 20 pm. (F) Quantitative analysis of the
number of capillaries. **p<0.01; n = 7 per group.

Fig. 11. In vivo
differentiation of ASC-C.
(A) Engraftment of IL-
B4-expressing  ASC-C
(arrow) in the peri-
vascular area of the
liver. (B) Engraftment
of human albumin-
expressing ASC-C
(arrows) in the liver.

(Supplementary Fig. 5A - 5D). These results indicate that humoral factors such as HGF, IGBP-
2, SCE, G-CSF and IL-8 derived from ASC-C might promote liver regeneration by inducing
hepatocyte proliferation or angiogenesis.

Next, to determine the fate of the transplanted ASC-C, we performed histological analysis
using the blood vessel marker IL (isolectin) B4 and human albumin. To trace the injected
cells, we transplanted GFP-expressing ASC-C (Supplementary Fig. 2F) into nude mice with
acute liver fibrosis via the portal vein. Histology data in liver tissue revealed that some of
the ASC-C engrafted in the peri-vascular area express ILB4 (Fig. 11A) and some of the cells
engrafted in the peri-portal or the peri-sinusoid area express human albumin (Fig. 11B). We
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Fig. 12. ASC-C promote liver regeneration by HGF and the p-38 MAPK signaling pathway.(A) Western
blot results of liver lysates after cell injection. (B) Quantitative analysis of HGF protein expression in liver
tissues after cell injection. **p<0.01. (C) Western blotting results of liver lysates after cell injection. The
downstream signaling pathway of MAPK. (D) Quantitative analysis of HGF protein expression in the liver
tissues after cell injection. **p<0.01.

also found that injected ASC-C engrafted in liver tissue and they were expressing hepatocyte
specific markers CK-18 and CK-19 (Supplementary Fig. 6A and 6B). These results indicate
that ASC-C may have multipotent transdifferentiation potentials.

HGF promotes hepatocyte regeneration via the p38 MAPK pathway

To further investigate the cause of hepatocyte regeneration, we performed western
blotting using ASC-C-transplanted liver tissues. The expression of human HGF protein was
increased in the ASC-C-injected liver tissues (Fig. 12A and 12B), suggesting that HGF acts
as a priming factor to regenerate hepatocytes. In addition, p38 mitogen-activated protein
kinase (MAPK) was markedly phosphorylated in the ASC-C-injected liver tissues (Fig. 12C
and 12D). However, we could not detect phosphorylation of p38 MAPK in the PBS-treated
liver tissues. Taken together, these data suggest that the mechanism of liver regeneration is
through the activation of the p38 MAPK signal pathway via HGF derived from ASC-C.

Discussion

Currently, several clinical or pre-clinical studies on liver diseases have investigated the
use of MSCs as a potential treatment strategy. The therapeutic mechanisms of their beneficial
effects are mediated by their anti-fibrotic effect and their beneficial function in hepatocyte
differentiation and regeneration [20-22]. The main aim of this study was to enhance the
therapeutic effect of MSCs through hepatic regeneration or anti-fibrotic mechanisms. In this
study, we reported for the first time that a novel cytokine cocktail promoted the expression
of hepatic growth factor in ASCs, and we analyzed the subsequent therapeutic mechanism in
an animal model of liver cirrhosis.

Numerous pre-clinical studies have demonstrated effective therapy of liver fibrosis
and cirrhosis using MSCs [23, 24]. However, Carvalho et al. reported that MSCs have low
therapeutic effects in improving liver function or reducing liver fibrosis [25]. In addition,
a recent clinical study evaluated the use of autologous MSCs in a randomized, placebo-
controlled trial in cirrhosis and found no beneficial effect, and other clinical studies also
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showed no convincing benefit from the use of various autologous cells in liver disease [26].
These controversial results prompted us to enhance the therapeutic function of MSCs for the
treatment of liver disease.

HGF is known as a paracrine cellular growth factor that primarily acts on epithelial
cells, endothelial cells, hematopoietic progenitor cells and T cells. HGF regulates cell growth,
cell motility and morphogenesis by activating a tyrosine kinase signaling cascade through
the c-Met receptor [27] and has a central role in angiogenesis and the development and
regeneration of livers by stimulating cell motility, mitogenesis and matrix invasion [27,
28]. HGF also leads to the induction of hepatic stellate cell apoptosis, which is associated
with its anti-fibrotic effect [29]. These surprising beneficial effects of HGF triggered many
studies to investigate HGF overexpression in stem cells. In fact, adenoviral vector-mediated
transduction of human HGF in bone marrow MSCs resulted not only in the reduction of
liver fibrosis but also in the functional improvement of hepatocytes [30]. In addition, MSCs
overexpressing HGF prevented liver failure and reduced mortality, and transplanted MSCs
incorporated into liver remnants and produced albumin [8]. However, although genetically
modified MSCs have shown high therapeutic effects, the method of genetic manipulation
has the potential risk of activating oncogenes. Therefore, we attempted to enhance HGF
expression in MSCs without genetic modifications.

For many years, our laboratory has been investigating safe methods to effectively induce
the angiogenic or tissue regenerative potential of stem or progenitor cells without genetic
modification. Previously, we reported that differentiated stem or progenitor cells induced by
specific growth factor cocktails exhibit high levels of angiogenic factors such as Ang-1, HGF,
FGF-2, PDGF and PLGF [15, 31]. Thus, we hypothesized that a certain growth factor cocktail
might induce specific angiogenic factors in ASCs. Intriguingly, we found that the combination
of four growth factors markedly enhanced the level of HGF, IGFBP-2, IL-8 and G-CSF in ASCs
within only five days. It has been reported that FGF-2 induces HGF expression via the c-Jun
N-terminal kinase (JNK) signaling pathway in ASCs [12]. We compared the expression of HGF
in cells treated with FGF-2 alone with those treated with the four growth factor cocktails,
including FGF-2. Interestingly, the four growth factor cocktail-treated ASCs show a higher
level of HGF expression, indicating that the four growth factors had a synergistic effect to
enhance stem cell function for the treatment of damaged liver. We also observed another
interesting effect, which was the high cell proliferation activity in ASC-C. It has been reported
that FGF-2 promotes the proliferation of MSCs by activating the PI3K and the ERK signaling
pathways [32]. EGF has also been shown to induce the proliferation of human MSCs [33],
suggesting that dual treatment with FGF-2 and EGF might synergistically induce proliferation
in ASCs.

Arecentreport has demonstrated that ASCs secrete high levels of interleukin-1 receptor
(IL-1R), IL-6, IL-8, granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), monocyte chemotactic protein-1 (MCP-1), nerve growth
factor (NGF),and HGF [2]. Among these factors, IL-8 (CXCL8) was highly upregulated in ASC-C.
In fact, HGF-induced activation of MEK and PI3K signal pathways promotes the expression
of the pro-angiogenic cytokine, IL-8 [34]. High levels of expression of HGF in ASC-C might
have increased IL-8 expression in an autocrine manner. One of the interesting findings of
this study is the enriched chemokine expression of ASC-C. Recently, it has been reported
that CXC chemokines regulate hepatocyte proliferation and liver regeneration and have
hepatoprotective effects [35-37]. Our data and reports from others indicate that CXC ligands
from ASC-C may promote hepatocyte proliferation in cirrhotic livers. We also observed high
levels of expression of IGFBP-2, TNF-«, SCE, G-CSF and LIF in ASC-C. Specifically, the 50-fold
higher expression of IGFBP in the microarray data was intriguing. IGFBP regulates insulin-
like growth factor (IGF)-1 as a carrier protein [38], indicating the possible anti-apoptotic role
of IGFBP in the reduction of liver injury upon treatment with ASC-C. Anti-apoptotic effect of
IGFBP also has been reported that IGFBP directly prevents the conversion of pro-caspase-3
into caspase-3 [39]. In line with our observation, it also has been demonstrated that high
expression of IGFBP in MSCs could reverse fulminant hepatic failure [37] or decrease liver
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fibrosis [20]. TNF-a has been shown to promote regenerative responses to liver injury
[40]. SCF is one of the candidate cytokines involved in hepatic remodeling by hepatocyte
proliferation [41]. Additionally, G-CSF has also been noted to be involved in hepatic repair
and regeneration by promoting endogenous repair mechanisms [42].

Adipose tissues are one of the most attractive sources of stem cell due to their high
accessibility, mesenchymal progenitor cell abundance and minimal invasiveness for
autologous cell therapy. In addition, it has been noted that ASCs have a particular affinity for
hepatocyte differentiation in vitro and liver regeneration in vivo [43]. Although we did not
aim to induce ASC differentiation into hepatocytes in the present study, we have verified the
hepatocyte-like properties of ASC-C during the cytokine stimulation period. Interestingly,
we detected high levels of expression of hepatocyte proteins, such as AFP, ALB, CK18, CK19
and HGE, in ASC-C (D5) compared with those in ASCs and ASC-b. These results indicate
that the four growth factors might be an excellent combination for inducing ASCs into
hepatocyte-like cells within a short period of 5 days. As a recent publication demonstrated
that hepatic differentiated MSCs show superior therapeutic effects on liver damage than
non-differentiated MSCs [44], ASC-C might possess a high therapeutic potential.

Although it has been reported that FGF induces the secretion of HGF in ASCs, their
therapeutic effect in liver cirrhotic models has not been fully understood. As HGF plays
an important role in regenerating hepatocytes, we speculated that high levels of HGF-
expressing ASCs might have enhanced therapeutic effects in liver cirrhosis. In fact, we found
that conditioned medium from ASC-C markedly inhibited the activation of HSCs in vitro (Fig.
5A, 5B and 5C). To investigate whether these properties persisted in vivo, we performed cell
transplantation studies using a liver injury nude mouse model. In accordance with the in
vitro data, the therapeutic effect of ASC-C injection was superior to the injection of untreated
ASCs, showing reduced liver fibrosis and accelerating the recovery of liver function. These
anti-fibrosis effects can be elucidated by the mechanism associating with the upregulation of
ECM remodeling factor, MMP-13, which degrades interstitial collagen and plays candidates
for an anti-fibrotic role. Since its overexpression showed significant decreased liver fibrosis
and enhanced hepatocyte proliferation [45].

It has been reported that humoral factors from MSCs ameliorate acute or chronic liver
failure [46]. Thus, we elucidated the therapeutic mechanism of the humoral factors released
from ASC-C. Interestingly, high numbers of Ki-67 positive hepatocytes were observed in
the ASC-C-treated group compared with the PBScontrol group, indicating accelerated liver
regeneration. In the grafted liver tissues, HGF and the p38 MAPK pathway were also activated
in the ASC-C-transplanted group, suggesting that HGF is one of the representative humoral
factors for hepatocyte proliferation. These data are in line with previous studies, showing
that the activation of p38 MAPK is a prerequisite for hepatocyte proliferation [47] and HGF
induced cell proliferation [48]. Another possible therapeutic mechanism contributing to liver
regeneration might be the angiogenic property of the transplanted ASC-C. Transplantation of
ASC-C promoted capillary density in liver tissues. High levels of humoral factors, such as HGF
and [L-8, which are also known to promote angiogenesis and neovascularization [49], secreted
from ASC-C might exert these beneficial effects on the cirrhotic liver. As transdifferentiation
could be another therapeutic mechanism of the transplanted stem cells, we traced the fate
of the injected ASC-C in vivo. Interestingly, some of the endothelial differentiated ASC-C were
engrafted in the perivascular area of the liver tissue. Additionally, we found engrafted human
ALB, CK18 and CK19-expressing ASC-C in the mouse livers. These data indicate that ASC-C
might possess mutiple transdifferentiation capacity, and these properties might enhance
liver regeneration.
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Conclusion

A novel cytokine combination stimulated ASCs to exhibit robust hepatogenic and
angiogenic capacities that ameliorated liver cirrhosis. Accordingly, ASC-C might be a highly
promising and novel therapeutic alternative for treating liver cirrhosis. Further investigation
will be required to demonstrate whether ASC-C are capable of treating liver cirrhosis in
clinical trials.
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