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ABSTRACT

Translational studies have explored the therapeutic effects of stem cells, raising hopes for the treatment of numerous diseases. Here, we
evaluated the therapeutic effect of chorionic plate-derived mesenchymal stem cells (CP-MSCs) isolated from human placenta and transplanted
into rats with carbon tetrachloride (CCl,)-injured livers. CP-MSCs were analyzed for hepatocyte-specific gene expression, indocyanine green
(ICG) uptake, glycogen storage, and urea production following hepatogenic differentiation. PKH26-labeled CP-MSCs were directly
transplanted into the livers of rats that had been exposed to CCl, (1.6 g/kg, twice per week for 9 weeks). Blood and liver tissue were
analyzed at 1, 2, and 3 weeks post-transplantation. The expression of type I collagen (Col I) and matrix metalloproteinases (MMPs) was
analyzed in rat T-HSC/CI-6 hepatic stellate cells co-cultured with CP-MSCs following exposure to TGF-. The expression levels of a-smooth
muscle actin (a~-SMA) and Col I were lower in transplanted (TP) rats than in non-transplanted (Non-TP) animals (P < 0.05), whereas the
expression levels of albumin and MMP-9 were increased. TP rats exhibited significantly higher uptake/excretion of ICG than non-TP rats
(P < 0.005). In addition, collagen synthesis in T-HSC/CI-6 cells exposed to TGF-B was decreased by co-culture with CP-MSCs, which triggered
the activation of MMP-2 and MMP-9. These results contribute to our understanding of the potential pathophysiological roles of CP-MSCs,
including anti-fibrotic effects in liver disease, and provide a foundation for the development of new cell therapy-based strategies for the
treatment of difficult-to-treat liver diseases. J. Cell. Biochem. 111: 1453-1463, 2010. © 2010 Wiley-Liss, Inc.
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L iver diseases are among the most common medical problems occurs in 70-95% of patients [JM, 1999]. While transplantation is
in Southeast Asia [Di Bisceglie et al., 1998]. The endpoint of currently an accepted therapy for liver disease, there remain many
progressive damage to the liver is loss of 80-90% of hepatic challenges to overcome in clinical practice, which is limited by a
functional capacity. Ultimately, mortality from hepatic failure shortage of donors and the harshness of the invasive procedures
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[Berg et al., 2007; Perkins, 2007]. Thus, new therapies and novel
strategies are required for the treatment of severe cases of hepatic
dysfunction.

Several reports have demonstrated the capacity of bone marrow-
derived mesenchymal stem cells (BM-MSCs) to differentiate into
hepatocyte-like cells, as well as their ability to reduce chronic
fibrogenesis [Sakaida et al., 2004; Zhao et al., 2005; Oyagi et al.,
2006]. In addition, Jung et al. [2009] reported that human umbilical
cord blood-derived mesenchymal stem cells ameliorated liver
fibrosis in rats with carbon tetrachloride (CCl,)-induced cirrhosis.
However, these results are controversial, as they vary somewhat
across different animal models, CCl, treatment protocols, and in
vitro conditions [Zhao et al., 2005; Oyagi et al., 2006]. Although
BM-MSCs represent an attractive therapeutic candidate for treating
degenerative diseases, their use is limited by several factors,
including low cell yields from donor BM, dependence on donor age,
limitations to autologous use, and difficulty in recruiting donors
[Costa and Grayson, 1991; Huttmann et al., 2003; Sakaida et al.,
2004; Stolzing et al., 2008].

Placenta-derived stem cells (PDSCs), which have received much
research attention, exhibit characteristics similar to those of BM-
MSCs, but they enjoy several advantages [Barlow et al., 2008].
PDSCs display multi-lineage differentiation potential, and they are
free of ethical concerns, easily accessible, abundant, and strongly
immunosuppressive [Huttmann et al., 2003; In 't Anker et al., 2004;
Chang et al., 2006]. Parolini et al. [2008] described the minimal
criteria for defining PDSCs: (i) fetal origin; (ii) generation of
fibroblast colony-forming units; (iii) specific patterns of surface
antigen expression; and (iv) potential to differentiate into one or
more lineages. PDSCs isolated from the placentas of normal-term
human infants include amniotic epithelial cells (AECs), amniotic
mesenchymal stromal cells (AMSCs), chorionic mesenchymal
stromal cells (CMSCs), umbilical mesenchymal stromal cells
(UMSCs) from Wharton's jelly, and trophoblast stem cells [Parolini
et al., 2008; Tsai et al., 2009]. Moreover, PDSCs have the potential to
differentiate in vitro into hepatocyte-like cells and insulin-positive
cells, as well as mesodermal lineages [Bailo et al., 2004; Chang et al.,
2007; Parolini et al., 2008].

Recently, the transplantation of PDSCs into mice with bleomycin-
induced lung fibrosis significantly reduced the severity of lung
fibrosis and neutrophil infiltration [Cargnoni et al., 2009]. However,
the therapeutic potential of chorionic plate-derived mesenchymal
stem cells (CP-MSCs) isolated from the placenta has not been
evaluated using in vivo models of liver disease.

The present study was conducted to characterize CP-MSCs
isolated from the placentas of normal-term infants, to test the
potential of CP-MSCs to differentiate into functional hepatocyte-
like cells, and to evaluate the therapeutic potential of CP-MSCs by
measuring their effects on the structural and functional regeneration
of the liver in CCl -injured rats.

ISOLATION AND CULTIVATION OF CP-MSCS FROM PLACENTA
CP-MSCs were isolated from normal placentas. Placentas were
considered normal when the pregnancy was free of medical,

obstetrical, and surgical complications and delivery occurred at term
(gestation >37 weeks). All of the women who contributed to this
study provided written informed consent prior to sample collection.
The isolation of samples and their subsequent utilization for
research purposes were approved by the Institutional Review Board
of CHA General Hospital, Seoul, Korea. CP-MSCs were harvested
from the chorionic plate of placentas obtained following Cesarean
section. Briefly, the chorioamniotic membrane was peeled and
separated from the placenta. Then, the amnion and the innermost
membrane from the chorion and decidua were removed. Cells
scraped from the membrane were treated with 0.5% collagenase IV
(Sigma-Aldrich, St. Louis, MO) for 30 min at 37°C. The harvested
cells were cultured at 2 x 10°cells/mm> in T25 flasks (BD
Biosciences, San Jose, CA) in Ham’s F-12/DMEM supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(P/S; all from GIBCO, New York, NY).

CO-CULTURE OF CP-MSCS WITH RAT HEPATIC STELLATE CELLS
EXPOSED TO TGF-$

Rat T-HSC/CI-6 hepatic stellate cells were seeded at 2 x 10 cells/
insert in six-well plates, and CP-MSCs were added to the corres-
ponding Transwell cell culture inserts (5-p.M pore PET membrane;
BD Biosciences). The cells were co-cultured in Ham’s F-12/DMEM
containing TGF-B (2ng/ml) for 24 and 48h. The cells were
harvested, and the expression of type I collagen (Col I) was analyzed
by RT-PCR. Supernatant matrix metalloproteinase (MMP) activity
was measured by zymography.

RNA ISOLATION AND RT-PCR ANALYSIS

CP-MSCs and rat liver tissue were homogenized and lysed, and total
RNA was prepared using TRIzol reagent (Invitrogen, Carlsbad, CA).
Total RNA samples (2 ug) were reverse transcribed using Super-
Script™ TII reverse transcriptase (Invitrogen). The resulting cDNA
was amplified by PCR using the primers listed in Table I and the
following thermal conditions: 5min at 95°C, followed by 24-31
cycles of 94°C for 30, 48-60°C for 1 min, and 72°C for 1 min. PCR
products were visualized and photographed after electrophoresis in
2% (w/v) agarose gels containing 0.5 pg/ml ethidium bromide
(Promega, Madison, WI1).

FACS ANALYSIS

Cells were dissociated in cell dissociation buffer (GIBCO) and
incubated for 20 min with antigen-specific antibody (BD Bioscience)
or isotype control, followed by incubation for 30 min with various
fluorescence-conjugated anti-human IgG antibodies (diluted 1: 200;
Vector Laboratories, Burlingame, CA). Propidium iodide (PI) (5 ng/
ml; Sigma-Aldrich) was used to identify non-viable cells. FACS
analysis was performed using a FACSVantage flow cytometer (BD
Biosciences).

IN VITRO DIFFERENTIATION OF CP-MSCS TO MESODERMAL
LINEAGES

To analyze the potential of CP-MSCs to differentiate into
mesodermal lineages, we used passage-five CP-MSCs plated at a
density of 5 x 10° cells/cm?. To induce osteogenic differentiation,
CP-MSCs were cultured in osteogenic induction medium containing
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TABLE I. Sequence of Primers Used for RT-PCR and Length of Fragments

Genes Sequence Tn (°C) Size (bp)
Oct4 F: 5'-ACA CTC GGA CCA CGT CTT TC-3/

R: 5'-CGT TCT CTT TGG AAA GGT GTT C-3’ 54 300
Nanog F: 5’-TTC TTG ACT GGG ACC TTG TC-3’

R: 5'-GCT TGC CTT GCT TTG AAG CA-3' 54 300
Sox2 F: 5-GGG CAG CGT GTA CTT ATC CT-3'

R: 5'-AGA ACC CCA AGA TGC ACA AC-3' 52 200
NF-68 F: 5-GAG TGA AAT GGC ACG ATA CCT A-3/

R: 5/-TTT CCT CTC CTT CTT CTT CAC CTIT C-3’ 58 500
Cardiac F: 5-GGA GTT ATG GTG GGT ATG GGT C-3'

R: 5'-AGT GGT GAC AAA GGA GTA GCC A-3' 58 500
AFP F: 5'-AGC TIG GTG GAT GAA AC-3'

R: 5-TCC AAC AGG CCT GAG AAA TC-3' 50 200
HLA-G F: 5-GCG GCT ACT ACA ACC AGA GC-3'

R: 5/-GCA CAT GGC ACG TGT ATC TC-3' 58 900
TERT F: 5'-GAG CTG ACG TGG AAG ATG AG-3'

R: 5/-CTT CAA GTG CTG TCT GAT TCC AAT G-3' 55 300
B-actin F: 5-TCC TTC TGC ATC CTG TCA GCA-3’

R: 5-CAG GAG ATG GCC ACT GCC GCA-3’ 58 300
CK18 F: 5'-GAG ATC GAG GCT CIC AAG GA-3/

R: 5'-CAA GCT GGC CTT CAG ATT TC-3' 55 400
CK19 F: 5'-GGG TCT TGA GAT TGA GCT GCA GT-3'

R: 5’-CCA GAA GAC ACC CTC CAA AGG AC-3’ 60 342
HNFla F: 5'-TAC ACC ACT CTG GCA GCC ACA CT-3'

R: 5'-CGG TGG GTA CAT TGG TGA CAG AAC-3' 58 114
HNF1p F: 5'-GCA GAA CTC ACA CAT GTA CGC-3'

R: 5'-AGG AGT CCT TGA CAT CGT GG-3’ 60 396
HNF4a F: 5-CTG CTC GGA GCC ACC AAG AGA TCCATG-3'

R: 5/-ATC ATC TGC CAC GTG ATG CTC TGCA-3' 55 370
CXCR4 F: 5'-ACG TCA GTG AGG CAG ATG-3'

R: 5'-GAT GAC TGT GGT CTT GAG-3' 58 202
Albumin F: 5'-CCC CAA GTG TCA ACT CCA AC-3'

R: 5’-CTC CTT ATC GTC AGC CTT GC-3' 54 450
TAT F: 5'-AAC GAT GTG GAG TIC ACG G-3'

R: 5'-GAC ACA TCC TCA GGA GAA TGG-3' 59 288
TIR F: 5'-AAC CAG TGA GTC TGG AGA GC-3'

R: 5’-TGC CTG GAC TTC TAA CAT AGC-3' 58 258
a-SMA F: 5-ACT GGG ACG ACA TGG AAA AG-3'

R: 5/-CAT CTC CAG AGT CCA GCA CA-3' 54 240
Col 1 F: 5'-CAT CTC AGA AGC AGA ATC TCC-3'

R: 5/-CCA TAA ACC ACA CTA TCA CCT C-3' 59 360
28s rRNA F: 5-TTG AAA ATC CGG GGG AGA G-3’

R: 5’-ACA TTG TTC CAA CAT GCC AG-3' 52 100

1M dexamethasone, 10mM glycerol 2-phosphate, 50 uM L-
ascorbic acid 2-phosphate (all from Sigma-Aldrich), 10% FBS, and
1% P/S. The growth medium was replaced twice weekly. Following
the induction of osteogenic differentiation, the cells were fixed in
4% formaldehyde and subjected to von Kossa staining by incubation
with a 2% silver nitrate solution (Sigma-Aldrich) and simultaneous
exposure to a 60-W lamp. To induce adipogenic differentiation,
CP-MSCs were cultured in adipogenic induction medium containing
1M dexamethasone, 0.5mM isobutyl methylxanthine, 0.2 mM
indomethacin, 1.7 uM insulin, 10% FBS, and 1% P/S. The growth
medium was replaced twice weekly. After 21 days, the cells were
fixed in 4% formaldehyde, and lipid vesicles were visualized by
staining with Oil Red O for 1h and counterstaining with Mayer’s
hematoxylin (both from Sigma-Aldrich) for 1min. To induce
chondrogenic differentiation, 5 x 10° CP-MSCs were collected as a
pellet by centrifugation at 1,000 rpm for 5 min and then cultured in
chondrogenic medium containing 100 nM dexamethasone, 100 mM
sodium pyruvate, 50 WM L-ascorbic acid 2-phosphate (all from
Sigma-Aldrich), 1x insulin-transferrin-selenium (ITS™) premix
(GIBCO), TGF-B1 (Peprotech EC, Ltd., London, England), and 1% P/S.
After 21 days, the cell pellets were fixed in 4% formaldehyde, the
cryomolded pellets were sectioned to a thickness of 10 wm, and the
sections were stained with Alcian blue (Sigma-Aldrich).

IN VITRO DIFFERENTIATION OF CP-MSCS TO HEPATOCYTES
Hepatic differentiation of CP-MSCs was performed as described
previously [Talens-Visconti et al., 2007] with modifications. Prior to
hepatic differentiation, passage-five cells were plated at a density of
2 x 10* cells/cm? in basal medium (60% DMEM-LG, 40% MCDB201,
29 FBS, and 1% P/S) containing 20 ng/ml EGF and 10 ng/ml bFGF.
Cells were grown to 60% confluence and then incubated for 7 days
in basal medium supplemented with 2% FBS, 20 ng/ml HGF, 10 ng/
ml bFGF, and 0.61 g/L nicotinamide. To induce maturation, the cells
were treated with maturation medium (basal medium supplemented
with 2% FBS, 1 pM dexamethasone, 50 mg/ml ITS*™ premix, and
20ng/ml oncostatin M) for a further 2 weeks. The medium was
replaced every 3 days. Hepatogenic differentiation was assessed by
RT-PCR analysis of liver-specific genes.

INDUCTION OF LIVER INJURY USING CCL, AND TRANSPLANTATION
OF CP-MSCS INTO CCL,-INJURED RATS

We conducted all animal experiments using approved protocols and
according to the National Institutes of Health guidelines. To induce
liver injury in our experimental animals, we used a previously
described protocol [Constandinou et al., 2005] with modifications.
Six-week-old male Sprague-Dawley rats (n = 6) received intraper-
itoneal injections of CCl, (Sigma-Aldrich) dissolved at 0.8 mg/ml in
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corn oil. CCl; was administered at 0.2ml/100g body weight
(approximately 1.6 g/kg) twice a week for 9 weeks. An equal volume
of corn oil was administered to control animals. In order to trace the
transplanted CP-MSCs in CCl,-injured rats, CP-MSCs were labeled
using a PKH26 Red Fluorescent Cell Linker kit (Sigma-Aldrich)
according to the manufacturer’s instructions. The PKH26-labeled
CP-MSCs (2 x 10°) were directly transplanted into the right liver
lobe of each CCl,-injured rat by injection at a depth of 5mm.
Blood and liver tissues were collected 1, 2, and 3 weeks post-
transplantation. The presence of grafted CP-MSCs in the livers of
CCl,-injured rats was assessed by histopathological examination.

BLOOD CHEMISTRY ANALYSIS

The levels of glutamate-oxaloacetate transaminase/aspartate
transaminase  (GOT/AST), glutamate-pyruvate transaminase/
alanine transaminase (GPT/ALT), total bilirubin (TBIL), and albumin
in the blood collected from the animals at 1, 2, and 3 weeks post-
transplantation were measured using a Dry-Chem 3500i Auto
Biochemistry Detector (Fujifilm).

HISTOPATHOLOGICAL ANALYSIS

Liver tissue was fixed in 10% (v/v) buffered formaldehyde,
embedded in paraffin, and sectioned to a thickness of 5 wm. Tissue
sections were stained with hematoxylin and eosin (H&E). Masson’s
trichrome staining (MT) and periodic acid shift (PAS) staining were
performed to examine liver collagen deposition and glycogen
storage, respectively. Liver fibrosis in CCl4-injured rats was scored
according to the histopathological criteria of Nanji et al. [1989] with
modifications: 0, no fibrosis; 1, fibrosis confined to enlarged portal
zones; 2, periportal or portal-portal septa with intact architecture; 3,
distorted architecture (septal fibrosis, bridging) without obvious
cirrhosis; and 4, probable or definite cirrhosis.

IMMUNOSTAINING

To trace the transplanted human CP-MSCs, the remaining specimens
were embedded in Tissue-Tek O.C.T. compound (Sakura Finetek,
CA), frozen, and sectioned at 8-pum thickness. The tissue sections
were stained with specific anti-human cytokeratin 18 (CK18;
Sigma-Aldrich), anti-human cytokeratin 19 (CK19; Sigma-Aldrich),
and anti-human hepatocyte antibodies (DAKO, Carpinteria, CA).
Primary antibody binding was visualized using FITC-conjugated
anti-mouse or cyanine-conjugated anti-goat secondary IgGs
(Molecular Probes; Invitrogen). Images were acquired using a
LSM 510 META confocal microscope (Carl Zeiss, Inc., Thornwood,
NY). Human nucleolin in transplanted CP-MSCs was immunostained
using a Vectastain ABC system and diaminobenzidine (DAB)
substrate (both from Vector Laboratories) according to the
manufacturer’s instructions, with minor modifications. Mouse
anti-human nucleolin antibody (1:100; Chemicon, Rosemont, IL)
was used as the primary antibody, with a biotinylated secondary
antibody, horseradish peroxidase conjugated streptavidin-biotin
complex, and DAB to generate a chromatic signal. Antigens were
retrieved by microwaving for 7 min in 10 mM citrate buffer, pH 6.0.

WESTERN BLOT ANALYSIS

To quantify liver levels of Col I, «-SMA, MMP-9, and albumin, liver
tissue was homogenized in protein extraction solution (Intron,
Seongnam-Si, Korea). The homogenates were sonicated for 20 s and
centrifuged. The supernatants were analyzed by Western blotting.
Briefly, protein lysates (50 j.g) were incubated at 95°C for 3 min,
subjected to 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE), and electrophoretically transferred to PVDF
membranes (90 V for 80 min). After incubation in blocking buffer for
1h at room temperature, the membranes were incubated with anti-
Col T monoclonal antibody (diluted 1:5,000; Abcam, Cambridge,
UK), anti-a-SMA monoclonal antibody (1:5,000; Abcam), anti-
MMP-9 polyclonal antibody (1:1500; R&D Systems, Minneapolis,
MN), anti-albumin monoclonal antibody (1:3,000; Sigma-Aldrich),
or anti-B-actin monoclonal antibody (1:1,000; Santa Cruz, CA) at
4°C overnight, followed by incubation with horseradish peroxidase-
conjugated anti-mouse or anti-goat secondary antibody (diluted
1:3,000; Vector Laboratories). Protein bands were visualized using
an ECL Advance Western Blotting Detection System (Amersham,
Uppsala, Sweden).

ZYMOGRAPHY

Culture supernatants from co-cultured T-HSC/CI-6 cells and CP-
MSCs (70 pl per sample) were analyzed by SDS-PAGE zymography
in gels impregnated with 0.5% gelatin (Sigma-Aldrich). Following
electrophoresis, the gels were incubated overnight at 37°C in a
buffer containing 50 mM Tris-HCI (pH 7.4), 0.2 M NaCl, 5 mM CaCl,,
and 1% Triton X-100. Enzymatic activity was detected by staining
with 0.19% Coomassie Blue in 30% methanol/10% acetic acid.

INDOCYANINE GREEN (ICG) UPTAKE AND EXCRETION ASSAYS

To analyze ICG uptake, differentiated CP-MSCs were incubated in
ICG solution (1 mg/ml; Dongindang Pharm. Co., Korea) at 37°C for
90 min and then rinsed with PBS. The culture medium was replaced,
and the uptake of ICG by CP-MSCs was measured using an inverted
microscope. To evaluate hepatic function, hepatic excretion of ICG
was measured in vivo. ICG dissolved in sterile water (0.5 mg/ml) was
administered to each rat via the tail vein [Yamada et al., 2002]. Blood
samples were removed via the ventricular artery 15 min later, and
absorbance at 805 nm was measured using a spectrophotometer.

UREA PRODUCTION AND MMP-9 ELISA

Undifferentiated and differentiated CP-MSCs were cultured for 24 h
in supplemented medium. Supernatants were collected, and urea
production was determined using a colorimetric Quantichrom urea
assay kit (Bioassay Systems, Hayward, CA). To quantify MMP-9
levels in T-HSC/Cl-6 cells exposed to TGF-B (2ng/ml) and co-
cultured with CP-MSCs, culture supernatants were analyzed using a
human MMP9 ELISA kit (RayBiotech Inc., Norcross GA). Fresh
culture medium and HepG2 cells were used as negative and positive
controls, respectively.

STATISTICAL ANALYSIS
All experiments were performed in duplicate and were repeated at
least three times. PCR data were quantified densitometrically. Data
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were analyzed by one-way or two-way ANOVA. The following
dependent variables were analyzed by two-way ANOVA: the
Col I/28s rRNA ratio (collagen synthesis analyses) and GOT/AST,
GPT/ALT, TBIL, and albumin levels (blood analyses). Data are
presented as means=+SD. A P-value <0.05 was considered to
indicate statistical significance.

CP-MSC morphology was similar to that of traditional MSCs
(Fig. 1A), and a specific marker of embryonic stem cells (Oct-4) was
detected in the CP-MSCs (Fig. 1B). In addition, three stem cell
markers (Nanog, Sox2, and TERT), three germ layer markers [NF68,
cardiac muscle, and a-fetoprotein (AFP)], and an immunomodulator
gene (HLA-G) were all expressed in the CP-MSCs. These results
suggest that the CP-MSCs have the potential for self-renewal and the
capacity to differentiate into multiple lineages.

To confirm the surface phenotypes of the CP-MSCs, we performed
FACS analysis using various mouse anti-human antibodies (Fig. 1C).
The phenotypes of the CP-MSCs were similar to those of BM-MSCs,
that is, negative for hematopoietic markers such as CD31, CD33,
(D34, (D45, (CD51/61, and HLA-DR; and positive for non-
hematopoietic markers, including CD13, CD44, CD90, CD105, and
HLA-ABC. There were no differences in the expression levels of any
of these markers between the CP-MSCs and BM-MSCs. Furthermore,
the surface expression of CD56, CD71, CD95, and HLA-G was
detected in the CP-MSCs.

To test the potential of CP-MSCs to differentiate into mesodermal
lineages, we induced osteogenic, adipogenic, and chondrogenic
differentiation of the CP-MSCs. As shown in Figure 1D, the levels of
dense mineralized phosphate deposits (assessed by von Kossa
staining) were increased following osteogenic differentiation of the
CP-MSCs. Lipid droplet accumulation in the CP-MSCs following
adipogenic differentiation was detected by Oil Red O staining.
The chondrogenic differentiation of the CP-MSCs was verified by

Fig. 1. Characterization of CP-MSCs. CP-MSCs were assessed at passage numbers 8 through 10. A: The morphology of CP-MSCs was similar to the round-spindle shape of
mesenchymal stem cells (x 100). B: RT-PCR analysis for stem cell markers in CP-MSCs. C: FACS analysis of the expression of surface markers in CP-MSCs. The percentages are
indicated along with the fluorescence intensities. D: Differentiation of CP-MSCs. Osteogenic, adipogenic, and chondrogenic differentiation was confirmed by von Kossa, Oil Red
0, and Alcian blue staining, respectively. Scale bars: 100 um. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 2. Hepatogenic differentiation of CP-MSCs. A: The morphological changes (Left), ICG uptake (Middle), and glycogen storage using PAS staining (Right) of CP-MSCs
between undifferentiation (Upper) and differentiation (Lower), following hepatogenic differentiation (200x). B: Expression of various hepatogenic-specific genes during
hepatogenic differentiation by RT-PCR analysis. C: Urea production in CP-MSCs. Urea production in CP-MSCs differentiated into hepatocyte-like cells was increased threefold
compared to that in undifferentiated CP-MSCs (P < 0.005). Undiff means undifferentiated CP-MSCs; Diff means hepatic differentiated CP-MSCs. HepG2 used as a positive
control of urea production. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Alcian blue staining. Collectively, these results suggest that the
CP-MSCs have the potential to differentiate into several mesodermal
lineages, including osteogenic, adipogenic, and chondrogenic
lineages.

During hepatogenic differentiation, the CP-MSCs gradually
exhibited a change in morphology, from a spindle shape to a
characteristic polygonal hepatocyte-like morphology, and began to
cluster (Fig. 2A, left). Although the CP-MSCs did not take up ICG
before differentiation, they took up large amounts of ICG following
hepatogenic differentiation (Fig. 2A, middle) and exhibited
glycogen storage (Fig. 2A, right). The switching on and off of
several genes was involved in hepatic function plays a critical role in
the progression of hepatogenesis during early embryogenesis [Costa
and Grayson, 1991; Hay et al., 2008]. Gene expression analysis
showed that patterns of gene expression during differentiation of the
CP-MSCs mirrored those observed during hepatogenesis. The
expression of the hepatocyte-specific transcription factors human
nuclear factor (HNF)-1a and -4 was increased in the CP-MSCs
during hepatogenic differentiation, as was the expression of
hepatoblast markers such as AFP and CK19, and transthyretin,
which is controlled by HNF-4a. In addition, the expression levels of
CXCR4, TAT, and albumin were higher in differentiated CP-MSCs
compared with undifferentiated cells (Fig. 2B). Furthermore, urea
production was significantly higher in differentiated CP-MSCs than

in undifferentiated cells (P < 0.005; Fig. 2C). These results confirm
the effective induction of hepatogenic differentiation and suggest
that the CP-MSCs can differentiate into functional hepatocyte-like
cells as well as hepatoblasts and mature hepatocytes.

To evaluate the function of CP-MSCs in an in vivo model of severe
liver injury, we induced liver injury in rats through repeated
administration of a high concentration of CCl, (approximately 1.6 g/
kg, twice a week) over the course of 9 weeks (Fig. 3A). We confirmed
the suitability of CCls-induced liver failure as a model of early
cirrhosis by blood chemistry (Table II) and pathological analyses.
Compared with the livers of control animals, the livers of CCl,-
injured rats displayed a range of severe injury, including bridging
fibrosis connecting neighboring portal veins and central veins,
various lipid changes, and increased inflammation (Fig. 3B).

The fate of transplanted PKH26-labeled CP-MSCs was observed
in the livers of recipient animals by fluorescence microscopy
(Fig. 4A, left) and immunohistochemistry using an antibody specific
for human nucleolin (Fig. 4A, right). Immunofluorescence analysis
revealed the expression of the human hepatocyte markers CK18 and
CK19 in transplanted CP-MSCs in the injured rat livers (Fig. 4B).
These results demonstrate that the CP-MSCs were engrafted
successfully and that some CP-MSCs differentiated into hepatocytes
following transplantation into CCl,-treated rats. This latter process
may facilitate liver regeneration.
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A Transplantation of CP-MSCs (2 x 10° cells)
into the rat liver
™ . . .
groups L) L] L] L] L
L tot
Administration of CCl, at a dose 1.6 glkglday 1w 2w 3W
twice aweek by intraperitoneal injection 1 l l
Non-TP | v . M M .
groups T T T 1
B H&E stain MT stain

Normal |

CCl,-injured ¥

Fig. 3. Generation of the CCl,-injured rat liver disease model. A: Diagram of
experimental scheme. B: Histopathological analysis of the normal rat liver
(Upper) and the CCly-injured rat liver disease model (Lower) using H&E (Left)
and MT (Right) staining (100x). Arrows indicate formation of collagen
bridging fibrosis. TP: transplantation; W: week. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

To determine whether CP-MSCs can induce regeneration of
damaged liver tissues, we analyzed the expression of Col I, a-SMA,
and albumin, which are markers of liver damage, in the livers of
transplanted (TP) and non-transplanted rats (Non-TP). The expres-
sion of both Col I and a-SMA was dramatically increased in CCl,-
injured livers compared with controls, and the expression of
albumin was decreased (Fig. 5). Col I mRNA expression was
significantly lower in TP rats than in Non-TP animals until 3 weeks
post-transplantation (P < 0.05; Fig. 5A), the mRNA expression level
of a-SMA was significantly lower until 2 weeks post-transplanta-
tion (P<0.05; Fig. 5B), and albumin mRNA expression was
significantly higher in TP rats than in Non-TP animals at 1 and
2 weeks post-transplantation (P < 0.05 and P < 0.005, respectively;
Fig. 5C). Based on Western blot analysis, Col I and a-SMA protein
expression was markedly lower in TP rats than in Non-TP rats until
2 weeks post-transplantation, and albumin protein expression was
higher in TP rats until 3 weeks post-transplantation (Fig. 5D). These
data are in agreement with the findings of mRNA expression. In
addition, the expression of MMP-9 protein, which inhibits collagen
synthesis and deposition, was elevated until 2 weeks post-
transplantation in TP rats (Fig. 5D).

Histological analysis of the rat liver tissues showed greater
changes in lipid accumulation and stronger macrophage infiltration
in non-TP rats than in TP rats. Collagen deposition was dramatically

TABLE II. An Animal Model of Liver Failure

GOT/AST GPT/ALT TBIL Albumin
Control 112.54£6.5 46.5+5.3 0.63£0.07 3.42£0.05
CCl, (9W) 925.4 +34° 685 +74° 1.18£0.2° 3.28 £0.040°

2P-values were compared with control group (P < 0.05).

lower in TP rats than in Non-TP animals (Fig. 6A). TP rats also
displayed an overall reduction and amelioration of bridging fibrosis
connecting neighboring portal and central veins. Furthermore, liver
damage scores assigned according to four-tiered cirrhosis criteria
were lower in TP rats (Table IV). These findings were consistent with
the results of the RT-PCR and Western blot analyses.

To test whether the engrafted CP-MSCs improved hepatic
function, we measured ICG uptake and excretion. Changes in ICG
excretion indicate pathophysiological alterations in liver function.
Normally, about 90% of the ICG taken up into the liver is released
into the blood within 15 min [Yamada et al., 2002]. Compared with
control rats, the CCl,-injured rats showed significantly lower ICG
release (P <0.005; Fig. 6B). However, the TP rats exhibited
significantly higher ICG release the non-TP rats during all 3 weeks
of the study (P < 0.005). ICG release gradually increased in TP rats,
reaching levels comparable to control levels by 3 weeks post-
transplantation (P> 0.16). In contrast, ICG release in Non-TP rats
did not increase after 2 weeks (Fig. 6B). Moreover, in blood
chemistry analyses, the levels of GOT, GPT, and TBIL were
significantly lower in TP rats than in non-TP rats (Table III). These
findings indicate that engrafted CP-MSCs greatly improved hepatic
function in the CCl,-injured liver.

Based on our observation of decreased collagen deposition and
increased MMP-9 expression in TP rats compared with non-TP
animals (Fig. 5), we hypothesized that MMPs secreted from
transplanted CP-MSCs may contribute to the recovery of liver
function by decreasing collagen deposition. Exposing hepatic
stellate cells to a sustained low dose of TGF- has been shown to
stimulate Col I synthesis by inducing the transcription factor Snail1
and activating Smad2/3 signaling [Kaimori et al., 2007]. Therefore,
we investigated whether co-culture with CP-MSCs influenced
collagen synthesis in T-HSC/CI-6 hepatic stellate cells exposed to
TGF-B. Col  mRNA expression gradually increased in the T-HSC/Cl-
6 cells cultured alone in medium containing TGF-B (2 ng/ml). In
contrast, Col I expression decreased dramatically in T-HSC/CI-6 cells
co-cultured with CP-MSCs in the presence of TGF-3 (Fig. 7A). We
also performed zymographic analyses to measured MMP activity in
the co-cultures. Exposure to TGF-B for 24 h reduced MMP-2 and
MMP-9 activities in T-HSC/CI-6 cells, and both activities increased
slightly following treatment with TGF-( for a further 24 h. In the co-
cultures, MMP-2 and MMP-9 activities were detected and increased
in a time-dependent manner (Fig. 7B). An ELISA confirmed that
MMP-9 expression was higher in T-HSC/CI-6 cells co-cultured
with CP-MSCs compared with T-HSC/CI-6 cells cultured alone
(Fig. 7C, P<0.05). These findings suggest that CP-MSCs may
improve hepatic function in CCl,-injured rats by increasing MMP-2
and MMP-9 activities, thereby limiting the synthesis and deposition
of Col L.

In the present study, we demonstrated for the first time that the
transplantation of CP-MSCs derived from the chorionic plate of the
placenta may be a feasible treatment for the CCl,-injured liver. CP-
MSCs were transplanted into rats with severely injured livers, and
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Fig. 4.

Engraftment of CP-MSCs into the CCl,-injured rat liver disease model. A: PKH-labeled CP-MSCs engrafted into CCl,-injured rat liver tissues (Left); analysis of CP-

MSCs engrafted into CCl,-injured rat liver tissues using immunohistochemistry of human-specific nuclei (Right). B: Expression of hepatocyte-related markers including human
hepatocyte (Left), CK18 (Middle), and CK19 (Right) using immunofluorescence. Pl was used as a nuclear stain (100 x). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

the anti-fibrotic effects of the CP-MSCs were evaluated in vitro and
in vivo.

Transplantation of adult stem cells has previously been used to
treat various degenerative diseases [Daley and Scadden, 2008].

controversial because of the differences between humans and
model animals. In animal models, CCl, is widely used experimen-
tally to elicit liver damage; however, it decomposes in the lipids of
damaged cells and leads to rapid breakdown of the endoplasmic

However, the clinical feasibility of this approach remains reticulum and loss of its function. CCl,-induced liver injury is both
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Fig. 5. Liver damage-related gene expression following the transplantation of CP-MSCs into CCl,-injured rat livers. The degree of liver fibrosis was measured

semiquantitatively via the mRNA expression of Col | (A), «-SMA (B), and albumin (C) by RT-PCR. Data are expressed as the mean - SD from five mice for each group.
The asterisk indicates a significant difference between the groups. D: Expression of Col I, «~-SMA, albumin, and MMP-9 in between the TP group and the non-TP group using
Western blot. B-actin was used as loading control. * indicates P< 0.05, ** indicates P< 0.005 and *** indicates P< 0.001 compared with Non-TP group. TP: transplantation,

W: week.
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Fig. 6. Therapeutic effects of the transplantation of CP-MSCs into the CCl,-
injured rat liver. Liver tissues were obtained from TP group (Upper) and Non-TP
group (Lower) at 1, 2, and 3 weeks after generation of the CCl,-injured rat liver
disease model for 9 weeks. A: After CP-MSCs transplantation into liver tissues,
the degree of liver fibrosis was analyzed from 1-3 weeks using MT
staining(100x). B: After CP-MSCs transplantation into liver tissues, the
degree of liver function was analyzed by ICG uptake and excretion assays.
Data are expressed as the mean =+ SD from five mice for each group. * indicates
P < 0.005 and " indicates P< 0.001. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

severe and extremely rapid in its onset, and it ultimately manifests
histologically as hepatic steatosis, fibrosis, hepatocellular death, and
carcinogenicity, Nevertheless, damaged hepatocytes regenerate
easily in the absence of further exposure to CCl, [Iredale, 2007].
Animal injuries caused by low-dose and short-term injection of CCl,
show rapid hepatocyte regeneration on a time scale dependent on
the species used, making it necessary to confirm liver damage
comparable with cirrhosis in any CCls-injured liver model
[Constandinou et al., 2005; Lee et al.,, 2005]. Therefore, after
generating a rat model of severe liver injury through high-dose
(1.6 g/kg), long-term (9 weeks) treatment with CCl,, we confirmed
the injury by blood chemistry and histopathological assays (Table I,
Fig. 3B) and tested liver function by ICG assay (Fig. 6B). Our data
showed that the damaged livers did not exhibit full hepatocyte
regeneration after a 3-week recovery period (Table IV). It should be
noted that the spontaneous recovery of damaged hepatocytes and
liver tissues has been unduly ignored in animal models described by
other researchers.

TABLE III. Blood Chemistry Analysis

Weeks Groups GOT/AST  GPT/ALT TBIL Albumin
1w Non-TP 158.6 £24.6  56.6+14.4 0.540.1 3.5+0.1
TP 121.4+31.2° 386+ 144" 0.44+0.1 2.74+0.1%
2W Non-TP 191.6 £27.9 90.0+14.4 0940.1 3.0+0.1
TP 21.14£31.2*  49.6+16.1° 0.4+0.1* 2.6+0.2°
3W Non-TP 191.4+23.6  69.0+£122 0.440.1 3.3+0.1
TP 53.14+18.1" 49.6+18.6" 0.4+0.2 3.340.2

“Indicates P < 0.05 compared with Non-TP group.

TABLE IV. The Pathological Findings of the Liver for Each Group

Control Groups
W 2W 3W

Cirrhosis CCl,

stage Normal 9W Non-TP TP Non-TP TP Non-TP TP
0 6 0 0 0 0 1 0 0
1 0 0 0 0 0 0 0 0
2 0 0 1 0 0 1 0 0
3 0 0 3 6 3 4 3 6
4 0 6 2 0 3 0 4 0

The grade of CCl,-injured rat livers scored by histopathological criteria, modified
from Nanji et al. [1989] 0-4 as follows: O representing no fibrosis, 1 representing
fibrosis confined to enlarged portal zones, 2 representing periportal or portal-
portal septa with intact architecture, 3 representing architectural distortion (septal
fibrosis, bridging) without obvious cirrhosis, and 4 representing probable or
definite cirrhosis.

Stem cells have great potential as a therapeutic intervention in
the treatment of degenerative diseases that affect various tissues,
including the liver [Daley and Scadden, 2008]. Their therapeutic
effects may be influenced by numerous factors such as cell count,
differentiation potential, transplant method, and disease model
[Petersen et al., 1999; Huttmann et al., 2003; Kuo et al., 2008]. BM-

A TGF-B (2 ng/ml)
24h 48h
Con + - + - :CP-MSCs
Coll - - -
28STRNA s e S
B TGF-B (2 ngiml)
24h 48h
Con  + - + - :CP-MSCs
C oo
—_g 50 *
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o
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=
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Fig. 7. Effects of CP-MSCs co-culture on collagen synthesis in a hepatic
stellate cell line (T-HSC/C16) exposed to TGF-@. Synthesis of Col | increased in
T-HSC/CI-6 cells exposed to TGF-B (2 ng/ml) at 24 and 48 h. A: Co-culture of
CP-MSCs with T-HSC/CI-6 exposed to TGF-@ (2 ng/ml) inhibited Col | synthesis
at 24 and 48 h. B: Enzyme activity of MMP-2 and MMP-9 in co-cultured
medium was analyzed by zymography. C: Quantitative amounts of MMP-9 in
co-cultured medium were analyzed by ELISA assay. * indicates P < 0.05. Con,
control (T-HSC/CI-6 without TGF-@ treatment).
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MSCs have been touted as a potential source of hepatic oval cells,
which are involved in liver regeneration [Petersen et al., 1999;
Schmelzer et al., 2007]. Zhao et al. [2005] reported that BM-MSCs
can engraft into injured tissues of bone marrow, lung, liver, heart,
and brain, and facilitate the recovery of tissue function by reducing
inflammation and remodeling the tissue. Although a significant
reduction of liver fibrosis was observed in CCl,-injured rats treated
with BM-MSCs [Sakaida et al., 2005], the mechanism by which
MSCs repair fibrosis remains unclear. Reports have variously
claimed that BM-MSCs have no effect on liver injury in a rat model
[Carvalho et al., 2008], can transform into fibrogenic liver cells
[Higashiyama et al., 2007], and are associated with the development
of cancer [Chakraborty et al., 2004; Yilmaz et al., 2005]. Elsewhere,
MSCs derived from umbilical cord have shown therapeutic potential
in a rat liver fibrosis model [Jung et al., 2009; Tsai et al., 2009].

In contrast, the therapeutic effects of CP-MSCs in CCl,-injured
rats have not been explored. CP-MSCs, organ-specific PDSCs
derived from fetuses, are primitive intermediates between embryo-
nic and adult stem cells. Although a basic characterization of PDSCs
and an analysis of their differentiation potential have been reported
[Parolini et al., 2008], few data describe their therapeutic potential.
Interestingly, in the present study, undifferentiated CP-MSCs were
found to express stem cell markers and three germ layer markers, as
well as albumin. These characteristics indicate that CP-MSCs may
help to heal damaged hepatocytes and improve the function of the
injured liver through anti-fibrotic effects, suggesting their potential
use in cell-based liver disease therapies.

Histopathological improvements in the CCl,-injured liver in the
rats transplanted with CP-MSCs may be linked to the observed
improvement in function of the damaged liver (Table III, Fig. 6B), as
well as the decreased deposition of collagen (Table IV, Fig. 6). The
mechanism by which transplanted CP-MSCs inhibit collagen
deposition in injured liver tissue may involve the induction of
MMP expression. We confirmed that CP-MSCs inhibit collagen
synthesis, trigger the expression of MMPs, and modulate MMP
activities in TGF-B-exposed T-HSC/Cl-6 cells in an in vitro co-
culture system (Fig. 7). These results are similar to those of previous
reports, which have shown that transplanted BM-MSCs increase
MMP expression in liver failure models [Sakaida et al., 2004;
Higashiyama et al., 2007]. Furthermore, Cargnoni et al. [2009]
reported that transplantation of allogenic and xenogenic PDSCs
reduced both neutrophil infiltration and fibrosis in mice with
bleomycin-induced lung fibrosis within 2 weeks. These reports
suggest the possibility that PDSCs may be useful therapeutic
reagents in the treatment of degenerative diseases characterized by
abnormal collagen deposition. Our own studies demonstrating the
anti-fibrotic effects of CP-MSCs on TGF-B-exposed T-HSC/Cl-6
cells support this hypothesis.

In the present study, the results of ICG uptake and excretion
assays in CCl,-injured rats suggest that the physiological function of
damaged liver tissues may be restored by engrafted CP-MSCs. In
addition, ICG uptake and excretion assays themselves may be useful
tools for establishing the extent of spontaneous recovery from liver
injury in model animals as well as in clinical medicine [Yamada
et al.,, 2002]. Using these tools to analyze hepatic function, we
confirmed the improvement of hepatic function following the

transplantation of CP-MSCs into the CCl,-injured rats. However, we
evaluated the therapeutic potential of only one cell dose (2 x 10°)
and one transplantation route (direct transplant into liver). To
improve the therapeutic effects of CP-MSCs, future studies should
attempt to determine the optimum number of cells for promoting
target organ function following transplantation and to identify the
most effective transplantation routes. In addition, the therapeutic
effects of CP-MSCs in CCl,-injured rats should be studied for a
longer time after CP-MSC transplantation.

In conclusion, we demonstrated that CP-MSCs can differentiate
into functional hepatocyte-like cells in vitro and, when transplanted
into CCly-injured rat livers, can improve hepatic function by
inhibiting collagen synthesis and deposition. This study furthers our
understanding of the pathophysiological roles of CP-MSCs in liver
diseases and provides a foundation for the potential development of
new therapeutic strategies for difficult-to-treat liver diseases.
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