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Intravenous injection of mesenchymal stem cells is
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Abstract

AIM: To compare the influence of different transplant
sites in bone marrow mesenchymal stem cell (MSC)-
based therapy for liver fibrosis.

METHODS: MSCs isolated from Sprague Dawley (SD)
rats were induced into hepatocyte-like cells. Liver fibro-
sis in SD rats was induced with carbon tetrachloride.
Following hepatocyte induction /n vitro, 4',6-diamidino-
2-phenylindole (DAPI)-labeled MSCs were transplanted
by intravenous, intrahepatic, and intraperitoneal injec-
tion. Histopathological staining, immunohistochemistry,
and biochemical analysis were used to compare the
morphological and functional liver regeneration among
different MSC injection modalities. The expression dif-
ferences of interleukins, growth factor, extracellular ma-
trix, matrix metalloproteinases, and tissue inhibitor of
metalloproteinase were examined by real-time reverse
transcription-polymerase chain reaction (RT-PCR) and
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enzyme linked immunosorbent assay (ELISA).

RESULTS: Four days after exposure to hepatocyte
differentiation medium, MSCs that did not express
hepatocyte markers could express a-fetoprotein, albu-
min, and cytokeratin 18. The results of histopathologi-
cal staining, immunohistochemistry, and biochemical
analysis indicated that intravenous injection is more
effective at rescuing liver failure than other injection
modalities. DAPI-labeled cells were found around liver
lobules in all three injection site groups, but the intra-
venous group had the highest number of cells. PCR
and ELISA analysis indicated that interleukin-10 (IL-10)
was highest in the intravenous group, whereas /13,
/16, tnfa and tgfB, which can be regulated by IL10 and
are promoters of liver fibrosis, were significantly lower
than in the other groups.

CONCLUSION: MSC administration is able to protect
against liver fibrosis. Intravenous injection is the most
favorable treatment modality through promotion of
IL10 expression.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Liver injury caused by chemical damage or viral infection
often leads to liver fibrosis, which can lead to an impair-
ment of liver function that requires medical interven-
tion". Although liver transplantation is by far the most
effective treatment for liver cirrhosis, extensive clinical
application of the technique is limited by the lack of
donor organ availability”. Thus, it is very important to
investigate different treatments and therapies for cit-
rhosis. Cell-based hepatocyte transplantation, a potential
interventional procedure, provides an effective strategy
and holds great promise for the treatment of impaired
livers™. When compared to orthotopic liver transplanta-
tion, cell transplantation has the advantages of lower
cost, lower risk, and a simpler procedure”. A single do-
nor could serve multiple recipients, and excess cells could
be cryopreserved for future use. However, the type of
hepatocyte necessary for transplantation is less common
in mature liver cells because of the paucity of cadaveric
livers. Furthermore, with hepatocytes cultured 7 vitro, it is
difficult to obtain mature and intact hepatocytes'. Thus,
it is very important to investigate alternative, appropriate
therapies for liver cirrhosis.

Mesenchymal stem cells (MSCs) ate adhetent, fibro-
blast-like, pluripotent and non-hematopoietic progenitor
cells. They have been found to reside in most organs
and tissues investigated to date, including bone marrow,
adipose, dermis, muscular tissue, hair follicles, the peri-
odontal ligament and the placenta. Previous studies”
have demonstrated that MSCs can be differentiated into
osteogenic, chondrogenic, adipogenic, myogenic, car-
diomyogenic, and hematopoietic potential stromal cells.
Moreover, apart from their differentiative abilities, MSCs
play a supportive role in organ regeneration processes.
In addition, several studies” have suggested that the use
of MSCs in vivo should be safer than that of embryonic
stem cells due to their higher chromosomal stability and
lower tendency to form neoplasms in the recipient host.
These reports indicate that MSCs are an attractive cell
source for regenerative medicine.

A large number of 7 vitro studies indicate that bone
marrow-derived MSCs can express the liver-specific mark-
er a-fetoprotein (AFP), cytokeratin 18 (CK18), and albu-
min. In addition, they can be involved in urea production,
show liver-specific functions of cytochrome P450 activity,
and store glycogen when co-cultured with adult liver cells
or cultured in the presence of cytokines, such as fibro-
blast growth factor and hepatocyte growth factor"™'", The
functional hepatocyte-like cells derived from MSCs might
serve as cell sources for liver-targeted cell therapym].

Hematopoietic stem cells (HSCs), another type of
bone marrow-derived stem cell, also have multi-potent
differentiation capabilities. The transplantation of HSCs
can act as a substitute for hepatocyte transplantation in a
murine model of tyrosinemia, and HSC transplantation
can correct this metabolic liver disease”'". However,
the fusion process of hematopoietic stem cells with
hepatocytes and the difficulty in maintaining hematopoi-
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etic stem cells hamper their wide application to human
disease treatment ™", Sato e 4l examined the ability
of fractionated human bone marrow-component MSCs
to differentiate into hepatocytes 7 vivo by directly inocu-
lating the cells into rat livers that had sustained chronic
damage from alcohol treatment. Their results indicated
that MSCs had a great ability to differentiate into hepa-
tocytes without any evidence of fusion.

Besides treating acutely damaged tissue, MSCs also
have the potential to reduce chronic fibrogenesis through
the modulation of inflammation, collagen deposition,
and remodeling. Although numerous studies have report-
ed that bone marrow (BM)-detived MSCs can reduce cat-
bon tetrachloride (CCls)-induced liver fibrosis in mice, the
mechanism by which MSCs repair the fibrosis is unclear,
and the results are controversial **”, For therapeutic ap-
plications, it will be important to understand the potency
and possible repair mechanisms of MSCs. In the present
study, we aimed to find and compare the best therapeutic
effects among three different protocols of MSC engraft-
ment (intraperitoneal, intravenous and intrahepatic trans-
plantation) to treat CCls-induced liver injury, as well as
to elucidate the mechanisms that explain the differences
between the effects of the cell transplant site.

MATERIALS AND METHODS

Isolation and culture of USCs

MSCs were prepared from rat bone marrow as described
previously. In brief, whole BM was flushed from the tibia
and femur of Sprague Dawley (SD) rats (six-week-old
males); cultured in Dulbecco’s Modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum, 1%
penicillin/streptomycin, 2 mmol/L L-glutamine; and
purified for up to five passages. MSCs were grown to
confluency before being detached by trypsin/ethylene-
diaminetetraacetic acid treatment. After detachment,
cells were incubated with four phycoerythrin-conjugated
antibodies: CD34, a hematopoietic progenitor marker;
CD45, a leukocyte marker; CD90, which is also known
as Thy-1; and/or CD29. Fluorescence-activated cell sort-
ing was performed on at least 10 000 cells/sample using
Cell Quest software (Beckman Coulter).

Hepatocyte differentiation

Hepatic transplantation was performed as previously de-
scribed'?. Briefly, the cultured cells were harvested from
the culture bottles with 0.25 g/L trypsin. Cultured cells
at passage 3 were seeded in six-well cell culture plates.
When the cells grew to 70% confluence, the control
group was continuously cultured in DMEM supple-
mented with 10 mL/L fetal bovine serum (FBS), 100
U/mL penicillin, and 100 U/mL streptomycin. The he-
patocyte differentiation group was cultured in a-MEM
supplemented with 10 mL/L FBS, 20 ng/mL hepatocyte
growth factor (HGF), 20 ng/mL fibroblast growth fac-
tor (FGF)-4, 20 ng/mL epidermal growth factor (EGF),
100 U/mL penicillin and 100 U/mL streptomycin. In
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Gene Sense Anti-sense

afp AACAGCAGAGTGCTGC- AGGTTTCGTCCCTCAGAAAG
AAAC

albumin  ATACACCCAGAAAGCA- CACGAATTGTGCGAATG
CCTC

ck18 GGACCTCAGCAAGATC- CCACGATCTTACGGGTAGT-
ATGGC TG

mmp2  CTATTCTGTCAGCACTT- CAGACTTTGGTTCTCCAACTT
TGG

mmp9  AAATGTGGGTGTACAC- TTCACCCGGTTGTGGAAACT
AGGC

timp1 ATATTCTGTCTGGATCG- GCTTCGTCACTCCTGTTT
GC

hgf TGGTGTTTCACAAGCAA- CCGTTGCAGGTCATGCATTC
TCCAGA

pdgf GGCCTTCTTAAAGATTG- GCCTCATAGACCGCACCAAC
GTTCT

il1p GCTGTGGCAGCTACCTA- AGGTCGTCATCATCCCACG-
TGTCTTG AG

i2 GACGCTGGAAATTTCAT- GCTCATCATCGAATTGGCAC-
CAGCA TC

il6 CCACTTCACAAGTCGGA- GTGCATCATCGCTGTTCATA-
GGCTTA CAATC

il0 CAGACCCACATGCTCCG- CAAGGCTTGGCAACCCAAG-
AGA TA

il13 AGGAGCTTATTGAGGAG- TGGAGATGTTGGTCAGGGA-
CTGAAGCA ATCCA

infy AGGCCATCAGCAACAA- GACAGCTTTGTGCTGGATCT-
CATAAGTG GTG

tnfa AACTCGAGTGACAAGC- GTACCACCAGTTGGTTGTCT-
CCGTAG TTGA

tgf31 TGCGCCTGCAGAGATTC- AGGTAACGCCAGGAATTGT-
AAG TGCTA

each well, 2 mL of medium was added and changed ev-
ery 4 d. The medium was stored at -20 ‘C until the albu-
min, AFP and urea assays were conducted. To determine
the cell phenotype, the cultured cells were stained by
anti-AFP and albumin (ALB) protein monoclonal anti-
bodies according to the manufacturer’s protocolm.

CClwinduced rat liver injury model

To establish the liver-damaged rat model, 0.5 mL/kg
CCls was injected subcutaneously into adult male SD rats
(320 + 20 g) twice a week for 4 wk. Control (“normal”)
animals were injected with the same volume of normal
saline. The extent of hepatic damage was evaluated by
biochemical analysis of blood samples and histopatho-
logical examination of liver tissue samples taken from
sacrificed rats.

Cell transplantation

For in vivo tracking of transplanted cells, MSCs from the
SD rats were labeled with 4,6-diamidino-2-phenylindole
(DAPI). Forty-five rats that suffered liver injury induced
by CCls were classified into three groups: intraperitoneal
transplantation, intravenous transplantation, and intrahe-
patic transplantation. Each group’s hepatocyte differentiat-
ed-MSCs were resuspended in 0.1 mol/L phosphate buf-
fer solution (PBS) at a concentration of 10" cells/mL, and
every rat was injected with 300 pl. Rats were sacrificed
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at 28 d post-implantation. At that time, liver tissues and
blood were obtained for analysis.

Reverse transcription polymerase chain reaction and
real-time polymerase chain reaction analysis

Total RNA was prepared using the RNeasy total RNA iso-
lation kit (Invitrogen, United States). For cDNA synthesis,
random hexamer primers (Invitrogen, United States) were
used to prime reverse transcriptase reactions. The cDNA
synthesis was carried out using Moloney-murine leuke-
mia virus Superscript I reverse transcriptase (TaKaRa,
Japan) following the manufacturer’s instructions. For the
semiquantitative polymerase chain reaction (PCR) detec-
tion of AFP, ALB, and CK18, 5 uL. of cDNA-template
was mixed with 2.5 uL. of 10X PCR buffer, 0.5 uL. of
10 mmol/L dNTPs, 0.5 pL of each primer (50 ng/pL),
and 0.5 pL. of polymerase (TaKaRa, Japan) in a total vol-
ume of 25 plL. for each probe. PCR was performed in a
programmable Biometra Uno-Thermobloc (Biometra,
Germany). All samples were analyzed on 1% agarose gels.
The size of the PCR fragments was estimated using a
100-base-pair ladder.

At three days post-MSC transplantation, quantitative
PCR was carried out using standard protocols with the
Quantitec SYBR Green PCR Kit (TaKaRa, Japan). The
PCR mix contained SYBR Gteen Mix, 0.5 pmol/L prim-
ers (Table 1), 1 ng of DNA template and nuclease-free
water to a final volume of 25 pl.. PCR was performed in
an ABI Prism 7000 Detection System (Applied Biosys-
tems, United States). The petcentage of gene expression
was normalized as a function of GAPDH gene expres-
sion. Oligonucleotide primers for real-time PCR were
obtained from TaKaRa (Japan), including matrix metal-
loproteinases (mmp)2, mmp9, tissue inhibitor of metallo-
proteinase (zmp)1, bgf, pdgf, il1f3, il2, il6, il10, il13, infy, tnjex
and g3 7. Primer sequences are shown in Table 1.

Biochemical analysis

Biochemical parameters including albumin, total bili-
rubin in serum (TBIL), and alanine aminotransferase
(ALT) were analyzed with a biochemical analyzer (Roche
Integra 800, Holliston, United States).

Histopathological analysis and immunohistochemistry
At the time of sacrifice, liver tissue samples were col-
lected and fixed in 3.7% formaldehyde for two days. Tis-
sues were then dehydrated, cleared, and infiltrated with
a histoprocessor for 16 h. Serial 3-um sections were he-
matoxylin and eosin (HE) and Van Gieson’s (VG) stained
for histopathological analysis. For HE analysis, sectioned
samples were stained with hematoxylin solution (Sigma-
Aldrich, Germany) for 5 min followed by eosin for 5 min.
For the VG stain, the sectioned samples were placed in
hematoxylin solution for 5 min following a 10-min water
wash, stained in VG (Biyuntian, China) solution for 3 min,
and dehydrated in succession with 85%, 95% and 100%
ethanol for 3 min.

Immunohistochemical staining was performed ac-
cording to a previously reported method to evaluate
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certain markers including alpha-smooth muscle actin
(a-SMA). After paraffin removal and microwave-based
antigen retrieval, the sections were treated with 0.3%
H20:2 in PBS to quench endogenous peroxidase activ-
ity and then incubated with 5% goat serum to block the
non-specific sites. a-SMA (1:100) mAb was applied and
incubated at 4 C overnight (PBS was used as the negative
control), followed by incubation with peroxidase-con-
jugated AffiniPure goat anti-mouse secondary antibody
(Zhongshan Goldbridge, China) at 37 ‘C for 30 min. The
specimens wete then incubated with diaminobenzidine
peroxidase substrate to obtain a brown stain and then
subsequently counterstained with hematoxylin.

Enzyme linked immunosorbent assay

Blood of the MSC- and CCls-treated rats from the three
different injection groups was collected at days 3, 7 and
14 post-transplantation. Serum samples were assayed for
110 production with an IL10 enzyme linked immunosor-
bent assay (ELISA) Quantitation kit (Invitrogen, United
States) according to the manufacturer’s recommendation.

Data analysis

Data are shown as the means and standard deviations.
The statistical differences were analyzed using Student’s
# test for normally distributed values and by the # test for
non-normally distributed values. Values of P < 0.05 were
considered significant. The data represent mean * SD
from at least three independent experiments.

RESULTS

Characterization of stem cell cultures

The cells were isolated by gradient density centrifuga-
tion. After approximately 3 d in culture, cells from the
stromal fraction appeared as a monolayer of broad, flat
cells (Figure 1A). As the cells approached 80% conflu-
ence, they differentiated into a more spindle-shaped,
fibroblastic morphology (Figure 2B). More than 98%
of cells expressed the MSC markers CD29 and CD90
(Figure 1C and D), and less than 5% of hematopoietic
stem cells expressed leukocyte matrkers CD34 and CDA45
(Figure 1E and F). They were easily expanded for up to
10 passages, maintaining the spindle-shaped, fibroblastic
morphology and MSC markers of the undifferentiated
state. Adipose-detived stem cells (ADSCs) did not spon-
taneously differentiate during zz vitro culture.

Differentiation to hepatocytes

When the cultured cells reached 70% confluence, they
were treated with hepatocyte differentiation medium
containing 20 ng/ml HGF, 20 ng/ml FGF-4, and 20
ng/mL EGFE After 4 d of hepatocyte induction, AD-
SCs displayed changes in cellular morphology including
shrinkage of the cytoplasm and diameter, as well as the
formation of round cells. The fibroblasts, as control
cells, did not exhibit any change in morphology after
being treated with differentiation medium. Before induc-
tion, the MSCs did not express hepatocyte markers. Four
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days after exposure to differentiation medium, the MSCs
stained positive for the AFP and ALB hepatocyte mark-
ers (Figure 2A and B). Hepatocyte marker expression
after hepatocyte induction was further confirmed by RT-
PCR. In addition, AFP, ALB and CK78 gene exptession
levels increased with prolonged exposure time in dif-
ferentiation medium (Figure 2C). From these results, we
can conclude that the MSCs differentiated into hepato-
cytes, and the proportion of differentiated cells account
for approximately 70% of all induced cells.

Intravenous injection of MSCs provides better treatment
than other injection modalities

To explore cell homing, MSCs were labeled with DAPI
before transplantation. Four days after transplantation, the
number of surviving homing MSCs was highest in animals
that received an intravenous injection. Surviving homing
MSCs in animals that received an intrahepatic injection
were more numerous than those observed in animals
that received an intraperitoneal injection (Figure 3A-D).
In addition, histological staining indicated that sham-
injected, CCls-treated rats suffered setious inflammation
with non-normal liver lobules dispersed throughout the
liver. The sham group also had large areas of collagen
that were distributed along the edge of the liver lobules
(Figure 3H and L). In the intraperitoneal and intrahe-
patic injection groups, the morphology of liver lobules
was unclear, and collagen deposition was evident in the
liver (Figure 3F, G, J and K). In the intravenous injection
group, however, the liver lobules were normal (Figure
3E and I). Although there was mild inflammation in the
portal or sinusoid areas, collagen accumulation was mini-
mal in the liver. Immunohistochemistry of liver sections
for o-SMA expression revealed intense staining patterns
in sham- and intraperitoneal-injected mice (Figure 30
and P). However, a-SMA staining levels in intravenous-
and intrahepatic-injected mice were significantly lower
(Figure 3M and N). In addition, there were lower levels
of a-SMA staining in intravenous-injected mice than in
intrahepatic-injected mice. To further compare the func-
tional restoration of MSCs following intraperitoneal,
intravenous, and intrahepatic injection, we quantitatively
analyzed the levels of AFP, albumin, and TBIL produc-
tion. The serum from rats given CCls but not injected
with MSCs, and from rats given neither MSCs nor CCla,
was used as control samples. Twenty-cight days post-
injection, intravenously-injected MSCs were close to the
level observed in normal rats. However, intrapetitone-
ally-injected MSCs had not enough effective treatment
when compared with MSCs intravenous injection group.
The observed levels in the intrahepatic injection group
fell between the other MSC-treated groups, but the levels
were still closer to the levels observed in the intravenous
injection group (Figure 4).

Comparison of cytokine expression following

intraperitoneal, intravenous and intrahepatic MSC treatment
To further explore why intravenously-injected MSC treat-
ment was more effective than either intraperitoneal or
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Figure 1 Mesenchymal stem cell culture and identification. A: The morphology of mesenchymal stem cell (MSC) culture at 3 d (10 x 10 magnification); B: The
morphology of MSCs approached 80% confluence (10 x 10 magnification); C: Fluorescence-activated cell sorting (FACS) analysis for MSC positive cell marker
CD29; D: FACS analysis for MSC positive cell marker CD90; E: FACS analysis for MSC negative cell marker CD34; F: FACS analysis for MSC negative cell marker
CD 45. Scale bars represent 100 mm. FITC: Fluorescein isothiocyanate; PE: Phycoerythrin.

C 7d 14d 21d Hepatocyte

Figure 2 Identification of mesenchymal stem cell transdifferentiation into hepatocytes. Hepatocytes were used as positive control. A: Fluorescence immunostaining
detection of o-fetoprotein (AFP) expression after 21 d induction in mesenchymal stem cells (MSCs) (10 x 40 magnification); B: Fluorescence immunostaining detection of
albumin expression after 21 d induction in MSCs (10 x 40 magnification); C: Reverse transcription polymerase chain reaction detection of hepatocyte specific protein AFP,
albumin and cytokeratin 18 (CK18) mRNA expression after 7, 14 and 21 d induction in MSCs. Scale bars represents 100 mm.
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Intraperitoneal injection Intrahepatic injection Intravenous injection

Sham control

MSCs tracking

Figure 3 Comparison of liver treatment efficacy in different mesenchymal stem cell transplanted modalities. All figures are 10 x 10 magnification. Scale
bars represent 100 mm. A, B, C and D: Fluorescence tracked 4',6-diamidino-2-phenylindole (DAPI)-labeled mesenchymal stem cells (MSCs) in liver. Blue dots are
DAPI-labeled MSCs; A: MSC intravenous injection, and many DAPI-labeled cells can also be seen distributed in liver; B: MSC intrahepatic injection, and many DAPI-
labeled cells can also be seen distributed in liver; C: MSC intraperitoneal injection, and few labeled cells can be seen in liver; D: MSC non-treated liver fibrosis; E, F,
G and H: Hematoxylin and eosin (HE) analysis for detecting liver extracellular matrix (ECM) arrangement in liver fibrosis; E: MSC intravenous injection, and liver ECM
arrangement was similar to normal liver; F and G: MSC intrahepatic and intraperitoneal injection, and ECM arrangement was disordered in both groups; H: MSC non-
treated liver fibrosis; |, J, K and L: Van Gieson's (VG) staining analysis for detecting collagen in liver fibrosis; I: MSC intravenous injection, and little positive staining
was detected; J and K: MSC intrahepatic and intraperitoneal injection, and a large number of collagen was deposited in liver lobules; K: MSC non-treated liver fibrosis;
M, N, O and P: Immunohistochemical analysis for detecting the expression of the marker of myofibroblasts, alpha-smooth muscle actin (a.-SMA); M: MSC intravenous
injection, and there was no immunoreactivity in this group; N and O: MSC intrahepatic and intraperitoneal injection, and a large amount of positive staining can be
seen in both groups; P: MSC non-treated liver fibrosis.

intrahepatic injection, real-time PCR was used to quan- and mmp9 were expressed at their highest levels in the
titatively analyze the expression difference among the 3 intravenous injection group, whereas #mp1 expression
transplant methods. As seen in Figure 5A and B, mmp2 was the lowest in this group. The intraperitoneal injec-
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Figure 4 Quantitative analysis for hepatocyte specific protein expression
by biochemical analysis to compare the liver fibrosis treatment efficacy
of intravenous, intrahepatic and intraperitoneal mesenchymal stem cell
injection. Non-treated carbon tetrachloride (CCl4) group acted as normal
control. Rats not injected with mesenchymal stem cells (MSCs) after CCl4
processing were used as sham control. Data represent the mean + SE, and °P
< 0.05. A: Analysis for albumin expression; B: Analysis for total bilirubin in serum
(TBIL) expression; C: Analysis for alanine aminotransferase (ALT) expression.

tion group, in contrast to the intravenous injection group,
had the lowest mmp2 and mmp9 expression and the high-
est #impl expression. These results wetre in accordance
with the observation that the fibrosis observed in the
intravenous injection group was low relative to the two
other groups. Besides assaying mmp and #mp expression,
cytokine expression was also assayed to detect whether
the immune response played a pivotal role in the differ-
ential treatment response among the three experimental
groups. The expression of /Agf was slightly higher in the
intravenous injection group than in the other two groups
(Figure 5D). platelet-derived growth factor (PDGF), an
important fibrosis enhancer, was not significantly differ-
ent among the three groups. Similarly, expression levels
of pdgf, infy and /2 were not significantly different among
the three groups (Figure 5E, K and G). In the intrave-
nous injection group, however, the expression levels of
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i1, il6, mjee and g were significantly lower than in
other groups, and the intraperitoneal injection group had
the highest expression of these genes (Figure 5F, H, ]
and L). Interestingly, in the intravenous injection group,
#10, a key factor in the regulation of the Thl-mediated
immune response and homeostasis between matrix me-
talloproteinase (MMP) and the tissue inhibitors of the
MMP (TIMP), was significantly higher when compared
to the intrahepatic and intraperitoneal injection groups.
Furthermore, the blood ELISA assay also indicated that
IL10 production in the intravenous injection group was
higher than in the other two groups (Figure 06).

DISCUSSION

Liver fibrosis results from chronic injury to the liver in
conjunction with excessive deposition of collagen and
other components of the extracellular matrix (ECM),
which is a characteristic of most types of chronic liver
diseases''. If not effectively treated in time, liver fibrosis
may transform into liver cirrhosis. Cirrhosis causes a
number of complicating diseases, such as portal hyper-
tension, hepatic encephalopathy, and gastrointestinal
bleeding'”. Thus, the discovery of a new approach to
treating this disease would provide great clinical value.
CCl+-induced hepatocyte necrosis has the ability to imi-
tate human liver fibrosis disease in animals and has so
far been a main method used in the development of
animal treatment models™, In this study, CCls was used
to induce liver fibrosis in SD rats according to previ-
ous protocols. Histological staining indicated collagen
deposition in the liver, an indicator of fibrosis. Further
liver function testing revealed that ALB, TBIL and ALT
levels changed from their normal, baseline levels of 3.65
T 0.18, 0.049 = 0.019, and 48.70 £ 9.86 to 3.02 £ 0.22,
1.018 £ 0.114, and 1458.78 £ 230.07, respectively. These
findings, in accordance with previous reports, all indicate
that liver fibrosis was induced by CCla.

Liver transplantation is currently considered the best
treatment for liver cirrhosis caused by fibrosis. Howevert,
thete are some disadvantages that limit the expansive
use of the procedure, such as liver shortages, high risks
associated with surgery and the risk of further post-

surgery complications”. Although hepatocyte therapy
has been proven to improve liver function, immune re-
jection and hepatocyte disorder in iz vitro cultures have
provided obstacles to the expansive use of this type of
therapy. MSCs, in recent years, have shown potential as
a post-transplantation fibrosis cure™ ), MSCs derived
from bone marrow also contain HSCs and multipotent
adult progenitor cells. Thus, fluorescence-activated cell
sorting in this study was petformed to identify the type
of cultured cells obtained. More than 98% of cells
stained positive for CD29 and CD90, which is in ac-
cordance with the diagnostic characteristics of MSCs.
The cells stained negative for CD34 and CD45, which
are indicative of hematopoietic cell lines. These results
demonstrate that the cultured cells detived from the rat
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Figure 5 Real-time polymerase chain reaction analysis for detecting the expression difference of cytokines, growth factors and interleukin, which are
involved in liver fibrosis progression, among different mesenchymal stem cell transplanted modalities. The histogram shows the relative expression level for
intravenous, intrahepatic and intraperitoneal injections. Data represent the mean + SE, °P < 0.05. A and I: The expression of mmp2 and i10 in intravenous injection was
significantly higher than other injection modalities; F, J, C, H and L: The expression of i3, tnfr, timp1, il6 and tgf31 was significantly lower in intravenous injection than
others; E, B, G, K and D: The expression of pdgf, mmp9, il2, hgf, infy and hgf was not significantly different among the three mesenchymal stem cell injection modalities.

bone marrow consisted of more than 98% MSCs. HSCs
that produce all of the blood lineages and liver epithe-
lium have been previously shown to be capable of act-
ing as a substitute for hepatocytes in transplantation in
a murine model of tyrosinemia®*". The benefits to the
regenerating liver in the transplant recipients are detived
from donor HSCs that fuse with host hepatocytes, rather
than from transdifferentiating hematopoietic stem cells
or hepatic stem cells present in bone marrow!™'". In a
study by Sato ef al'”, unlike HSCs, MSCs grafted directly
to livers that had sustained chronic damage from allyl
alcohol treatment were more successful than MSC+ and
non-MSC/CD34- cells in differentiating into hepatocytes
without any evidence of fusion. Iz vitrs, multiple studies,
including those of our group, indicate that MSCs can also
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differentiate into hepatocytes when induced by cytokines,
such as HGF, FGF-4 and EGF™, To assay the degree
of hepatocyte differentiation of MSCs, real-time PCR
and immunofluorescence staining were performed. High
expression levels of AFP, ALB and CK18 were noted in
induced MSCs when compared to non-induced MSCs.
While some studies have examined only one marker, or a
small number of them, most published data refer to mul-
tiple markers, of which expression is assessed at both the
protein and mRINA levels. One of the most widely used
markers is albumin secretion, together with the evaluation
of AFP, metabolic enzymes, and cytoskeletal proteinsm].
AFP in the liver is 2 marker of immature liver cells or
oval cells in adult livers. Albumin is a typical marker of
mature hepatocytes. CK18 is expressed by several liver
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Figure 6 Enzyme linked immunosorbent assay analysis for detecting
interleukin-10 protein expression in peripheral blood after intravenous,
intrahepatic and intraperitoneal mesenchymal stem cell injection. Values
shown are mean + SE, °P < 0.05. IL-10: Interleukin-10.

cell types, including biliary epithelial cells and hepatic
oval cells. In particular, a “cytokeratin switch” can be ob-
served as a later process in the maturation of hepatocytes
from bipotential progenitors. In fact, bipotential hepa-
toblasts express both CK-18 and CK-19, while mature
hepatocytes express CK-18 alone, and CK-19 specifically
identifies cholangiocyte populationsm.

While MSCs are not the only reported adult stem
cells that can treat liver fibrosis, they have advantages
that make them more favorable for their use in clinical
treatment, such as easy accessibility, minimal invasiveness,
and fast proliferationm]. In this study, we injected MSCs
isolated from bone marrow into SD rats at three differ-
ent body regions. We found that the liver function of
the three groups was elevated compared to the control
group. These observations were made by the biochemical
analysis of ALB, TBIL and ALT and histological staining
of collagen deposition. Although there was an elevation
of liver function in all of the experimental groups, there
were also differences among the groups. The expression
of a-SMA, which plays a pivotal role in liver fibrosis,
was also significantly reduced after MSC transplantation.
These results are similar to those seen in many previous
reports and suggest that, apart from expressing specific
markers, differentiated cells are capable of carrying out
the functional activities of mature hepatocytes, which are
involved in the supportive functions needed for regenera-
tive medicine applications. These enzymatic functions
should also be considered as more reliable “markers” of
the successful differentiation of MSCs.

So far, there are two primary methods, non-induced
and hepatocyte-induced MSC injection, for the treatment
of livers with MSCs. Although these two methods have
a potent ability to reverse liver fibrosis, the mechanism
of treatment for non-induced MSCs is still unknown.
There may be two factors by which MSCs protect against
liver fibrosis. One is that MSCs which differentiate into
hepatocytes, because of the 7 vivo niche, secrete numer-
ous growth factors that promote liver regeneration'”’,
Another possibility is that MSCs suppress hepatic stellate
cell activity and secrete MMP, thereby eliminating ECM
deposition”!. In contrast to the primary rationale for us-
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ing non-induced MSCs to treat liver fibrosis, some studies
have demonstrated that MSCs injected into rats with cir-
rhotic livers differentiate mainly into myofibroblasts and
hepatic stellate cells, both of which are promoters of liver
fibrosis™". In the present study, to avoid liver fibrosis
aggravation, transplanted MSCs were induced to differen-
tiate into hepatocytes. The results of this method appear
to promote improved liver regeneration, rather than liver
cirrhosis aggravation, in CCls-induced fibrotic rats.

In previous reports, Kuo ez a/'” demonstrated that
intravenous MSC-derived hepatocyte transplantation was
more effective in rescuing liver failure than intrasplenic
transplantation. In this paper, we extended the effective
comparison of MSC-engrafted sites, including intrave-
nous, intraperitoneal, and intrahepatic transplantation.
In agreement with the results of Kuo ez 4l intravenous
transplantation in our experiments was better at rescuing
liver fibrosis than transplantation zia the other two meth-
ods. The effectiveness of intraperitoneal transplantation
was better in the non-MSC-treated groups than in the
other treated groups. The difference among the three
groups was stratified by not only liver biochemical func-
tional differences and collagen deposition but also by the
distribution of MSC-derived hepatocytes in the recipient
liver. Although the results of the present study and those
of the Kuo group study are valuable for guiding MSC
therapy for liver disease, they do not fully elucidate the
causes of these transplant-site effectiveness differences.

Thus, we assayed for protein and mRNA expression
differences of cytokines and interleukins that play an
important role in fibrosis progression. HGF, a power-
ful mitotic promoter for hepatocytes, also has the abil-
ity to restrain collagen and transforming growth factor
(TGEF)B1 expression, thereby suppressing hepatic stellate
cell activity*[34’35]. PDGF can enhance liver fibrosis via
stimulation of hepatic stellate cells expressing collagen
and TIMP". In this study, the mRNA expression of
these two factors, however, was not significantly dif-
ferent among the three groups. Thus, they are not the
factors leading to the observed difference caused by in-
jection in different MSC transplant sites. Similarly, eleva-
tions of Agf, pdgf, infy and 72 were also detected, but the
differences did not reach statistical significance. #18, il6,
mjex, and g} were expressed at significantly lower levels
after intravenous injection than after intraperitoneal or
intrahepatic injection. The expression of /10, however,
was highest in the intravenous injection group. These
results demonstrate that I1.10 expression may play a cen-
tral role in mediating the superior effects of intravenous-
ly injected MSCs in ameliorating liver fibrosis. IL10 is an
inhibitor of many cytokines that stimulate tissue fibrosis,
such as 116, tumor necrosis factor-alpha and TGF.
In addition, ILL10 can suppress TIMP-1 expression and
thereby relieve MMP-1 to degrade liver collagen de-
positsm’}sj. The increased expression of #mpl following
intravenous injection is in contrast to the expression fol-
lowing other injection modalities, which supports such a
viewpoint (Figure 5C). According to previous reports, an
intravenous injection of MSCs can beneficially modulate
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the host immune response by increasing the release of
prostaglandin E2 from the BM-derived MSCs acting on
the EP2 and EP4 receptors of the macrophages and by
stimulating the production and release of 1L1 0", Blood
ELISA assays indicated that IL10 exptession in the in-
travenous injection group was higher than that in other
groups. These results support the viewpoint that the
main advantage provided by MSCs transplanted via in-
jection into the venous blood is the stimulation of 1110
release, thereby supporting this method as an effective
treatment of liver fibrosis.

In summary, MSC-derived hepatocytes ate able to
protect against liver fibrosis induced by CCls. Intravenous
injection, in contrast to the intraperitoneal and intra-
hepatic injection of MSCs, provides the most effective
treatment to prevent fibrosis. These results are due to the
fact that MSCs in the venous blood can stimulate 11.10
release, which, in turn, can modulate the host immune
response and homeostasis between TIMP and MMP.

COMMENTS

Background

Liver fibrosis causes many deadly diseases. Previous reports indicate that mes-
enchymal stem cells (MSCs) can facilitate recovery from chemically-induced
liver damage and decrease liver fibrosis.

Research frontiers

In recent years, MSCs have been reported in many studies to promote liver
fibrosis regeneration at many different transplanted sites. However, there are
no critical comparisons of how different transplant sites influence bone marrow
MSC-based therapy for liver fibrosis, and the molecular mechanisms that influ-
ence the treatment differences are unknown.

Innovations and breakthroughs

This study compares the treatment effectiveness of MSCs for intravenous,
intrahepatic and intraperitoneal injection. The results suggest that intravenous
injection, in contrast to intraperitoneal and intrahepatic MSC injection, provides
the most effective treatment to prevent fibrosis. These results are due to the
fact that MSCs in the venous blood can stimulate interleukin-10 (IL-10) release,
which, in turn, can modulate the host immune response and homeostasis be-
tween tissue inhibitor of metalloproteinase and matrix metalloproteinases.

Applications
This comparative study of treatment effectiveness influenced by transplanted
sites supports the therapeutic principle of future MSC treatment.

Terminology

Liver injury caused by chemical damage or viral infection often leads to liver
fibrosis, which can lead to an impairment of liver function that requires medical
intervention. MSCs that have been found to reside in most organs and tissues
can be differentiated into hepatocyte-like cells in vitro, and rescue liver fibrosis.
The authors found MSCs intravenously injected into the body impeded liver
fibrosis caused by carbon tetrachloride more than intraperitoneal and intrahe-
patic injection. IL-10, which is a regulator of host immune response and metab-
olism homeostasis, may play an important role in mediating this phenomenon.
Peer review

The authors compared the liver fibrosis treatment effectiveness among differ-
ent MSCs injection modalities. The study revealed that MSCs intravenously
transplanted evidently improved the functional protein expression and reduced
the collagen deposition in injured liver more than other injection modalities. And
further mechanism detection suggested intravenous injection of MSCs releases
more IL10 that can ameliorate liver fibrosis by down-regulation of i1, il6, tnfe,
and tgf3 expression. The results may represent a molecular mechanism of
MSC therapy in liver injury.
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