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Abstract

Background: Mesothelial cell injury plays an important role in peritoneal fibrosis. Present clinical therapies aimed at
alleviating peritoneal fibrosis have been largely inadequate. Mesenchymal stem cells (MSCs) are efficient for repairing
injuries and reducing fibrosis. This study was designed to investigate the effects of MSCs on injured mesothelial cells and
peritoneal fibrosis.

Methodology/Principal Findings: Rat bone marrow-derived MSCs (56106) were injected into Sprague-Dawley (SD) rats via
tail vein 24 h after peritoneal scraping. Distinct reductions in adhesion formation; infiltration of neutrophils, macrophage
cells; number of fibroblasts; and level of transforming growth factor (TGF)-b1 were found in MSCs-treated rats. The
proliferation and repair of peritoneal mesothelial cells in MSCs-treated rats were stimulated. Mechanically injured
mesothelial cells co-cultured with MSCs in transwells showed distinct increases in migration and proliferation. In vivo
imaging showed that MSCs injected intravenously mainly accumulated in the lungs which persisted for at least seven days.
No apparent MSCs were observed in the injured peritoneum even when MSCs were injected intraperitoneally. The injection
of serum-starved MSCs-conditioned medium (CM) intravenously reduced adhesions similar to MSCs. Antibody based protein
array of MSCs-CM showed that the releasing of TNFa-stimulating gene (TSG)-6 increased most dramatically. Promotion of
mesothelial cell repair and reduction of peritoneal adhesion were produced by the administration of recombinant mouse
(rm) TSG-6, and were weakened by TSG-6-RNA interfering.

Conclusions/Significance: Collectively, these results indicate that MSCs may attenuate peritoneal injury by repairing
mesothelial cells, reducing inflammation and fibrosis. Rather than the engraftment, the secretion of TSG-6 by MSCs makes
a major contribution to the therapeutic benefits of MSCs.
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Introduction

The mesothelial layer is important in the maintenance of

peritoneal homeostasis, including transport and movement of fluid

and particulate material; the synthesis of pro-/anti-inflammatory

and immunomodulatory cytokines, growth factors, and extracel-

lular matrix (ECM); and the control of fibrinolysis [1]. Tissue

repair commences after mesothelial injury. This process is

characterized by remesothelialization of the injured area,

neovascularization, and fibrosis of the submesothelial ECM with

an influx of neutrophils, lymphocytes, and macrophages [2].

Denudation of the mesothelial cells is observed with increasing

time in end-stage renal disease (ESRD) patients with peritoneal

dialysis (PD) [3], and the loss of mesothelial cells correlates with

the extent of peritoneal fibrosis and ultrafiltration failure [4,5].

Besides, mesothelial cell denudation and damage also play an

important role in the formation of postoperative peritoneal

adhesions [6,7]. No satisfactory solution has proved to ameliorate

peritoneal fibrosis efficiently. Recent studies have shown that the

recovery of surgically damaged mesothelium reduces the perito-

neal adhesions and fibrosis, resulting in improved structural repair

and function of peritoneum [6,8]. Therefore, promoting the

mesothelial recovery may be a novel therapeutic target to reduce

peritoneal fibrosis.

Recent reports have demonstrated the capacity of mesenchymal

stem cells (MSCs) to repair tissue injuries [9]. Moreover, animal

models have demonstrated that MSCs decrease fibrosis in the

heart [10], lung [11], liver [12] and kidney [13]. MSCs

transplantation is considered safe and has been widely tested in

clinical trials with encouraging results [14]. MSCs possess many

peculiarities, including the multilineage potential [15], high

immune privilege, the immunomodulatory properties and the

easy self-renewal in vitro [14]. However, the mechanisms by which

MSCs exert their beneficial effects remain controversial. Many
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researchers believe that the effect is mediated by an increase in

angiogenic [16], mitogenic [17], cytoprotective, anti-inflammato-

ry, anti-apoptotic, immunosuppressive and anti-fibrogenic factors

[18,19], as well as differentiation into specific cell types [20]. To

our limited knowledge, there has been no report relevent to the

effects of MSCs on peritoneal injury induced by non-infectious

factors. TNFa-stimulating gene (TSG)-6, a therapeutic protein

produced by MSCs in response to injury signals, can limit

destruction of the tissue by excessive inammatory response to

a sterile injury [21]. Research find that MSCs may be activated by

the inflammatory microenvironment of the peritoneal cavity to

secrete TSG-6, and attenuate peritonitis induced by zymosan [22].

To investigate the effects of MSCs on injured mesothelial cells

and peritoneal fibrosis, we established a quantifiable acute

peritoneal adhesion rat model by mechanically scraping mesothe-

lial layers in vivo [8,23,24], and a mechanically scraped injury

model of primary rat peritoneal mesothelial cells (RPMCs) in vitro

[25]. We demonstrate that MSCs reduce acute peritoneal

adhesion/fibrosis induced by mesothelial cell injury without

engraftment in the peritoneum and primarily through secreting

TSG-6. We also demonstrate that similar therapeutic effects were

produced by the administration of TSG-6.

Methods

Ethics Statement
This study was approved by the Ethics Committee of The

General Hospital of the People’s Liberation Army (Permit

Number: 2010-X-3–28) with animal care performed strictly

according to established institutional guidelines. All surgery was

performed under pentobarbital anesthesia, and all efforts were

made to minimize suffering.

Acute peritoneal adhesion rat models
Scraping-induced peritoneal adhesions were created in healthy

male Sprague-Dawley (SD) rats weighing 200–250 g each. All

animals were obtained from the Experimental Animal Center of

the Academy of Military Medical Sciences (Beijing, China) and

housed at a constant room temperature with a 12 h light/dark

cycle. Standard rodent chow and water were provided ad libitum.

The animals were acclimated for seven days before initiating the

experiment. All surgical procedures were conducted by a single

surgeon under aseptic conditions in the Laboratory Animal Unit.

Rats were anesthetized with a 2% pentobarbital (30 mg/kg)

intraperitoneal injection. Briefly, a 2-cm vertical midline incision

was made through the abdominal wall and peritoneum. The

dorsal and ventral surfaces of the cecum were scraped with dry

gauze 20 times over an area of 262 cm2 until petechial bleeding

occurred. The cecum was then placed back into the abdominal

cavity in its natural position. The parietal peritoneum lateral to the

midline incision was also scraped 20 times until petechial bleeding

occurred. The abdominal incision was closed in two layers with 4/

0 silk sutures [8]. After the operation, the rat was kept in a single

cage, maintained on a regular diet, and monitored daily for

postoperative complications.

MSCs culture
SD rat bone marrow-derived MSCs/green fluorescent protein

(GFP) were obtained commercially (Cyagen Biosciences, Sunny-

vale, CA). The culture process was initiated according to the

manufacturer’s instructions. MSCs were placed into 25 cm2

culture flasks (Corning, Corning, NY) and cultured with MSCs

growth medium (Cyagen Biosciences, Sunnyvale, CA) at 37uC
under 5% CO2 and 90% humidity. The medium was changed

every three days. The sixth-eighth passage MSCs were used for

experiments. According to previously described methods [26],

fluorescence activated cell sorting (FACS) analysis (Beckman

Coulter, Indianapolis) was performed to examine the representa-

tive markers characteristic of MSCs (CD45, CD90 (BD Bios-

ciences Pharmingen, San Diego, California); CD11a, CD54 (AbD

Serotec, Oxford, UK)), and the multilineage differentiation of

MSCs was examined under adipogenic and osteogeneic differen-

tiation conditions, prior to using for in vitro and in vivo experiments.

Transfection of MSCs with TSG-6 small interfering RNA
(siRNA)
Fifty percent confluent MSCs were transfected with 20 nM

TSG-6-small interfering (si) RNA or siRNA-negative control (NC)

(Shanghai GenePharma., Shanghai, China) using INTERFER-

inTM (Polyplus-transfection SA, Bioparc, France). 24 h after the

start of transfection, MSCs were fed with serum-free medium for

24 h (the same time point when TSG-6-siRNA MSCs were used

for experiments). To confirm the knockdown of TSG-6, RNA was

extracted from cells and assayed for TSG-6 by reverse-transcrip-

tase polymerase chain reaction (RT-PCR) (TSG-6 forward primer:

AGTGATGCGTCCGTCACAGCC, reverse primer:

AGATGGCTAAACCGTCCAGCTAAGA, product length

= 134 bp; GAPDH forward primer: GGCATGGACTGTGGT-

CATGAG, reverse primer: TGCACCACCAACTGCTTAGC,

product length = 87 bp (SBS Genetech, Beijing, China)), condi-

tioned medium (CM) was collected, concentrated and assayed for

TSG-6 by Enzyme-linked immunosorbent assay (ELISA) (R&D

Systems Inc., Mineapolis, MN).

Preparation of CM
Eighty percent confluent MSCs, TSG-6-siRNA or siRNA-NC

MSCs were washed three times with phosphate buffered saline

(PBS) (ZSGB-Bio, Beijing, China) and then fed with serum-free

medium for 24 h [27]. The medium was collected and the cells

were counted for normalization purposes. For each animal, we

used medium generated by 56106 cells. After removing the cell

debris by centrifugation at 2000 rpm for 10 min at 4uC, the

supernatant was transferred into centrifugal filter units with 3 kDa

cut-off (Millipore, Billerica, MA), concentrated 30-fold, and

desalted according to the manufacturer’s protocol. CM was then

sterilized by filtration through a 220 nm filter (Millipore, Billerica,

MA).

Injection of MSCs or CM
At 24 h after peritoneal scraping, the rats were allocated

randomly to the MSCs or CM treated group (n = 108) and

medium treated groups (n = 60). MSCs (56106) were injected via

tail vein in a 1-ml serum-free medium. MSCs-CM, TSG-6-siRNA

MSCs-CM, siRNA-NC MSCs-CM or recombinant mouse (rm)

TSG-6 in serum-free medium (3.0 ng/ml, 97% homology with

rat) (R&D Systems Inc., Mineapolis, MN) in a 1-ml volume was

injected via tail vein on days 1, 3, and 5 after scraping. Cells were

harvested and washed twice with PBS. Prior to injection, the cells

were maintained at 4uC. Rat treated with serum-free medium was

the negative control, and rat without peritoneal scraping was the

blank control.

Macroscopic evaluation of peritoneal adhesions
Rats were sacrificed at days 8, 10 or 14 after scraping (n = 6 in

each group of each time point). The size and severity of peritoneal

adhesions were evaluated macroscopically by an independent

observer on a scale of 0–4 (0, 0%; 1, ,25%; 2, 25–49%; 3, 50–
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Figure 1. Effects of mesenchymal stem cells (MSCs) on the severity and the histological changes of acute peritoneal adhesions. (A).
The MSCs treated group had lower adhesion scores. The size and severity of peritoneal adhesion were evaluated macroscopically by an independent
observer on a scale of 0–4 (0, 0%; 1, ,25%; 2, 25–49%; 3, 50–74%; and 4, 75–100% adhesions). * compared with medium treated group, p ,0.05, n
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74%; and 4, 75–100% adhesions) using a previously reported

scoring system [28].

Histological analysis of peritoneal adhesions
Rats were sacrificed at days 2, 4, 6 or 14 after scraping (n = 6 in

each group of each time point). When fibrous bands did not form,

parietal peritoneum was sampled, otherwise, the entire fibrous

band was sampled. Specimens were fixed in 10% formaldehyde

for 24 h. After dehydration, they were embedded in paraffin, and

3-mm thick cross-sections were stained with hematoxylin and eosin

(HE) and/or masson’s trichrome. Each tissue section was observed

by light microscopy (Olympus IX71, Tokyo, Japan) at a magnifi-

cation of6100 and6400. The sections were evaluated from five

randomly selected fields by an independent pathologist (magnifi-

cation of 6100). The extents of fibrosis (masson’s trichrome

staining) and inflammation (HE staining) were scored as 0 (nega-

tive), 1 (weak), 2 (medium), or 3 (intensive), respectively.

Immunohistochemical evaluation of peritoneal
adhesions
Rats were sacrificed at days 2, 4, 6, or 14 after scraping (n = 6 in

each group of each time point). When fibrous bands did not form,

parietal peritoneum was sampled, otherwise, the entire fibrous

band was sampled. Briefly, 4-mm thick paraffin-embedded tissue

sections mounted on poly-L-lysine precoated slides (ZSGB-Bio,

Beijing, China) were deparaffinized in xylene and rehydrated in

a graded alcohol series. The slides were treated with 3% hydrogen

peroxide for 10 min at 4uC and washed with PBS for 5 min. After

microwave antigen retrieval, the slide was blocked with 1% bovine

serum albumin (BSA) for 30 min at room temperature. The

following primary antibodies were incubated overnight at 4uC: E-
Cadherin (1:100) (Abcam, Cambridge, UK), MPO (1:50) (Santa

Cruz Biotechnology, Santa Cruz, CA), ED-1 (1:50) (Santa Cruz

Biotechnology, Santa Cruz, CA), FSP-1 (1:50) (Thermo Fisher

Scientific, Fremont, CA) and TGF-b1 (1:50) (Santa Cruz Bio-

technology, Santa Cruz, CA). After washing with PBS, HRP-

conjugated secondary antibodies (Dako, Glostrup, Denmark) were

applied for 1 h at room temperature. The sections were then

washed with PBS and incubated with avidin-biotin peroxidase

conjugate (ABC Kit, Vector Laboratories, Burlingame, CA) at

a dilution of 1:100 for 30 min at room temperature, after which

ABC substrate (ABC Kit, Vector Laboratories, Burlingame, CA)

was added for 5–10 min. Nuclei were counterstained with Carazzi

hematoxylin. Negative controls did not receive the first antibody.

Each tissue section was observed by light microscopy at

a magnification of6100 and6400. Sections were evaluated from

five randomly selected fields by an independent pathologist

(magnification of 6100). The extent of staining was scored as

0 (0%), 1 (1–20%), 2 (21–50%), 3 (51–80%), and 4 (81–100%),

indicating the percentage of positive staining in the adhesion

tissue.

Immunofluorescence staining of peritoneal adhesions
Rats were sacrificed at days 2, 4, or 6 after scraping (n = 6 in

each group). When fibrous bands did not form, parietal

peritoneum was sampled, otherwise, the entire fibrous band was

sampled. Specimens were fixed in 4% paraformaldehyde at 4uC
for 4 h followed by graded dehydration in 30, 20, and 10%

sucrose for 30 min. The specimens were then embedded in O.C.T.

compound (Sakura Finetek USA, Torrance, CA) and stored at

280uC until use. Frozen tissues were sectioned every 4 mm and

placed on poly-L-lysine precoated slides. The slides were washed

three times with PBS and then blocked with 1% BSA for 30 min at

room temperature. The following primary antibodies were

incubated overnight at 4uC: E-Cadherin (1:100) and PCNA

(1:100) (Cell Signaling Technology, Danvers, MA). After washing

with PBS, secondary antibodies conjugated with FITC or Cy3

(Jackson ImmunoResearch Laboratories, West Grove, PA) were

applied for 1 h at room temperature in a darkened humidified

chamber. Finally, the preparations were washed with PBS and

mounted in fluorescent mounting medium with DAPI (ZSGB-Bio,

Beijing, China). Negative controls did not receive the first

antibody. Each tissue section was observed under a confocal laser

scanning microscope (Olympus FluoView 1000, Tokyo, Japan) at

a magnification of6600 and 61800, if necessary.

Isolation and culture of RPMCs
RPMCs were isolated and cultured according to a previous

method [29]. Briefly, RPMCs were obtained by infusing 30 ml of

0.25% trypsinase-0.2% EDTA-Na2 into the rat abdominal cavity.

The fluid was collected from the peritoneal cavity 1 h later under

sterile conditions. Cellular components were isolated by centrifu-

gation at 1400 rpm for 8 min and then washed with PBS and

suspended in DMEM/F12 medium (Gibco BRL, Grand Island,

NY) supplemented with 12% (v/v) fetal calf serum (Gibco BRL,

Grand Island, NY). The cells were placed in 25-cm2 culture flasks

and incubated overnight at 37uC under 5% CO2 and 90%

humidity. Nonadherent cells were removed two days later with

two brief PBS washes, and the adherent cells were incubated in

fresh DMEM/F12 medium. The cells reached confluence in five

days. The RPMCs in this study were derived from fourth-eighth

passages grown as a monolayer to subconfluency.

Immunofluorescence staining of RPMCs
Cells were fixed with freshly prepared 4% paraformaldehyde for

10 min at room temperature. The cells were then washed three

times with PBS. Each cover slip was then incubated in 1% BSA.

The following primary antibodies were incubated overnight at

4uC: E-Cadherin (1:100), basic Cytokeratin (1:50) (Santa Cruz

Biotechnology, Santa Cruz, CA), a-SMA (1:100) (Sigma-Aldrich

Corp, St. Louis, MO) and PCNA (1:100). After washing with PBS,

secondary antibodies conjugated with FITC or Cy3 were applied

for 1 h at room temperature in a darkened humidified chamber.

Finally, the preparations were washed with PBS and mounted in

fluorescent mounting medium with DAPI. Negative controls did

not receive the first antibody. Each tissue section was observed

under a confocal laser scanning microscope at a magnification of

6200 and 6600, if necessary.

= 6, respectively. (B). HE staining revealed the changes of inflammation in acute peritoneal adhesions. (B1). Peritoneal inflammations after scraping
were reduced by injecting MSCs. Magnification =6400. (B2). The scores of peritoneal inflammation days 2 after scraping were reduced by injecting
MSCs. * compared with medium treated group, p,0.05, n = 6, respectively. (C). Masson’s trichrome staining revealed the changes of fibrosis in acute
peritoneal adhesions. (C1). Peritoneal fibroses after scraping were reduced by injecting MSCs. Magnification =6400. (C2). The scores of peritoneal
fibrosis days 4, 6, 14 after scraping were reduced by injecting MSCs. * compared with medium treated group, p ,0.05, n = 6, respectively. The
sections were evaluated from five randomly selected fields under a magnification of 6100 by an independent pathologist. The extents of
inflammation (HE staining) and fibrosis (masson’s trichrome staining) were scored as 0 (negative), 1 (weak), 2 (medium), or 3 (intensive), respectively.
doi:10.1371/journal.pone.0043768.g001

MSCs Reduce Peritoneal Injury by Secreting TSG-6

PLOS ONE | www.plosone.org 4 August 2012 | Volume 7 | Issue 8 | e43768



MSCs Reduce Peritoneal Injury by Secreting TSG-6

PLOS ONE | www.plosone.org 5 August 2012 | Volume 7 | Issue 8 | e43768



RPMCs scraping model
RPMCs were scraped based on a previous method [25] and

grown to confluence on glass coverslips placed in a twelve-well

plate (1.56105/well) (Corning, Lowell, MA). Growth was arrested

by incubation for 48 h in serum-free DMEM/F12 medium.

Under this condition cells remained viable in a nonproliferating

state. The quiescent monolayer was injured by scraping with

a sterile glass rod (w =1 mm). The monolayer was washed twice

with PBS and then incubated with serum-free DMEM/F12

medium, rmTSG-6 (0.05 (corresponding to the level of TSG-6

produced by 56104 MSCs), 0.5, 5 ng/ml, respectively) [30] or co-

cultured with MSCs, TSG-6-siRNA MSCs (56104) seeded on

transwell inserts (polyester membrane, pore size = 0.4 mm)

(Corning, Lowell, MA). Closure of the denuded areas was

monitored by light microscopy at a magnification of 6100. At 1,

2, 3, 6, 9, 12, 24, 36, and 48 h after scraping, images of the

wounded areas were captured, and the motility rates of cells

entering the wound (mm/h) were calculated from ten separate

points along the original margin of the wounds. The cells were

stained as described above for immunofluorescence staining.

In vivo imaging and immunofluorescence evaluation of
MSCs after injection
MSCs was labeled with near-infrared fluorescence lipophilic

DiR (Molecular Probes, Eugene, OR) before intravenous or

intraperitoneal injection. Briefly, MSCs were trypsinized and

resuspended at a density of 16106/ml in serum-free DMEM

containing 5 mg of DiR. The mixed solution was incubated for 30

min at 37uC and 4uC for 15 min. The cells were then washed three

times with PBS and the viability of labeled cells was verified by

trypan blue staining. IVISH Lumina II in vivo imaging system

(Caliper Life Sciences, Hopkinton, MA) was used to follow the

redistribution of MSCs over time in vivo. The excitation and

emission filter set in the IVIS was 745 nm and 780 nm,

respectively. MSCs (56106) were injected into rats via tail vein

or peritoneum at 24 h after scraping and assayed for up to seven

days thereafter (0, 0.5, 1, 2, 4, 8, 12, 24, 72 h and 7 days) until the

fluorescence became undetectable. GFP immunofluorescence was

used to detect the distribution of MSCs in specific tissues. Rats

were sacrificed at 0, 4, 6, 8, 12 and 24 h after MSCs injection (n

= 3 in each group of each time point). The right lower lung was

sampled, and the specimens were embedded in O.C.T. compound

and stored at 280uC until use. Frozen tissues were sectioned every

4 mm. The slides were washed three times with PBS and then

blocked with 1% BSA for 30 min at room temperature. The GFP

primary antibodies (1:100) (Santa Cruz Biotechnology, Santa

Cruz, CA) were incubated overnight at 4uC. After washing with

PBS, secondary antibodies conjugated with Cy3 were applied for

1 h at room temperature in a darkened humidified chamber.

Finally, the preparations were washed thoroughly with PBS and

mounted in fluorescent mounting medium with DAPI. Each tissue

section was observed with a confocal laser scanning microscope at

a magnification of 61000.

Cytokine Array of MSCs-CM
Antibody based cytokine array analysis of 30-fold concentrated

MSCs-CM (0h, 12 h, 24 h serum-starved respectively) was

performed using a RayBioH Rat Cytokine Antibody Array G

Series (detecting 34 proteins) and a RayBioH Label-based Rat

Antibody Array (detecting hepatic growth factor (HGF), insulin-

like growth factor (IGF)-1, adrenomedulin (ADM) and TSG-6)

(Raybiotech Inc., Norcross, GA). The analysis was performed

using the manufacturer’s recommended protocol, and the signals

of Cy3 were imaged by Axon GenePix laser scanner (MDS

analytical technologies, Sunnyvale, CA).

ELISA of cytokines in CM
Quantification of TSG-6 in CM (0 h, 12 h, 24 h serum-starved

or TSG-6-siRNA, siRNA-NC MSCs produced) was performed by

ELISA according to the manufacturer’s instructions. Absorbance

was measured at 450 nm using a microplate reader (MULTIS-

KAN MK3, Thermo Fisher Scientific, Waltham, MA) . TSG-6

concentrations were determined with a standard curve constructed

by titrating standard TSG-6.

Statistical Analysis
Analysis was done using IBMH SPSSH Statistics 17.0.2 software

(IBM Corporation, Armonk, NY). Results were presented as mean

values6standard deviation. Multiple comparisons of parametric

data were performed using one-way analysis of variance

(ANOVA), followed by Student-Newman-Keuls post-hoc tests.

Nonparametric data were compared with the Mann-Whitney U-

test to identify differences between groups, and a was corrected by

the numbers of comparisons (a/comparisons) to ensure a =0.05. p

,0.05 was considered statistically significant for all analysis.

Results

MSCs injected via tail vein ameliorated the inflammation
and fibrosis of acute peritoneal adhesions
On days 8, 10 and 14 after peritoneal scraping, the rats

administered serum-free medium demonstrated dense adhesions,

with higher mean adhesion scores. The rats treated with MSCs

injected via tail vein showed reductions in adhesions. We observed

statistically significant differences among the groups for the size

and severity of adhesions (Figure 1A) (mean score: 8 days, 3.4 vs.

1.4; 10 days, 3.6 vs. 1.8; 14 days, 3.6 vs. 2.0; p ,0.05, n = 6,

respectively). Histological HE staining (Figure 1B1 and Figur-

e S1A) and immunohistochemistry (Figure 2A and Figure S2)

revealed exudative changes and infiltration of neutrophil in-

flammatory cells into the mesothelial and interstitial spaces 2 days

after scraping,with an increase in the number of macrophage and

the level of TGF-b1 4 days after scraping. Histological masson’s

trichrome staining (Figure 1C1 and Figure S1B) showed that the

inflammatory process led to nascent fibrinous adhesions. Over

14 days, the number of fibroblasts decreased and the adhesions

matured into fibrous bands containing scarce cells, adipose tissue,

blood vessels, and collagen. MSCs injection decreased the

inflammations in active phase (Figure 1B1 and Figure 1B2) (mean

Figure 2. Effects of mesenchymal stem cells (MSCs) on the inflammation and fibrosis of acute peritoneal adhesions. (A).
Immunohistochemical evaluation revealed that the numbers of fibroblasts (FSP-1), neutrophils (MPO), and macrophage cells (ED-1), and the level of
transforming growth factor (TGF)-b1 during the active phase in acute peritoneal adhesions were decreased by injecting MSCs. Magnification =6400.
(B). The immunohistochemical scores of MPO days 2, 4, ED-1 days 6, FSP-1 and TGF-b1 days 4, 6 after scraping were reduced by injecting MSCs. *
compared with medium treated group, p,0.05, n = 6, respectively. Sections were evaluated from five randomly selected fields under a magnification
of6100 by an independent pathologist. The extent of staining was scored as 0 (0%), 1 (1–20%), 2 (21–50%), 3 (51–80%), and 4 (81–100%), indicating
the percentage of positive staining in the adhesion tissue.
doi:10.1371/journal.pone.0043768.g002
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Figure 3. Effects of mesenchymal stem cells (MSCs) on the repair of peritoneal mesothelial cells. (A). Immunohistochemical evaluation of
peritoneal mesothelial cells (E-Cadherin) in acute peritoneal adhesions. (A1). The number of mesothelial cells after peritoneal scraping was increased
by injecting MSCs. Magnification =6400. (A2). The immunohistochemical scores of E-Cadherin days 2, 4 after scraping were increased by injecting
MSCs. * compared with medium treated group, p ,0.05, n = 6, respectively. Sections were evaluated from five randomly selected fields under
a magnification of6100 by an independent pathologist. The extent of staining was scored as 0 (0%), 1 (1–20%), 2 (21–50%), 3 (51–80%), and 4 (81–
100%), indicating the percentage of positive staining in the adhesion tissue. (B). Immunofluorescence evaluation of injured peritoneum days 4 after
scraping using antibodies to E-Cadherin (green) and PCNA (red). The nucleus was counterstained with DAPI (blue). Dual-stained cells (indicated as
arrows) were predominantly expressed in the MSCs treated group. Magnification =6600 and61800, when necessary.
doi:10.1371/journal.pone.0043768.g003
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score: 2 days, 2.4 vs. 1.3; p ,0.05, n = 6, respectively). For

example, MSCs reduced the infiltration of neutrophils (Figure 2A

and Figure 2B) (mean score: 2 days, 4.0 vs. 2.8; 4 days, 3.6 vs. 2.2;

p ,0.05, n = 6, respectively), and macrophages (mean score:

6 days, 2.8 vs. 1.2; p ,0.05, n = 6, respectively). In addition,

MSCs also reduced the number of fibroblasts (Figure 2A and

Figure 2B) (mean score: 4 days, 3.4 vs. 1.8; 6 days, 3.6 vs. 1.8; p

,0.05, n = 6, respectively), and the level of TGF-b1 (mean score:

Figure 4. Effects of mesenchymal stem cells (MSCs) on the repair of rat peritoneal mesothelial cells (RPMCs) following mechanical
injury. (A). Characteristics of primary RPMCs cultures. (A1). Photomicrograph showing the cobblestone-like appearance of the epithelioid
phenotypes. Magnification =6100. (A2). An immunofluorescence evaluation revealed that RPMCs expressed E-Cadherin (green) and Cytokeratin
(green), but only weakly expressed a-SMA (green). Nuclei were stained with DAPI (blue). Magnification =6600. (B). The effects of MSCs on the
migratory and proliferative capacities of mechanically injured RPMCs. (B1). Microscopy of RPMCs migrating to the edge of the wound to show the
migratory velocity (mm/h). During the first 2 h, injured RPMCs co-cultured with MSCs showed a greater migratory velocity. * compared with control
group, p,0.05, n = 3, respectively. (B2). Immunofluorescence analysis with PCNA (red) and E-Cadherin (green) revealed that the proliferation peak of
injured RPMCs co-cultured with MSCs was accelerated to 6 h after scraping, whereas the proliferation peak was 12 h after scraping in control group.
Nuclei were stained with DAPI (blue). Magnification =6200 and6600.
doi:10.1371/journal.pone.0043768.g004
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4 days, 2.4 vs. 1.4; 6 days, 3.8 vs. 1.8; p,0.05, n = 6, respectively).

Consequently, the deposition of collagen was also decreased

(Figure 1C1 and Figure 1C2) (mean score: 4 days, 1.7 vs. 1.3;

6 days, 2.8 vs. 1.8; 14 days, 2.8 vs. 1.6; p ,0.05, n = 6,

respectively).

MSCs accelerated the repair of peritoneal mesothelial
cells
Immunohistochemical (Figure 3A1 and Figure S2) and immu-

nofluorescence evaluations (Figure 3B) revealed the proliferation

and repair of mesothelial cells. MSCs seemed to accelerate

mesothelial cell repair (Figure 3A1 and Figure 3A2) (mean score:

2 days, 1.2 vs. 2.4; 4 days, 1.4 vs. 2.6; p,0.05, n = 6, respectively).

Dual-stained E-Cadherin- and PCNA-positive mesothelial cells in

the mesothelial and submesothelial layers were more prominent in

MSCs treated group 4 days after peritoneal scraping, compared

with medium treated group.

Figure 5. Tracking the distribution of mesenchymal stem cells (MSCs) injected into rats. (A1). In vivo imaging revealed that MSCs injected
via tail vein first accumulated in the lungs and gradually in the liver and the spleen. (A2). In vivo imaging revealed that MSCs injected intraperitoneally
first accumulated in the liver and gradually in the spleen. No signal was found in the injured peritoneum. (B). An immunofluorescence evaluation of
green fluorescent protein (GFP) (red) detected MSCs in the lungs. Nuclei were stained with DAPI (blue). Magnification =61000.
doi:10.1371/journal.pone.0043768.g005

Figure 6. Effects of mesenchymal stem cells (MSCs)-conditioned medium (CM) on acute peritoneal adhesions. (A). The MSCs-CM
treated group had lower adhesion scores days 14 after scraping. The size and severity of peritoneal adhesions were evaluated macroscopically by an
independent observer on a scale of 0–4 (0, 0%; 1, ,25%; 2, 25–49%; 3, 50–74%; and 4, 75–100% adhesions).* compared with medium treated group,
p ,0.05, n = 6, respectively. (B). Masson’s trichrome staining revealed that the changes of fibrosis in acute peritoneal adhesions. (B1). The fibrosis in
the scraped peritoneum days 8, 14 after scraping was decreased by injecting MSCs-CM. Magnification = 6400. (B2). The scores of peritoneal fibrosis
were reduced by injecting MSCs-CM, similar to MSC. * compared with medium treated group, p ,0.05, n = 6, respectively. The sections were
evaluated from five randomly selected fields under a magnification of 6100 by an independent pathologist. The extent of fibrosis was scored as
0 (negative), 1 (weak), 2 (medium), or 3 (intensive).
doi:10.1371/journal.pone.0043768.g006

MSCs Reduce Peritoneal Injury by Secreting TSG-6

PLOS ONE | www.plosone.org 10 August 2012 | Volume 7 | Issue 8 | e43768



MSCs accelerated the repair of mechanically injured
RPMCs in vitro
Primary RPMCs grew to confluence over five days when a non-

overlapping monolayer of cobblestone-like epithelial cells ap-

peared (Figure 4A1). Immunofluorescence analysis revealed that

the cells were mesothelial cells based on positive staining for E-

Cadherin and Cytokeratin and weak staining for a-SMA

(Figure 4A2). Mechanical injury of the cultured cells served as

a useful in vitro system for studying the response of cells to injury

[25,31]. The mean widths of a series of wounds measured from

light photomicrographs at time zero were 0.24360.043 mm in

control group (n = 3) and 0.24060.029 mm in the co-culture

group (n = 3). During the first 2 h after scraping, a distinct

increase in the migration of the RPMCs was observed when the

cells were incubated in the transwell with MSCs compared with

control group (1 h, 21.76362.807 mm/h vs. 11.05765.456 mm/h;

2 h, 21.99362.720 mm/h vs. 10.48366.606 mm/h; p ,0.05, n

= 3, respectively) (Figure 4B1). Immunofluorescence analysis of

PCNA demonstrated that the proliferation of injured RPMCs co-

cultured with MSCs increased dramatically 3 h after scraping;

peak proliferation occurred 6 h after scraping. In control group,

proliferation increased 9 h after scraping, with a peak at 12 h after

scraping (Figure 4B2).

MSCs did not accumulate in the injured peritoneum
An in vivo imaging system was used to follow the distribution of

MSCs labeled with DiR after injection into rat tail vein. MSCs first

accumulated in the lungs 1 h after injection; the fluorescence

signal reached its maximum intensity at 4 h and persisted for at

least seven days. At 6 h after injection, the signal began to

accumulate in the liver and the spleen (Figure 5A1), no signal was

found in the injured peritoneum throughout the entire period.

When MSCs were injected intraperitoneally, MSCs first accumu-

lated in the liver 1 h after injection and gradually in the spleen,

Figure 7. Release of TNFa-stimulating gene (TSG)-6 by mesenchymal stem cells (MSCs). (A). Cytokine profile of 30-folded serum-starved
MSCs-conditioned medium (CM) within 24 h was analyzed by rat cytokine antibody array and label-based rat antibody array. Compared with 0 h
MSCs-CM, wound healing cytokine TSG-6 was released abundantly by 12 h (52.7-fold) and 24 h (194-fold) serum-starved MSCs. The results were
normalized to the positive controls. Similar results were obtained from three independent MSCs-CM samples. (B). TSG-6 in 30-folded serum-starved
MSCs-CM within 24 h were measured by Enzyme-linked immunosorbent assays (ELISA). The concentration of TSG-6 in 12 h MSCs-CM was
0.7560.09 ng/ml (49-fold increase, compared with 0 h MSCs-CM), 24 h MSCs-CM was 3.0860.22 ng/ml (199.8-fold increase, compared with 0 h
MSCs-CM). Three independent samples were placed in three repetitive holes. * compared with 0h MSCs-CM, p ,0.05; # compared with 12 h MSCs-
CM, p ,0.05.
doi:10.1371/journal.pone.0043768.g007
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which persisted for at least seven days (Figure 5A2), but no

apparent signal was found in the injured peritoneum. Immuno-

fluorescence analysis did not detect significant engraftment of

MSCs/GFP in the injured peritoneum. Moreover, lung histolog-

ical sections demonstrated that MSCs trapped in the lungs during

the first 24 h (Figure 5B). Allogeneic MSCs are reported not to be

immune-privileged, but they may elicit a memory response leading

to rapid clearance of subsequent doses by the immune system [32].

Therefore, we injected MSCs intravenously or intraperitoneally

into SCID mice 24 h after scraping and found similar negative

results in the injured peritoneum (data not shown).

MSCs-CM injected via tail vein reduced the formation of
acute peritoneal adhesions
We serum-starved MSCs as a pretreatment to maximize their

protective properties. To ensure a persistent effect, rats were

treated with MSCs-CM via tail vein injection three times within

seven days after scraping. These rats showed a reduction in

adhesion on days 8, 10, and 14 after peritoneal scraping

(Figure 6A). We observed statistically significant differences in

the size and severity of adhesions, compared with those in medium

treated group (mean score: 8 days, 1.6 vs. 3.4; 10 days, 2.0 vs. 3.6;

14 days, 2.1 vs. 3.6; p ,0.05, n = 6, respectively), but no

differences were observed between MSCs treated group and

MSCs-CM treated group (mean score: 8 days, 1.4 vs. 1.6; 10 days,

1.8 vs. 2.0; 14 days, 2.0 vs. 2.1; p .0.05, n = 6, respectively).

Histological masson’s trichrome staining revealed that MSCs-CM

reduced collagen deposition (Figure 6B1, Figure 6B2 and

Figure S3) (mean score: 8 days, 2.6 vs. 1.4; 14 days, 2.8 vs. 1.6; p

,0.05, n = 6, respectively), similar to MSCs (Figure 6B1,

Figure 6B2 and Figure S3) (mean score: 8 days, 1.4 vs. 1.5;

14 days, 1.6 vs. 1.6; p . 0.05, n = 6, respectively).

Cytokine profile in serum-starved MSCs-CM
To examine protein levels of cytokine released by MSCs, we

performed antibody based protein array analysis of MSCs-CM

under serum-starving condition within 24 h. Compared with 0 h

MSCs-CM, 13 cytokines were apparently higher in MSCs-CM

($5-fold, compared with 0 h), which were released abundantly

within either 12 h or 24 h, including TSG-6, lipopolysaccharide-

induced CXC chemokine (LIX), Fractalkine, matrix metallopro-

teinase (MMP)-8, cytokine induced neutrophil chemoattractant

(CINC)-3, Fas Ligand, tissue inhibitor of metalloproteinase

(TIMP)-1, vascular endothelial growth factor (VEGF), inter-

cellular adhesion molecule (ICAM)-1, Activin A, CINC-2a,
platelet-derived growth factor (PDGF)-AA, CINC-1 (Figure 7A

and Table. 1). 24 h MSCs-CM had abundant levels of TSG-6

(194-fold compared with 0 h), which is known to be important in

wound healing [21,22]. This cytokine was further measured with

ELISA. The result revealed that 24 h MSCs-CM had 199.8-fold

increase in TSG-6 concentration (3.0860.22 ng/ml) , compared

with 0 h (Figure 7B), which was similar to that of protein array

analysis.

TSG-6 of MSCs was involved in the reduction of
peritoneal injury
To further evaluate the role of TSG-6 secreted by MSCs in the

reduction of perotoneal injury, we knocked down the expression of

TSG-6 in MSCs by transient transfection with a TSG-6-siRNA

(Figure S4). In vitro, compared with MSCs co-cultured group, there

were significant reductions in the migratory capacity of the

scraped RPMCs co-cultured with TSG-6-siRNA MSCs during the

first 2 h after scraping (Figure 8A1) (1 h, 39.073613.806 mm/h vs.

19.10069.692 mm/h; 2 h, 25.056610.885 mm/h vs.

15.99765.363 mm/h; p ,0.05, n = 3, respectively). However,

compared with control group, the migration of RPMCs cultured

with rmTSG-6 (0.05, 0.5, 5 ng/ml, respectively) were significantly

increased dose-dependently within 2 h after scraping (Figure 8A1)

(1 h, 11.14868.550 mm/h vs. 26.548610.542 mm/h,

29.467614.282 mm/h, 37.829616.765 mm/h, respectively; 2 h,

11.26567.325 mm/h vs. 14.17766.344 mm/h,

23.05069.033 mm/h, 26.291611.875 mm/h, respectively; p

,0.05, n = 3, respectively). The proliferation of RPMCs cultured

with rmTSG-6 (5 ng/ml) increased dramatically 3 h after scraping

with a peak at 6 h, which was similar to MSCs co-cultured group;

while the proliferation of RPMCs co-cultured with TSG-6-siRNA

MSCs was not accelerated (Figure 8A2). In vivo, compared with

medium treated group, TSG-6-siRNA MSCs-CM had no

significant effect on the size, severity (Figure 8B1) (mean score:

3.6 vs. 2.5, p.0.05, n = 6, respectively) or the histological changes

(Figure 8B2, Figure 8B3 and Figure S5) (mean score: 3.0 vs. 2.4, p

. 0.05, n = 6, respectively) of peritoneal adhesions 14 days after

scraping. However, compared with medium treated group, both

the size, severity of peritoneal adhesions (Figure 8B1) (mean score:

3.6 vs. 1.3, p ,0.05, n = 6, respectively) and the collagen

depositions were reduced in rats injected with medium containing

rmTSG-6 (3 ng/ml) (Figure 8B2, Figure 8B3 and Figure S5)

(mean score: 3.0 vs. 1.6, p ,0.05, n = 6, respectively).

Discussion

To investigate the effects of MSCs on injured peritoneal

mesothelial cells and peritoneal fibrosis, we established a well-

documented acute peritoneal adhesion rat model [24]. Scraping

caused injury to the mesothelial cell layer, leading to neutrophil

Figure 8. TNF-stimulating gene (TSG)-6 secreted by mesenchymal stem cells (MSCs) ameliorated the peritoneal injury. (A). The effects
of TSG-6 on the repair of mechanically injured rat peritoneal mesothelial cells (RPMCs). (A1). Microscopy of RPMCs migrating to the edge of the
wound to show the migratory velocity (mm/h). Injured RPMCs co-cultured with TSG-6-siRNA MSCs showed significant reductions in the migratory
capacity. However, migrations were significantly increased dose-dependently in RPMCs cultured in medium containing recombinant mouse (rm) TSG-
6. * compared with control group, p ,0.05; # compared with MSCs co-cultured group, p ,0.05; n = 3, respectively. (A2). Immunofluorescence
analysis with PCNA (red) and E-Cadherin (green) revealed the proliferation of injured RPMCs. RPMCs co-cultured with TSG-6-siRNA MSCs showed no
apparent increase in the proliferative capacity. whereas the proliferation peak of RPMCs cultured with rmTSG-6 was accelerated to 6 h after scraping.
Nuclei were stained with DAPI (blue). Magnification =6600. (B). The effects of TSG-6 on acute peritoneal adhesions. (B1). TSG-6-siRNA MSCs-CM
treated group had no significant reduction in adhesion scores days 14 after scraping. However, adhesion scores were reduced in rmTSG-6 treated
group. The size and severity of peritoneal adhesions were evaluated macroscopically by an independent observer on a scale of 0–4 (0, 0%; 1, ,25%;
2, 25–49%; 3, 50–74%; and 4, 75–100% adhesions). * compared with medium treated group, p ,0.05, n = 6, respectively. (B2). Histological changes
were evaluated using masson’s trichrome staining. TSG-6-siRNA MSCs-CM treated group revealed no apparent reduction in fibrosis in the scraped
peritoneum days 14 after scraping. However, fibrosis were reduced in rmTSG-6 treated group. Magnification =6400. (B3). The scores of peritoneal
fibrosis days 14 after scraping were reduced by injecting rmTSG-6, but not by injecting TSG-6-siRNA MSCs-CM. * compared with medium treated
group, p,0.05, n = 6, respectively. The sections were evaluated from five randomly selected fields under a magnification of6100 by an independent
pathologist. The extent of fibrosis was scored as 0 (negative), 1 (weak), 2 (medium), or 3 (intensive).
doi:10.1371/journal.pone.0043768.g008
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infiltration during the first 12 h (data not shown), followed by

macrophage recruitment and the release of fibrinous exudates into

the peritoneum. This process led to the formation of nascent

fibrinous adhesions 4 days after scraping. Seven days later, the

number of fibroblasts decreased and the adhesions matured into

fibrous bands with scarce cells. TGF-b1 is involved in wound-

healing processes and favors the formation of peritoneal fibrosis

and adhesions [3,33]. TGF-b1 increased to a peak six days after

scraping and decreased gradually thereafter. Mesothelial cell

deposition at the submesothelial zone commenced 24 h after

scraping and finished within seven days, similar to previous report

[34].

Recent studies have demonstrated that MSCs participate in

tissue repair [9]. Moreover, MSCs decrease tissue fibrosis [10–13].

We tested commercial MSCs/GFP (tenth passage) by FACS to

examine the expression of MSCs surface markers. The cells

displayed high levels of CD54 and CD90 and an absence of

CD11a or CD45. Upon the application of adipogenic and

osteogenic differentiation conditions, the cells accumulated in-

tracellular lipid droplets, as revealed by Oil red staining, and

displayed extracellular calcium phosphate precipitates as identified

by von Kossa staining (Figure S6).

According to our previous experiments, we determined the

optimal therapeutic strategy, that is, 56106 MSCs were injected

via tail vein 24 h after scraping. Because the pathological changes

stabilized seven days after scraping, we evaluated the peritoneal

adhesions at days 8, 10, and 14 after scraping. MSCs reduced the

infiltration of neutrophils and macrophage cells, the number of

fibroblasts, the level of TGF-b1, and increased the proliferation of

mesothelial cells, consequently, ameliorated fibrinous deposition in

adhesive bands. We also established a mechanical injury model of

cultured cells in vitro. Because the basic experimental conditions

employed homogenous RPMCs and was undertaken under

conditions without serum, the model provided information on

the direct response of RPMCs to injury [25]. We found that MSCs

could increase the early (the first 2 h) migratory capacity of

RPMCs and accelerate the proliferation 6 h ahead of control

group. A recent study showed that peritoneal adhesions were

attenuated by enhancing the proliferation and migration of

mesothelial cells [6]. But our study avoided any potential

contribution from the other cells located in the peritoneum, such

as macrophages or fibroblasts. Besides, extensive evidence show

that a comprehensive cytokine network play a critical role in the

repair of mesothelial cells [35]. Therefore, in vivo, the potential

contributions from other cells and cytokines should be considered.

This might explain for the phenomenon that the proliferative

effect of MSCs on RPMCs in vitro did not correlate with the data

obtained in vivo.

The mechanisms by which MSCs exert their beneficial effects

remain controversial. Studies have postulated that MSCs mediate

their therapeutic effects by either differentiating into functional

reparative cells that replace injured tissues or by secreting

paracrine factors that promote repair [18,36]. MSCs injected

intraperitoneally did not ameliorate peritoneal adhesions (Fig-

ure S7). Then we tracked the dynamic distribution of MSCs after

their injection into rats via tail vein or peritoneum. MSCs

accumulated in the lungs first and gradually accumulated in the

liver and spleen; however, no apparent cells were observed in the

injured peritoneum even when MSCs were injected intraperito-

neally. Recent studies have found that the vast majority of MSCs

injected intravenously home to the vascular endothelium of the

lungs and liver [37,38], where they appear as emboli in afferent

blood vessels [37,39]. This distribution may be due to the size of

MSCs (20–30 mm) relative to pulmonary capillaries (14 mm in

diameter), which may prevent the infused MSCs from passing

through the pulmonary circulation. We speculated that MSCs

injected into the peritoneal cavity might be absorbed through veins

or lymphatic tubes and accumulated in the liver and spleen.

Table 1. Antibody based protein array of cytokine profile in
serum-starved mesenchymal stem cells (MSCs)-conditioned
medium (CM) within 24 h.

cytokines 0h 12h 24h
24h increase in
fold

TSG-6 0.0004 0.0208 0.0766 194.0

LIX 0.0108 0.1869 0.5308 49.1

Fractalkine 0.0412 1.1578 1.7780 43.2

MMP-8 0.0004 0.0029 0.0157 41.1

CINC-3 0.0099 0.2074 0.3622 36.4

Fas Ligand 0.0022 0.0057 0.0719 32.5

MCP-1 0.0100 0.2950 0.3062 30.6

TIMP-1 0.0192 0.3700 0.5631 29.4

VEGF 0.0104 0.1680 0.2346 22.7

ICAM-1 0.0052 0.0511 0.0979 18.7

Activin A 0.0053 0.0097 0.0840 15.8

CINC-2 a 0.0419 0.7496 0.5287 12.6

PDGF-AA 0.0115 0.0928 0.1149 10.0

CINC-1 0.0326 0.2264 0.1939 5.9

MIP-3 a 0.0101 0.0159 0.0448 4.4

IL-10 0.0068 0.0096 0.0269 4.0

B7-2/CD86 0.0043 0.0061 0.0161 3.7

b-NGF 0.0203 0.0290 0.0752 3.7

GM-CSF 0.0079 0.0152 0.0259 3.3

IFN-c 0.0006 0.0018 0.0019 3.1

RAGE 0.0036 0.0056 0.0096 2.7

IL-1 R6 0.0178 0.0225 0.0463 2.6

L-Selectin 0.0048 0.0057 0.0119 2.5

Thymus Chemokine-1 0.0179 0.0192 0.0445 2.5

IL-1 b 0.0067 0.0106 0.0153 2.3

IL-4 0.0113 0.0171 0.0246 2.2

IL-2 0.0139 0.0188 0.0286 2.0

TNF-a 0.0173 0.0279 0.0353 2.0

IL-6 0.0074 0.0088 0.0151 2.0

IL-1 a 0.0042 0.0053 0.0084 2.0

Leptin 0.0102 0.0126 0.0201 2.0

IL-13 0.0286 0.0348 0.0429 1.5

ADM 0.0104 0.0129 0.0155 1.5

HGF 0.0104 0.0129 0.0155 1.5

IGF-1 0.0104 0.0129 0.0155 1.5

Agrin 0.0078 0.0070 0.0110 1.4

Prolactin R 0.0097 0.0104 0.0129 1.3

CNTF 0.0086 0.0111 0.0096 1.1

The results were normalized to the positive controls. Similar results were
obtained from three independent MSCs-CM samples. TSG-6, TNF-stimulating
gene-6; LIX, lipopolysaccharide-induced CXC chemokine; MMP-8, matrix
metalloproteinase-8; CINC, cytokine induced neutrophil chemoattractant; TIMP,
tissue inhibitor of metalloproteinase; vascular VEGF, endothelial growth factor;
ICAM, inter-cellular adhesion molecule; PDGF, platelet-derived growth factor.
doi:10.1371/journal.pone.0043768.t001
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Phagocytic response in the monocyte-macrophage system might

do damage to MSCs. It is worth mentioning that allogeneic MSCs

are not immunoprivileged; they may elicit a memory response

leading to rapid clearance by the immune system [32]. We

injected MSCs intravenously or intraperitoneally into SCID mice

24 h after peritoneal scraping and found similar negative results in

the injured peritoneum (data not shown). Therefore, the acquired

immune system may not influence the fate of MSCs in our rat

model. One possible explanation is that ROS inhibited the cellular

adhesion of engrafted MSCs [40]. Further investigations must be

performed to explain this interesting phenomenon.

It has become apparent that MSCs repair injured tissues

without significant engraftment or differentiation in some situa-

tions [37,41]. In fact, MSCs secrete a number of cytokines and

growth factors that alter the tissue microenvironment, such as

TSG-6 [22,37], VEGF _ENREF_38[16] and PDGF [17]. One

possibility is that the cells trapped in the lungs secrete soluble

factors into the blood to enhance the repair of other tissues by

suppressing inflammatory and immune reactions or by stimulating

the propagation and differentiation of tissue-endogenous stem cells

[37,42]. MSCs secrete a wide spectrum of biologically active

factors that can be found in CM [43]. Some studies have suggested

that pretreatment with serum-starved MSCs may maximize their

protective properties [27,44]. We injected serum-starved MSCs-

CM into rats via tail vein and found that MSCs-CM reduced

adhesion formation, similar to MSCs.

We explored the cytokine profile released by serum-starved

MSCs within 24 h using antibody based protein array analysis.

Besides some inflammatory and chemotactic factors, we also found

wound healing cytokines VEGF, PDGF-AA, especially TSG-6

(194-fold compared with 0 h MSCs-CM, was further measured

with ELISA) were released abundantly. TSG-6 is a 35 kDa

hyaluronan (HA)-binding glycoprotein with multifunctional anti-

inflammatory effects. In transgenic mice, inactivation of the gene

increased inflammatory responses, and over-expression of the gene

decreased inflammatory responses [22]. We knocked down the

expression of TSG-6 in MSCs by a TSG-6 siRNA. TSG-6-siRNA

MSCs failed to, but exogenous administration of TSG-6 could

promote mesothelial repair and reduce peritoneal adhesions.

Though some factors in addition to TSG-6 may be critical to the

tissue repair, our data demonstrated that TSG-6 secretion by

MSCs was both necessary and sufficient to promote the repair of

peritoneal injury.

MSCs block the recruitment of neutrophils by secreting TSG-6

[22], most likely via a CD44/HA/TSG-6 mediated blocking

mechanism [45]. Research found that neutrophils of thioglycol-

late-induced peritonitis were higher in TSG-6-deficient animals

than in wild-type animals, but was dramatically suppressed by

intravenous injection of rmTSG-6 [46]. Macrophages remain in

the fibrinous zone for a longer time and also contribute to fibrosis

[47]. TSG-6 interacts through the CD44 receptor on macrophages

to decrease zymosan/TLR2 mediated nuclear translocation of

NF-kB [22]. Moreover, TSG-6 up-regulates cyclooxygenase

(COX)-2 expression in macrophages accompanied by an increase

in the production of PGD2 which acts as a negative regulator of

macrophage activation and inammatory cytokines production in

monocytes [48]. In vitro, RPMCs respond to injury by secreting IL-

1, IL-6 and synthesizing increased amounts of proteoglycans and

HA [25]. MSCs may be activated by this initial inflammatory

microenvironment to secrete TSG-6. HA to its principle receptor,

CD44, activates the mitogen-activated protein kinase (MAPK)

pathway [49] and enhances migration and proliferation in cells

following injury [50]. TSG-6-mediated formation of heavy chain-

HA complexes is in involved in remodeling ECM and regulating

cell migration and proliferation [49,51]. Therefore, we suggested

that TSG-6 secreted by MSCs could protect the injured

peritoneum from the excessive inammatory response and promote

the repair of mesothelial cells, subsequently, reduce the formation

of fibrosis.

In summary, our data demonstrate that MSCs attenuate

peritoneal injury by stimulating the repair of mesothelial cells,

reducing the inflammation and fibrosis of injured peritoneum.

Rather than the engraftment, the secretion of TSG-6 by MSCs

makes a major contribution to the therapeutic benefits of MSCs.

Supporting Information

Figure S1 Effects of mesenchymal stem cells (MSCs) on
the histological changes of acute peritoneal adhesions.
(A). HE staining revealed changes in peritoneal inflammation after

scraping, which were reduced by injecting MSCs. Magnification

=6100. (B). Masson’s trichrome staining revealed changes in

peritoneal fibrosis after scraping, which were reduced by injecting

MSCs. Magnification =6100.

(TIF)

Figure S2 Evaluation of the effects of mesenchymal
stem cells (MSCs) on the inflammation, fibrosis and
peritoneal mesothelial cells of acute peritoneal adhe-
sions. Immunohistochemical evaluation revealed that the num-

ber of fibroblasts (FSP-1), neutrophils (MPO), and macrophage

cells (ED-1), and the level of transforming growth factor (TGF)-b1
during the active phase were decreased by injecting MSCs, while

the number of mesothelial cells (E-Cadherin) were increased by

injecting MSCs. Magnification =6100.

(TIF)

Figure S3 Evaluation of the effects of mesenchymal
stem cells (MSCs)-conditioned medium (CM) on acute
peritoneal adhesions. Masson’s trichrome staining revealed

that the fibrosis in the scraped peritoneum was decreased by

injecting MSCs-CM. Magnification =6100.

(TIF)

Figure S4 The knockdown efficiency of TNFa-stimulat-
ing gene (TSG)-6 in mesenchymal stem cells (MSCs). (A).
Knockdown efficiency of mRNA level in MSCs was approxi-

mately 82.9% evaluated by reverse-transcriptase polymerase chain

reaction (RT-PCR), TSG-6 product length = 134 bp, GAPDH

product length = 87 bp. * compared with normal MSCs, p ,0.05;

# compared with 24 h sreum-starved MSCs, p ,0.05. (B).

Knockdown efficiency of protein level in MSCs-conditioned

medium (CM) was approximately 73.4% evaluated by Enzyme-

linked immunosorbent assay (ELISA). * compared with 0h MSCs-

CM, p ,0.05; # compared with 24 h MSCs-CM, p ,0.05.

(TIF)

Figure S5 Evaluation of the role of TNF-stimulating
gene (TSG)-6 in the reduction of acute peritoneal
adhesions by mesenchymal stem cells (MSCs). Histolog-

ical changes were evaluated using masson’s trichrome staining.

TSG-6-siRNA MSCs-CM treated group revealed no apparent

reduction in the fibrosis of scraped peritoneum. However, the

fibrosis was reduced in recombinant mouse (rm) TSG-6 treated

group. Magnification =6100.

(TIF)

Figure S6 Identification of Sprague-Dawley (SD) rat
bone marrow-derived mesenchymal stem cells (MSCs)/
green fluorescent protein (GFP). (A). Representative markers

characteristic of MSCs. Fluorescence activated cell sorting (FACS)
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analysis was performed to examine the surface markers of MSCs.

The positive proportion of cells displaying CD90 was 97.0%,

CD54 was 88.8%, CD11a was 10.7% and CD45 was 8.4%. (B).

Multilineage differentiation of MSCs. (B1). Osteogenic differenti-

ation of MSCs. Under osteogenic differentiation conditions, the

cells displayed extracellular calcium phosphate precipitates as

identified by von Kossa staining. Magnification =6100. (B2).

Adipogenic differentiation of MSCs. Under adipogenic differen-

tiation conditions, the cells accumulated intracellular lipid droplets

as revealed by Oil red staining. Magnification =6400.

(TIF)

Figure S7 Evaluation of the effects of intraperitoneally
injected mesenchymal stem cells (MSCs) on acute

peritoneal adhesions. Only MSCs injected intravenously

group had lower adhesion scores. The size and severity of

peritoneal adhesions were evaluated macroscopically by an

independent observer on a scale of 0–4 (0, 0%; 1, ,25%; 2,

25–49%; 3, 50–74%; and 4, 75–100% adhesions). * compared

with medium treated group (iv), p ,0.05, n = 6, respectively.

(TIF)

Author Contributions

Conceived and designed the experiments: NW XC GC QL LZ HL.

Performed the experiments: NW JH DL JJ JW. Analyzed the data: NW

XC GC QL LZ HL JH. Contributed reagents/materials/analysis tools: SS

JZ SC. Wrote the paper: NW JZ. Paper revision: XC QL.

References

1. Herrick SE, Mutsaers SE (2004) Mesothelial progenitor cells and their potential

in tissue engineering. Int J Biochem Cell Biol 36: 621–642.

2. Aroeira LS, Aguilera A, Sanchez-Tomero JA, Bajo MA, del Peso G, et al. (2007)

Epithelial to mesenchymal transition and peritoneal membrane failure in

peritoneal dialysis patients: pathologic significance and potential therapeutic

interventions. J Am Soc Nephrol 18: 2004–2013.

3. Saxena R (2008) Pathogenesis and treatment of peritoneal membrane failure.

Pediatr Nephrol 23: 695–703.

4. Williams JD, Craig KJ, Topley N, Von Ruhland C, Fallon M, et al. (2002)

Morphologic changes in the peritoneal membrane of patients with renal disease.

J Am Soc Nephrol 13: 470–479.

5. Williams JD, Craig KJ, von Ruhland C, Topley N, Williams GT (2003) The

natural course of peritoneal membrane biology during peritoneal dialysis.

Kidney Int Suppl: S43–49.

6. Guo Q, Li QF, Liu HJ, Li R, Wu CT, et al. (2008) Sphingosine kinase 1 gene

transfer reduces postoperative peritoneal adhesion in an experimental model.

Br J Surg 95: 252–258.

7. Liu HJ, Wu CT, Duan HF, Wu B, Lu ZZ, et al. (2006) Adenoviral-mediated

gene expression of hepatocyte growth factor prevents postoperative peritoneal

adhesion in a rat model. Surgery 140: 441–447.

8. Guo H, Leung JC, Cheung JS, Chan LY, Wu EX, et al. (2009) Non-viral Smad7

gene delivery and attenuation of postoperative peritoneal adhesion in an

experimental model. Br J Surg 96: 1323–1335.

9. Kanazawa H, Fujimoto Y, Teratani T, Iwasaki J, Kasahara N, et al. (2011) Bone

marrow-derived mesenchymal stem cells ameliorate hepatic ischemia reperfu-

sion injury in a rat model. PLoS One 6: e19195.

10. Nagaya N, Kangawa K, Itoh T, Iwase T, Murakami S, et al. (2005)

Transplantation of mesenchymal stem cells improves cardiac function in a rat

model of dilated cardiomyopathy. Circulation 112: 1128–1135.

11. Ortiz LA, Gambelli F, McBride C, Gaupp D, Baddoo M, et al. (2003)

Mesenchymal stem cell engraftment in lung is enhanced in response to

bleomycin exposure and ameliorates its fibrotic effects. Proc Natl Acad Sci U S A

100: 8407–8411.

12. Oyagi S, Hirose M, Kojima M, Okuyama M, Kawase M, et al. (2006)

Therapeutic effect of transplanting HGF-treated bone marrow mesenchymal

cells into CCl4-injured rats. J Hepatol 44: 742–748.

13. Ninichuk V, Gross O, Segerer S, Hoffmann R, Radomska E, et al. (2006)

Multipotent mesenchymal stem cells reduce interstitial fibrosis but do not delay

progression of chronic kidney disease in collagen4A3-deficient mice. Kidney Int

70: 121–129.

14. Parekkadan B, Milwid JM (2010) Mesenchymal stem cells as therapeutics. Annu

Rev Biomed Eng 12: 87–117.

15. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, et al. (1999)

Multilineage potential of adult human mesenchymal stem cells. Science 284:

143–147.

16. Meirelles Lda S, Fontes AM, Covas DT, Caplan AI (2009) Mechanisms involved

in the therapeutic properties of mesenchymal stem cells. Cytokine Growth

Factor Rev 20: 419–427.

17. Gnecchi M, Zhang Z, Ni A, Dzau VJ (2008) Paracrine mechanisms in adult stem

cell signaling and therapy. Circ Res 103: 1204–1219.

18. Gnecchi M, He H, Liang OD, Melo LG, Morello F, et al. (2005) Paracrine

action accounts for marked protection of ischemic heart by Akt-modified

mesenchymal stem cells. Nat Med 11: 367–368.

19. Mias C, Lairez O, Trouche E, Roncalli J, Calise D, et al. (2009) Mesenchymal

stem cells promote matrix metalloproteinase secretion by cardiac fibroblasts and

reduce cardiac ventricular fibrosis after myocardial infarction. Stem Cells 27:

2734–2743.

20. Yoon BS, Moon JH, Jun EK, Kim J, Maeng I, et al. (2010) Secretory profiles

and wound healing effects of human amniotic fluid-derived mesenchymal stem

cells. Stem Cells Dev 19: 887–902.

21. Oh JY, Roddy GW, Choi H, Lee RH, Ylostalo JH, et al. (2010) Anti-

inflammatory protein TSG-6 reduces inflammatory damage to the cornea

following chemical and mechanical injury. Proc Natl Acad Sci U S A 107:

16875–16880.

22. Choi H, Lee RH, Bazhanov N, Oh JY, Prockop DJ (2011) Anti-inflammatory

protein TSG-6 secreted by activated MSCs attenuates zymosan-induced mouse

peritonitis by decreasing TLR2/NF-{kappa}B signaling in resident macro-

phages. Blood 118: 330–338.

23. Lauder CI, Garcea G, Strickland A, Maddern GJ (2011) Use of a modified

chitosan-dextran gel to prevent peritoneal adhesions in a rat model. J Surg Res

171: 877–882.

24. Fang CC, Chou TH, Lin GS, Yen ZS, Lee CC, et al. (2010) Peritoneal infusion

with cold saline decreased postoperative intra-abdominal adhesion formation.

World J Surg 34: 721–727.

25. Yung S, Davies M (1998) Response of the human peritoneal mesothelial cell to

injury: an in vitro model of peritoneal wound healing. Kidney Int 54: 2160–

2169.

26. Li L, Zhang Y, Li Y, Yu B, Xu Y, et al. (2008) Mesenchymal stem cell

transplantation attenuates cardiac fibrosis associated with isoproterenol-induced

global heart failure. Transpl Int 21: 1181–1189.

27. van Poll D, Parekkadan B, Cho CH, Berthiaume F, Nahmias Y, et al. (2008)

Mesenchymal stem cell-derived molecules directly modulate hepatocellular

death and regeneration in vitro and in vivo. Hepatology 47: 1634–1643.

28. Whang SH, Astudillo JA, Sporn E, Bachman SL, Miedema BW, et al. (2011) In

search of the best peritoneal adhesion model: comparison of different techniques

in a rat model. J Surg Res 167: 245–250.

29. Nie J, Dou X, Hao W, Wang X, Peng W, et al. (2007) Smad7 gene transfer

inhibits peritoneal fibrosis. Kidney Int 72: 1336–1344.

30. Yew TL, Hung YT, Li HY, Chen HW, Chen LL, et al. (2011) Enhancement of

wound healing by human multipotent stromal cell conditioned medium: the

paracrine factors and p38 MAPK activation. Cell Transplant 20: 693–706.

31. Savani RC, Wang C, Yang B, Zhang S, Kinsella MG, et al. (1995) Migration of

bovine aortic smooth muscle cells after wounding injury. The role of hyaluronan

and RHAMM. J Clin Invest 95: 1158–1168.

32. Zangi L, Margalit R, Reich-Zeliger S, Bachar-Lustig E, Beilhack A, et al. (2009)

Direct imaging of immune rejection and memory induction by allogeneic

mesenchymal stromal cells. Stem Cells 27: 2865–2874.

33. Segura T, Schmokel H, Hubbell JA (2007) RNA interference targeting hypoxia

inducible factor 1alpha reduces post-operative adhesions in rats. J Surg Res 141:

162–170.

34. Kamel RM (2010) Prevention of postoperative peritoneal adhesions. Eur J Obstet

Gynecol Reprod Biol 150: 111–118.

35. Cahill RA, Redmond HP (2008) Cytokine orchestration in post-operative

peritoneal adhesion formation. World J Gastroenterol 14: 4861–4866.

36. Gnecchi M, He H, Melo LG, Noiseaux N, Morello F, et al. (2009) Early

beneficial effects of bone marrow-derived mesenchymal stem cells overexpres-

sing Akt on cardiac metabolism after myocardial infarction. Stem Cells 27: 971–

979.

37. Lee RH, Pulin AA, Seo MJ, Kota DJ, Ylostalo J, et al. (2009) Intravenous

hMSCs improve myocardial infarction in mice because cells embolized in lung

are activated to secrete the anti-inflammatory protein TSG-6. Cell Stem Cell 5:

54–63.

38. Fischer UM, Harting MT, Jimenez F, Monzon-Posadas WO, Xue H, et al.

(2009) Pulmonary passage is a major obstacle for intravenous stem cell delivery:

the pulmonary first-pass effect. Stem Cells Dev 18: 683–692.

39. Lee RH, Seo MJ, Pulin AA, Gregory CA, Ylostalo J, et al. (2009) The CD34-like

protein PODXL and alpha6-integrin (CD49f) identify early progenitor MSCs

with increased clonogenicity and migration to infarcted heart in mice. Blood

113: 816–826.

40. Song H, Cha MJ, Song BW, Kim IK, Chang W, et al. (2010) Reactive oxygen

species inhibit adhesion of mesenchymal stem cells implanted into ischemic

myocardium via interference of focal adhesion complex. Stem Cells 28: 555–

563.

MSCs Reduce Peritoneal Injury by Secreting TSG-6

PLOS ONE | www.plosone.org 16 August 2012 | Volume 7 | Issue 8 | e43768



41. Bruno S, Grange C, Deregibus MC, Calogero RA, Saviozzi S, et al. (2009)

Mesenchymal stem cell-derived microvesicles protect against acute tubular

injury. J Am Soc Nephrol 20: 1053–1067.

42. Munoz JR, Stoutenger BR, Robinson AP, Spees JL, Prockop DJ (2005) Human

stem/progenitor cells from bone marrow promote neurogenesis of endogenous

neural stem cells in the hippocampus of mice. Proc Natl Acad Sci U S A 102:

18171–18176.

43. Takahashi M, Li TS, Suzuki R, Ito H, Mikamo A, et al. (2005) Cytokines

produced from bone marrow cells can contribute to functional improvement of

the infarcted heart by protecting cardiomyocytes against ischemic injury and

inducing therapeutic angiogenesis. Circulation 112: U321–U321.

44. Lozito TP, Tuan RS (2011) Mesenchymal stem cells inhibit both endogenous

and exogenous MMPs via secreted TIMPs. J Cell Physiol 226: 385–396.

45. Lesley J, Gal I, Mahoney DJ, Cordell MR, Rugg MS, et al. (2004) TSG-6

modulates the interaction between hyaluronan and cell surface CD44. J Biol

Chem 279: 25745–25754.

46. Szanto S, Bardos T, Gal I, Glant TT, Mikecz K (2004) Enhanced neutrophil

extravasation and rapid progression of proteoglycan-induced arthritis in TSG-6-
knockout mice. Arthritis Rheum 50: 3012–3022.

47. Hoshino A, Kawamura YI, Yasuhara M, Toyama-Sorimachi N, Yamamoto K,

et al. (2007) Inhibition of CCL1-CCR8 interaction prevents aggregation of
macrophages and development of peritoneal adhesions. J Immunol 178: 5296–

5304.
48. Mindrescu C, Le J, Wisniewski HG, Vilcek J (2005) Up-regulation of

cyclooxygenase-2 expression by TSG-6 protein in macrophage cell line.

Biochem Biophys Res Commun 330: 737–745.
49. Selbi W, Day AJ, Rugg MS, Fulop C, de la Motte CA, et al. (2006)

Overexpression of hyaluronan synthase 2 alters hyaluronan distribution and
function in proximal tubular epithelial cells. J Am Soc Nephrol 17: 1553–1567.

50. Evanko SP, Tammi MI, Tammi RH, Wight TN (2007) Hyaluronan-dependent
pericellular matrix. Adv Drug Deliv Rev 59: 1351–1365.

51. Al’Qteishat A, Gaffney J, Krupinski J, Rubio F, West D, et al. (2006) Changes in

hyaluronan production and metabolism following ischaemic stroke in man.
Brain 129: 2158–2176.

MSCs Reduce Peritoneal Injury by Secreting TSG-6

PLOS ONE | www.plosone.org 17 August 2012 | Volume 7 | Issue 8 | e43768


