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Abstract. The occurrence of pelvic floor dysfunctional 
disease (PFD) is closely related with elasticity, toughness, 
and functional changes of the connective tissue of the pelvic 
support tissue. Bone marrow mesenchymal stem cells (BMSCs) 
have been confirmed to have the capacity to differentiate into 
a variety of cell types such as osteoblasts, chondroblasts, 
adipocytes and fibroblasts. Therefore, BMSCs have the poten-
tial to improve the clinical outcomes for PFD. Peroxisome 
proliferator-activated receptor-γ (PPAR-γ), a ligand activated 
transcription factor, has acquired a great deal of attention as 
it is involved in the fibrosis and cell differentiation. However, 
how it is regulated during the process of the differentiation 
of BMSCs into fibroblasts remains to be defined. The present 
study investigated the underlying mechanisms of PPAR-γ 
effect of mechanical stretch on the differentiation of BMSCs 
induced by pelvic ligament fibroblasts. PPAR-γ expression was 
decreased during the differentiation of BMSCs into fibroblasts 
by co-cultured stretched fibroblasts. Addition of transforming 
growth factor-β1 (TGF-β1) reduced PPAR-γ expression and 
promoted the differentiation of BMSCs. With the employment 
of endogenous ligand, activation of PPAR-γ suppressed the 
BMSC differentiation. Similar effects were also observed 
with overexpression of PPAR-γ gene. In addition, decrease of 
PPAR-γ by the use of shRNA targeting rat PPAR-γ signifi-
cantly contributed to BMSC differentiation to fibroblasts. 
These results indicate that PPAR-γ negatively regulates the 
differentiation of BMSCs into fibroblasts.

Introduction

The incidence of pelvic floor dysfunctional disease (PFD) in 
aging population is increasing because of prolonged life span 
after menopause (1,2). Older women with PFD have various 
complications and it affects the quality of life significantly. 
The occurrence of PFD is closely related with elasticity, tough-
ness, and functional changes of the connective tissue of the 
pelvic support tissue (3). Normal pelvic structure support and 
function depend on the pelvic floor connective tissues. It has 
previously been stated that an alteration in the extracellular 
matrix proteins of the supporting ligament has been impli-
cated in the PFD (4).

Therapeutic use of mesenchymal stem cells (MSC) is 
one potential solution, which has already been employed in 
clinical trials, including the treatment of human myocardial 
infarction, osteogenesis imperfecta, and graft versus host 
disease (5). Historically, MSC were first isolated from bone 
marrow mesenchymal stem cells (BMSCs) (6) and bone 
marrow is the current gold standard tissue source for therapy. 
BMSCs come from the mesoderm with multilineage capacity 
potential and generate a variety of cell types (7), such as osteo-
blasts, adipocytes, myoblasts, chondrocytes and neurons (8). 
After injury, endogenous or exogenous BMSCs migrate into 
lesion for repair. Increasing studies reported that in the process 
of ligament injury repair, different pluripotent stem cells are 
released from bone marrow mesenchyme. These stem cells 
are similar to the surrounding ligament cells, move to and 
accumulate in the injury sites (9,10). Mesenchymal stem cells 
also display several anti-inflammatory properties, presenting 
the possibility for allogenic transplantation (11). However, the 
underlying regulatory mechanisms for triggering differentia-
tion are only partially understood.

A wound healing reaction is orchestrated by a variety of 
signals derived from endogenous soluble factors. It is widely 
accepted that transforming growth factor-β (TGF-β) is one of 
the most critical growth factors regulating cellular responses 
in the process of wound healing or tissue inflammation (12). 
TGF-β is known as a stimulator for extracellular matrix 
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proteins production in fibroblasts and mediates the response of 
fibroblasts to mechanical stress (13). With the employment of a 
co-culture system, our previous studies have demonstrated that 
mechanical stretch could indirectly promote the synthesis of 
TGF-β expression and increase expression of collagen I and II, 
elastin, LOX, and fibulin-5 during the process of BMSCs 
differentiation (14). It was also found that TGF-β1 and MAPK 
pathways are involved in the differentiation of BMSCs to pelvic 
ligament fibroblasts stimulated by mechanic stretch. However, 
it is still not clearly illustrated whether other molecules are 
implicated in this process and the underlying mechanisms.

Peroxisome proliferator-activated receptors (PPARs) 
are ligand-activated transcription factors belonging to the 
nuclear hormone receptor superfamily. PPARs consist of three 
members: PPAR-α, -β or -γ, which are involved in modula-
tion of metabolism, immune responses and cell proliferation, 
i.e., fibrogenic reaction or cell proliferation during wound 
healing (15,16). It is well known that PPAR-γ is mainly 
related to regulation of adipocyte differentiation and fatty-
acid uptake and storage (17-20). Previous studies showed that 
thiazolidinedione, one of PPAR-γ synthetic agonists, benefits 
patients with diabetes type II (21,22). In addition, PPAR-γ was 
found to possess a new action in fibrosis through activation of 
PPAR-γ then reduce fibrosis in several organs, such as heart 
and lung (23). Furthermore, PPAR-γ has been reported to 
participate in the differentiation of fibroblast (24,25). However, 
the underlying mechanisms and whether PPAR-γ is involved 
in the regulation of BMSCs differentiation into ligament fibro-
blasts are still unclear.

Therefore, the present study explored the effects of PPAR-γ 
in BMSC differentiation to ligament fibroblasts. Our data 
showed that PPAR-γ expression was significantly decreased 
in ligament fibroblasts and in the differentiation of BMSCs 
to fibroblasts induced by cyclic mechanical stretch in vitro. 
Additionally, downregulation of PPAR-γ by shRNA contributed 
to the differentiation of BMSCs. Furthermore, upregulation of 
PPAR-γ by natural ligand and PPAR-γ overexpression plas-
mids attenuated BMSCs differentiation to fibroblasts in vitro. 
The present study suggests that PPAR-γ negatively regulates 
the differentiation of BMSCs in a co-culture system. This will 
help us to further understand the differentiation potential of 
BMSCs and characteristics in order to develop a new therapy 
for pelvic organ prolapse (POP) .

Materials and methods

Experimental animals. Sprague-Dawley (SD) rats were 
purchased from Experimental Animal Center of Fourth 
Military Medical University (Xi'an, China). All studies were 
conducted in accordance with the standards of humane animal 
care described in the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals, using protocols 
approved by Zhengzhou University Institutional Animal Care 
and Research Advisory Committee.

Viral production and purification. The lentiviral vector 
encoding PPAR-γ shRNA or control shRNA lentiviral parti-
cles was generated by co-transfection of 293T cells with the 
PPAR-γ-shRNA plasmid vector (sc-156077-V) or the control 
shRNA Lentiviral Particles (sc-108080) (both from Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA, USA). Cell debris 
was removed through 0.22 µm filtration and concentrated 
by ultracentrifuge at 17,000 rpm, 4˚C, for 1 h. The bottom 
pellets containing the lentiviral vector were re-suspended with 
DMEM medium and diluted to the concentration at 1x108 
TCID50/ml. The titer was determined by the measurement of 
the cytosolic p24 protein, 1 pg of p24 reading was assigned 
as 10 tissue culture infective dosage (TCID50) for freshly 
isolated lentiviral vectors.

Rat BMSC preparation. Isolation, culture and passage of rat 
BMSCs from 7-day old SD rats were prepared as previously 
described (14). Briefly, under sterile conditions, syringe was 
used to rinse out bone marrow. Then the bone marrow cells 
were isolated with pre-filled Percoll separation medium. The 
interface layer of mononuclear cells was flushed two times 
with cold phosphate-buffered saline (PBS) and maintained in 
LG-DMEM. These primary cells were subcultured at 80-90% 
confluence. BMSCs are characterized by the phenotypes as 
positive for CD44 and CD90, but negative for CD34 and CD45 
in flow cytometry analysis. BMSCs of passage 3 to passage 5 
were used in the experiments.

Rat pelvic ligament fibroblasts and fibroblast traction injury 
model. Rat pelvic ligament fibroblasts were prepared as 
described and maintained in growth medium. The medium 
was replaced with fresh medium every other day and the fourth 
passage of fibroblasts cells was collected for immunohisto-
chemistry staining. Passage 3 fibroblasts (3x105/membrane) 
were seeded onto gelatin-coated silicone membrane and 
cultured for 24 h. Then 10% of the load transformation was 
exerted on cells with 1 Hz horizontal stretch stimulation for 
different duration under 5% CO2 and 37˚C conditions. Cells 
were fixed in paraformaldehyde, and then stained with DAPI 
(5 µg/ml). Cell morphology was examined under a confocal 
microscope (Olympus, Tokyo, Japan). BMSCs were seeded 
into lower chamber while ligament fibroblasts in the upper 
chamber of 6-well plate. After indirect co-culture for different 
duration or other treatments, cells were collected for real-time 
RT-PCR and western blot assay.

Lentiviral transfection of SD rat BMSCs. Confluent BMSCs 
(70-80%) of passage 3-5 were collected after digestion and 
were centrifuged at 168 x g for 5 min. Then the cell pellet 
was re-suspended and were seeded into a 6-well plate at a 
density of 1x105 cells/well for overnight incubation. Followed 
by replacement with 1 ml of freshly prepared BMSC complete 
medium, the cells were then transfected with lentivirus, respec-
tively. Eight hours after the transduction, the BMSC complete 
medium was replaced and transduction was continued for 
different duration. After treatment, cells were collected to 
perform real-time RT-PCR and western blot analysis.

TGF-β1 enzyme-linked immunosorbent assay (ELISA). All 
samples were analyzed for TGF-β1 by using a commercially 
available ELISA kit (R&D Systems, Minneapolis, MN, USA). 
Representative samples were tested for the presence of active 
TGF-β1, but the concentration was under the detection limit 
of the assay. Accordingly, all samples were activated by 
acidification to separate TGF-β1 from its binding proteins, 
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allowing for measurement of total TGF-β1. For activation of 
samples containing fetal bovine serum (FBS), 2.5 M acetic 
acid-10 M urea were used, and 1 M HCl was used for micro-
dialysis samples (as recommended by the supplier). Activated 
samples were neutralized by use of 2.7 M NaOH-1 M HEPES 
for samples with FBS and 1.2 M NaOH-0.5 M HEPES for 
microdialysis (as recommended by the supplier). Samples were 
loaded on ELISA plates immediately after neutralization. All 
samples were measured in duplicate, and samples obtained 
from each subject were measured in the same assay.

Immunofluorescence and high content screening. BMSCs with 
or without treatments were fixed in 4% paraformaldehyde for 
30 min. Then cells were rinsed twice with PBS, incubated 
with 0.5% Triton X-100 at room temperature for 15 min, 
blocked with 2% BSA for 1 h, and incubated overnight with 
primary antibodies to collagen I (1:200), collagen III (1:200) 
and PPAR-γ (1:250) (all from Santa Cruz Biotechnology, Inc.), 
followed by secondary antibody conjugated with Cy3 (1:500; 
Abcam, Shanghai, China) for 1 h. These cells were stained 
with 10 µg/ml DAPI for 5 min. For negative controls, cells were 
stained with the same process. The plates were imaged on a 
Thermo Scientific Cell Insight personal cell imaging (PCI) plat-
form (Cellomics; Thermo Fisher Scientific Inc., Waltham, MA, 
USA) using the Thermo Scientific Cellomics iDEV software. 
High content analysis was performed as described previously. 
Briefly, 3,000 cells in 36 fields were automatically examined 
by the software. The fluorescence intensity was analyzed using 
Cellomics Cell Health Profiling BioApplication software.

Real-time PCR. Quantitative RT-PCR was carried out 
using real-time PCR with the SYBR Green reporter. RNA 
was isolated using TRIzol RNA extraction kit. OD260 nm 
was used to determine RNA yield. RNA was subsequently 
reverse transcribed to cDNA. Three-stage program param-
eters were provided by the manufacturer as follows: 2 min 
at 94˚C, 30 sec at 60˚C, and 60 sec at 55˚C, then 45 cycles 
total. Specificity of the produced amplification product was 
confirmed by examination of dissociation reaction plots. 
Each sample was tested in triplicate, and samples obtained 
from three independent experiments were used for analysis of 
relative gene expression. The following primers for real-time 
PCR were designed by Takara Co. (Dalian, China): rat 
PPAR-γ, forward, 5'-CATTTTTCAAGGGTGCCAGT-3' and 
reverse, 3'-GAGGCCAGCATGGTGTAGAT-5'; rat glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH), forward, 
5'-CCTTCCGTGTTCCTACCC-3' and reverse, 5'-CAA 
CCTGGTCCTCAGTGTAG-3'.

Western blot assay. Protein was extracted in 200 µl RIPA 
lysis buffer. Equal amounts of proteins were loaded on 
10% Tris-glycine gels after being denatured. The proteins 
were then transferred to PVDF membranes. The membranes 
were blocked with 5% milk in PBS-T (0.1% Tween-20), 
followed by incubation with primary antibodies against 
PPAR-γ and GAPDH at 4˚C overnight. The membranes were 
washed with PBS-T and incubated for 1 h at room temperature 
with horseradish peroxidase-conjugated secondary antibodies. 
Following washing, the specific proteins were detected using a 
chemiluminescent protein detection kit. Each experiment was 

repeated in triplicate. GAPDH was used as the internal control. 
The densities of the bands were analyzed using Quantity One 
(Bio-Rad, Hercules, CA, USA).

Statistical analysis. Data were presented as mean ± SD. 
Statistical significance was analyzed by one-way ANOVA 
using the GraphPad Presim 6.0 software. A value of P<0.05 
was considered significant.

Results

PPAR-γ is downregulated in rat ligament fibroblasts and 
BMSCs after mechanical stretch. Recent studies report that 
PPAR-γ expression is decreased in fibroblasts in in vitro and 
in vivo studies (26,27). In order to examine PPAR-γ expres-
sion in fibroblasts and BMSCs after direct mechanical stretch, 
a custom-made mechanical device was used to apply cyclic 
uniaxial strains to fibroblasts and BMSCs. Our previous study 
reported that the expression of collagen type I and III, main 
ECM proteins, were increased in a dose-dependent manner in 
both fibroblasts and BMSCs (28). In addition, a similar and 
significant increase was found in the protein levels of TGF-β1 in 
fibroblasts (Fig. 1A) and BMSCs (Fig. 1B), key growth factors 
contributing to BMSC differentiation into vascular smooth 
muscle cells (29), ligament or tendon fibroblast cells (30). These 
findings of increased TGF-β1 and ECM proteins were consis-
tent with other studies (31,32). Furthermore, our results showed 
that PPAR-γ mRNA and protein expression were significantly 
reduced by mechanical stretch compared with their control 
groups, respectively (Fig. 1C-F). The expression of PPAR-γ 
was reduced in fibroblast due to mechanical stretch (33,34). 
Also, the mechanical stretch could inhibit adipocyte differen-
tiation (35,36). Therefore, these results indicated that PPAR-γ 
may play an essential role in the effects of mechanical forces 
on BMSC differentiation to ligament fibroblasts.

PPAR-γ expression reduced by indirect co-culture system with 
mechanical stretching. The above preliminary data displayed 
that mechanical stress significantly and directly reduced 
PPAR-γ expression in BMSCs with a time-dependent manner. 
However, whether indirect co-culture system with mechani-
cally stretched ligament fibroblasts can regulate PPAR-γ 
expression in the BMSCs is uncertain. Therefore, in the present 
study, indirect co-culture system was employed to determine 
the PPAR-γ expression in BMSCs induced by stretched 
fibroblasts. With the use of indirect co-culture system, an 
approximate 26% decrease of PPAR-γ mRNA level in BMSCs 
was acquired after 3 days of co-culture with mechanical 
stretched fibroblasts, a 37% decrease after co-culture for 
6 days, and a 68% decrease after 12 days as compared with the 
time-point day 0 (Fig. 2A). The data indicate that co-culture 
with mechanically stretched fibroblasts reduced the PPAR-γ 
expression level in a time-dependent manner. In accordance, 
immune-fluorescence staining showed that PPAR-γ staining 
degree was weakened in BMSCs after mechanical stimulation 
for 12 days compared to BMSCs of control group (Fig. 2B).

PPAR-γ has negative correlation with collagen type I and 
III. Increased levels of collagen I and III are indicators 
of BMSCs differentiation to fibroblasts, because they are 
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Figure 1. The effect of direct stretch on peroxisome proliferator-activated receptor-γ (PPAR-γ) and transforming growth factor-β1 (TGF-β1) expression in 
fibroblasts and bone marrow mesenchymal stem cells (BMSCs). fibroblasts and BMSCs were cyclically stretched under 10% stretching at 1 Hz for 24 h. The 
supernatant from fibroblasts and BMSCs were collected and tested. (A and B) TGF-β1 ELISA analysis of TGF-β1 in fibroblasts and BMSCs. (C and D) PPAR-γ 
mRNA expression in fibroblasts and BMSCs. (E and F) PPAR-γ expression at protein level in fibroblasts and BMSCs as compared with control groups. *P<0.05 
compared with control group.

Figure 2. Time course of induction of peroxisome proliferator-activated receptor-γ (PPAR-γ) expression in bone marrow mesenchymal stem cells (BMSCs) 
co-cultured with ligament fibroblasts under 10% stretching at 1 Hz. (A) BMSCs were co-cultured with ligament fibroblasts which were subjected to mechanical 
stretch for 0, 3, 6 and 12 days. Total RNA was collected for real-time PCR. *P<0.05 compared with day 0. (B) Immunofluorescence of PPAR-γ in BMSCs after 
co-culture with ligament fibroblasts without mechanical stretch (control, left), or with mechanical stretch for 12 days (right).
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usually described as the common characteristics of ligament 
fibroblasts (37). Given that PPAR-γ had negative correlation 
with these collagen type I and III, we then explored the func-
tion of PPAR-γ in the differentiation of BMSCs. Here, we 
employed immunostaining to examine PPAR-γ expression in 
the process of BMSC differentiation to ligament fibroblasts. 
The results of immunofluorescence staining showed that the 
degree of PPAR-γ staining was much weaker in the BMSC 
differentiation induced by TGF-β1 only as compared with 
control group (Fig. 3A). Furthermore, the PPAR-γ mRNA level 
was dramatically reduced during differentiation process acti-
vated by TGF-β1 in a dose-dependent manner (Fig. 3B). The 
protein expression of PPAR-γ was also decreased (Fig. 3C). 
Additionally, the data showed that there were negative relation-
ships between PPAR-γ mRNA expression and collagen I or III 
in BMSCs (Fig. 3D and E). These findings uncover the roles of 
PPAR-γ in the differentiation of BMSCs to ligament fibroblasts.

Synergistic effects of TGF-β1 and indirect co-culture with 
mechanically stretched fibroblasts on PPAR-γ expression. 
To study whether growth factor and co-culture with strained 
fibroblasts are synergistic, we investigated their effects on the 
PPAR-γ mRNA expression in BMSCs. TGF-β1 is a paracrine 
growth factor-mediating cell response to mechanical strain. 
This factor then downregulates PPAR-γ mRNA expres-
sion in fibroblasts (38). Our above data showed that direct 
mechanical stretch significantly increased TGF-β1 expres-
sion in fibroblasts and BMSCs (Fig. 1A and B). Therefore, 
we hypothesized that mechanical stretch signal indirectly 
reduced PPAR-γ expression in BMSCs mediated via TGF-β1, 
released from strained fibroblasts an addition of exogenous 
factor should synergistically increase the effects of mechan-
ical stretch on the PPAR-γ expression. As shown in Fig. 4A, 
without addition of TGF-β1, the expression level of PPAR-γ 

was reduced by indirect mechanical stimulation to ~63% less 
than control group. As shown in the above (Fig. 4A), addition 
of TGF-β1 at 5 ng/ml significantly decreased PPAR-γ expres-
sion levels as compared to those without TGF-β1 treatment. 
With the application of indirect mechanical stretch, an extra 
PPAR-γ expression level decrease was acquired after addition 
of TGF-β1 (Fig. 4B). These results indicated that the effect of 
growth factor and indirect co-culture with strained fibroblasts 
appeared to be synergistic on the induction of PPAR-γ expres-
sion in BMSCs.

PPAR-γ negatively modulates the differentiation of BMSCs 
toward fibroblasts induced by indirect cocultred with stretched 
fibroblasts. Upregulation of collagen I and III is an essential 
characteristic during BMSC differentiation to fibroblasts. 
Therefore, to further seek the characteristic effects of PPAR-γ 
on the expression of collagen I and III in BMSC differentiation, 
we employed endogenous ligand (15d-PGJ2) and PPAR-γ over-
expression plasmids. As showed in Fig. 5A and B, endogenous 
ligand and overexpression plasmids were able to attenuate the 
increases of collagen I and III mRNA expression in BMSCs 
treated with indirect mechanical stretch. Transfection of 
BMSCs with PPAR-γ shRNA decreased the mRNA expression 
of PPAR-γ around 75% (Fig. 5F). Furthermore, western blot 
analysis showed that PPAR-γ protein was also significantly 
reduced (Fig. 5G). The real-time PCR showed that PPAR-γ 
shRNA increased collagen I and III mRNA expression as 
compared with scrambled control plasmids (Fig. 5H and I).

To further confirm the effects of PPAR-γ in BMSC 
differentiation, we employed immunohistochemistry staining 
for collagen I and III to determine morphological changes in 
BMSCs. As shown in Fig. 5E, the BMSCs without treatment 
displayed very weak expression of collagen I and III. Indirect 
mechanical stretch treatment stimulated formation of thick 

Figure 3. Peroxisome proliferator-activated receptor-γ (PPAR-γ) is involved in the differentiation of bone marrow mesenchymal stem cells (BMSCs) to 
ligament fibroblasts. (A) Immunofluorescence of PPAR-γ in BMSCs without addition of transforming growth factor-β1 (TGF-β1)(-) and with addition of 
TGF-β1(+). (B) PPAR-γ mRNA expression in BMSCs induced by TGF-β1 in a dose-dependent manner. (C) PPAR-γ protein expression in BMSCs after addition 
of TGF-β1 at 5 ng/ml. Correlations between PPAR-γ mRNA expression and (D) collagen I or (E) collagen III. *P<0.05 compared with control group.
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Figure 4. Synergistic effect of growth factor transforming growth factor-β1 (TGF-β1) with indirect mechanical stretch on the peroxisome proliferator-activated 
receptor-γ (PPAR-γ) mRNA expression. In two separate experiments, bone marrow mesenchymal stem cells (BMSCs) were incubated without or with TGF-β1 
at 5 ng/ml. These cells were also co-cultured with ligament fibroblasts subject to stretch or no stretch as control. Cells were collected and subjected to 
(A) real-time PCR and (B) western blotting as shown above. *P<0.05 compared with control group.

Figure 5. Peroxisome proliferator-activated receptor-γ (PPAR-γ) negatively regulates collagen I and collagen III expression in bone marrow mesenchymal stem 
cells (BMSCs). BMSCs were incubated with 15d-PGJ2 at 6 µmol/l, or transfected with PPAR-γ overexpression plasmids, then these cells were co-cultured with 
ligament fibroblasts with stretch or without stretch as control. Collagen I and collagen III were subjected to (A and B) real-time PCR, (C and D) high content 
screening and (E) immunofluorescence.
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bundles of actin filaments and dramatically increased the 
expression of collagen I and III in BMSCs. However, treatment 
with ligand of PPAR-γ and overexpression plasmid markedly 
attenuated collagen I and III expression in BMSCs induced 
after exposure to indirect mechanical stretch. In addition, our 
immunostaining assay showed that treatment with 15d-PGJ2 
and PPAR-γ expression plasmids reduced ECM protein levels 
of collagen I (Fig. 5C) and collagen III (Fig. 5D) in differenti-
ated BMSCs triggered by mechanical forces.

Discussion

PFD is a distressing morbidity that affects the quality of 
women's life in developed and developing countries (39). 
Pelvic organ support is maintained by complex interactions 
between levator ani muscles and connective tissues of the 
urethra, vaginal wall and rectum. Major ani muscle defects is a 
key factor of POP (40). In the past decade, the field of stem cell 
biology has undergone a remarkable evolution. Stem cells have 
a great potential to develop into many different specialized 
cells in the body. There is increasing evidence suggesting that 
BMSCs can be used as a new revolutionary cell-based therapy 
to repair ligament, tendon and cartilage (41).

Differentiation of BMSCs toward fibroblasts is an essential 
event for ligament tissue engineering. Our previous study reported 

that the BMSCs with positive expression of CD90 and CD44 
differentiate towards fibroblast triggered by indirect co-culture 
with stretched ligament fibroblasts. Indirect mechanical stretch also 
changes cell morphology and stimulates expression of collagen I 
and II, elastin, Lox and fibulin-5 in BMSCs (42). However, 
further studies needed to be performed to explore the underlying 
mechanisms. In the present study, we explored the potential role of 
PPAR-γ in the differentiation of primary rat BMSCs to fibroblasts. 
We found PPAR-γ negatively regulated BMSC differentiation 
toward fibroblasts. It has been reported that expression of PPAR-γ 
was reduced in fibroblasts (33). Differentiation of BMSCs was 
accompanied by the decrease of PPAR-γ expression. Activated 
PPAR-γ by specific ligands were able to attenuate BMSC differ-
entiation in vitro. These results critically revealed a mechanism 
underlying differentiation of BMSCs toward fibroblasts.

There is accumulating evidence demonstrating that 
PPAR-γ expression was significantly decreased in the fibro-
blasts during the formation of fibrosis (43). However, activation 
of PPAR-γ has the capacity to reduce the fibrosis (43). In this 
study, the expression levels of PPAR-γ were dramatically 
reduced in BMSCs during differentiation to fibroblasts, similar 
to the report that PPAR-γ expression was downregulated in 
the differentiation of bone marrow-derived mesenchymal stem 
cells into myofibroblasts (34). Additionally, the relationships 
between the mRNA expression level of PPAR-γ and other 

Figure 5. Continued. After transfected with PPAR-γ shRNA and/or indirect stretch, BMSCs were collected for determination of (F and G) PPAR-γ expression, 
(H and I) collagen I and collagen III mRNA expression. *P<0.05 compared with control group; #P<0.05 compared with stretched co-cultured group.
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ECM proteins, such as collagen I and III, were negative, which 
are similar to a report by other researchers (44). Furthermore, 
PPAR-γ was negatively regulated by TGF-β1, which can 
mediate fibrosis (45). These results indicate that PPAR-γ may 
play an important role in BMSC differentiation to fibroblasts.

Previous studies reported that PPAR-γ was significantly 
decreased in the differentiation of various fibroblasts (38). In the 
present study, the expression level of PPAR-γ was significantly 
downregulated in BMSC differentiation toward fibroblasts 
induced by TGF-β1 only and indirect co-culture with strained 
fibroblasts. In addition, the downregulation of PPAR-γ by 
specific shRNA had the capacity of promoting the differen-
tiation of BMSCs. BMSCs retain their growth potential and 
multipotency to differentiate toward a variety of mesenchymal 
cells, such as fibroblasts and adipocytes (46). Therefore, it was 
hypothesized that in our study the downregulated expression of 
PPAR-γ related to fat-formation may contribute to the differ-
entiation of BMSCs to fibroblasts because of the decreased 
potential to differentiate to adipocytes. Previous study reported 
that PPAR-γ expression could be decreased by TGF-β1 via smad 
binding with the PPAR-γ gene promoter to reduce the promoter 
activity of PPAR-γ gene or through increasing the binding of 
histone deacetylase 1 (HDAC1) and decreasing the levels of 
acetylated histone3 (AcH3) at the PPAR-γ promoter (25,38). 
However, the detailed underlying mechanisms of PPAR-γ 
expression involved in the BMSC differentiation to fibroblasts 
is still unclear and should be explored in further study.

The effects of PPAR-γ require prior activation by ligands. In 
this study, our data showed that natural endogenous ligand of 
PPAR-γ was able to inhibit BMSC differentiation to fibroblasts 
induced by TGF-β1 and indirect co-culture in vitro. Moreover, 
this natural ligand also attenuate expression of collagen type I 
and III. Therefore, these results evidently support that PPAR-γ 
is significantly downregulated in the process of BMSC differen-
tiation to fibroblasts. Our previous result indicated that TGF-β1 
and MAPK/ERK pathway participates in the differentiation of 
BMSCs to fibroblasts. In the present study, PPAR-γ negatively 
regulates BMSC differentiation to fibroblasts. There are several 
studies demonstrating that PPAR-γ is involved in TGF-β1/
Smad and MAPK signaling pathway (47-49). Recent studies 
have reported that the PPAR-γ agonist was able to activate 
PPAR-γ to regulate ECM protein expression through targeting 
the TGF-β1/Smad3 and MAPK signaling pathways (49,50). 
Therefore, the PPAR-γ, TGF-β1/Smad and MAPK signaling 
pathways may play important roles in transcriptional regulation 
of collagen and expression of other ECM proteins in the process 
of BMSC differentiation to fibroblasts.

In conclusion, our results demonstrate that PPAR-γ nega-
tively regulate differentiation of BMSC to fibroblasts in vitro. 
Downregulation of PPAR-γ expression occurs in the differentia-
tion of BMSCs to fibroblasts, and increase of PPAR-γ by agonists 
restrains BMSC differentiation in vitro. However, this study suggests 
investigation of these molecular mechanisms underlying the effects 
of PPAR-γ on BMSC differentiation to fibroblasts are warranted.
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