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Abstract
Bone’s adaptability to loading depends upon the process of bone remodeling. This   adaptive mechanism is restricted in post-
menopausal osteoporosis. Differentiation of mesenchymal stem cells (MSCs) is crucial to bone remodeling and regeneration. 
It is well accepted that mechanical loading influences the fate of MSC differentiation. The aim of this study was to explore the 
possible restricted mechanism in osteoporotic condition, through investigating response of MSCs from both sham-operated 
and ovariectomized rats. MSCs were exposed to estrogen and mechanical strain (2%, 1Hz, 6h/day) for 3 days. Osteogenic 
differentiation and β-catenin protein in MSCs were examined. Exposure to estrogen and mechanical strain alone enhanced 
expression of Runx2 (Cbfα1), type I collagen (ColI) and activated β-catenin protein in MSCs from both sham-operated and 
OVX rats. MSCs from both sham-operated and OVX rats stimulated with both mechanical strain and estrogen had higher 
expression of osteogenic genes and activated β-catenin protein than these cells exposed to estrogen and mechanical strain 
alone. Osteoporotic MSCs had lower expression of osteogenic genes and protein in the absence and presence of stimulation 
than did MSCs from sham-operated rats. Cumulatively, our results indicate that mechanical strain and estrogen in vitro en-
hance osteogenic potential and activation of β-catenin in MSCs from both sham-operated and OVX rats. Estrogen augments 
strain-induced osteogenic potential and activity of β-catenin in MSCs. 
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INTRODUCTION

Mesenchymal stem cells (MSCs) are capable of diffe-
rentiating into specialized cell lineages, such as osteo-
blasts, adipocytes and chondrocytes (19). Normally, the 
process of bone remodeling depends upon communication 
between osteoblasts and osteoclasts, including bone for-
mation and bone resorption (17). Osteoblasts, which are 
derived from mesenchymal stem cells in bone marrow, 
contribute to build and repair bone (1). Therefore, osteoge-
nic differentiation of MSCs influences balance of bone 
formation and bone resorption. Postmenopausal osteo-
porosis is characterized by increase in bone loss and risk 
of fracture due to imbalance between bone formation and 
resorption. Our previous studies and other reports demons-
trated that bone marrow adipocity increase, and osteogenic 
potential of osteoporotic MSCs decrease in osteoporotic 
condition (12, 13, 22). In vitro, estrogen augments expres-
sion of osteogenic genes for Runx2 (Cbfα1), ALP, type I 
collagen (ColI) and osteocalcin (OCN) in MSCs (4, 7, 29). 
So, the fate of MSCs is critical to recover from postmeno-
pausal osteoporosis.

Mechanical signals play an important role in bone 
growth, remodeling and healing (18, 26). There is increa-
sing attention that mechanical strain controls differentia-
tion of MSCs, which influences bone regenerative poten-
tial. For example, mechanical strain influences osteoblas-
togenesis of MSCs by up-regulation of transcription factor 
Runx2, osteoblast genes and growth factors in MSCs (8, 
20). These suggest that mechanical strain favors increasing 
osteoblastogenesis of MSCs. It may be that osteogenic po-
tential of MSCs links with restricted mechanism of adap-
tation to loading in osteoporotic condition. However, few 

studies have been focused attention on MSCs response to 
mechanical strain associated with hormonal status. The 
mechanism of MSC differentiation response to mechanical 
strain in etiology of condition remained to be fully defined.            

Runx2, a member of Runt family of transcription factor, 
is essential for MSC differentiation towards osteoblasts. 
Type I collagen and osteocalcin not only are important 
bone matrix protein genes, also osteoblast special genes 
that distinguish from other cell types in differentiated pro-
cess (10, 16). β-catenin, a key node of classical Wnt signa-
ling pathway, plays an essential role in regulating osteo-
blastogenesis of MSCs in vivo. β-catenin translocates to 
nucleus, where it interacts with transcription factors and 
regulates downstream genes (15). In the present study, 
differentiation and activity of β-catenin were examined in 
MSCs from both sham-operated and OVX rats exposed 
to estrogen and mechanical strain. This study investigated 
that the effect of estrogen on strain-induction of osteoge-
nic potential of MSCs in rats. 

MATERIALS AND METHODS

Animal Models and Cell Culture    
Three-month-old female Sprague-Dawley rats unde-

rwent bilateral ovariectomy, and sham-operated animals 
(SHAM) underwent the same surgical procedures without 
excision of ovaries. After three months, ovariectomized 
rats (OVX) were induced osteoporotic condition. MSCs 
were isolated from sham-operated and OVX animals 
as described previously (25). Briefly, bone marrow was 
flushed from femur and tibia with Dulbecco’s Modified 
Eagle’s Medium-low glucose (phenol red-free DMEM-
LG; Gibco) and centrifuged at 720g for 10 minutes. Cells 
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were resuspended in DMEM-LG supplemented with 15% 
charcoal stripped fetal bovine serum (FBS; Biological In-
dustries), 2mM L-glutamine (Gibco), 100U/ml penicillin 
and 100 μg/ml streptomycin, then cultured at 37°C in a 
humidified 5%CO2 incubator. Non-adherent cells were 
removed by changing culture medium. Adherent cells 
reached 80% confluence and were harvested with 0.25% 
trypsin containing 0.02% EDTA, then subcultured into 
flask. The cells (P3-P4) were detected by flow cytometry, 
the results found that the cells were positive for CD90, 
CD44, CD29, and negative for CD31, CD45, CD11b. 
MSCs were exposed to 100 nM 17β-estradiol (Sigma-Al-
drich) and mechanical strain.  

Application of Mechanical Strain  
The cells were detached by treatment with trypsin, 

and seeded onto culture chambers at a density of 4×105/
well. These culture chambers with flexible silicon mem-
branes had been pre-coated with type I collagen. The cells 
were incubated with DMEM-LG containing 2% charcoal 
stripped fetal bovine serum for 24h, then MSCs were sub-
jected to 2% biaxial cyclic strain at rate of 1Hz for 3 days 
(6h/day). Unstrained cells (control) were maintained in 
chambers without strain. 

Assessment of Runx2, Type I Collagen, and Osteocalcin 
Expression by Quantitative Real Time PCR     

The mRNA expression of osteogenic genes for Runx2, 
type I collagen and osteocalcin was evaluated by Quantita-
tive real time PCR. Total cellular RNA was extracted from 
MSCs using Trizol ragent according to manufacturer’s 
instructions. Complementary (c) DNA was synthesized 
from RNA using reverse transcription kit (Bio-Rad, USA). 
The forward and reverse primers in this study are listed in 
Table1. The PCR was carried out in a total of 20μl reaction 
mixture contained 2μl of cDNA, 10μl SsoFast EvaGreen 
Supermix (Bio-Rad, USA), 1μl of each primer and 6μl of 
DEPC-treated water. PCR program was initiated by 95°C 
for 3min followed by 40 cycles of 15s at 95°C, 10s at 
primer-specific annealing, 72°C for 15s, and a melt curve 
analysis at 65°C-96°C. Samples were run in triplicate. The 
expression of GAPDH mRNA was used for normalization, 
and standardized on a dilution curve from cDNA samples.  

Western Blotting  
The cells were washed with ice cold PBS, and lysed in 

lysis buffer (150mM NaCl, 50mM Tris HCl, 0.5% sodium 
deoxycholate, 1% NP-40, 0.1% SDS and complete pro-
tease inhibitor tablets) for 30 min on ice. Samples were 

mRNA Forward primer Rever primer product size (bp)

GAPDH CAACTCCCTCAAGATTGTCAGCAA GGCATGGACTGTGGTCATGA 118

Runx2 GCCGGGAATGATGAGAACTA GGACCGTCCACTGTCACTTT 200

ColI TGCTGCCTTTTCTGTTCCTT AAGGTGCTGGGTAGGGAAGT 179

OCN AGCTCAACCCCAATTGTGAC AGCTGTGCCGTCCATACTTT 190

Table 1. Sequences of primers for real-time PCR.

Figure 1. Effect of Estrogen and mechanical strain on expression of osteogenic gene in MSCs. MSCs were stimulated with estrogen (E) and 
mechanical strain (S) for 3 days. The mRNA expression of Runx2 (A), ColI (B) and OCN (C) were detected by quantitative real-time PCR. Results 
were normalized to mRNA expression of GAPDH and analyzed by ANOVA (*, p< 0.01 vs.sham-operated control cells. #, p< 0.01 vs.OVX control 
cells. §, p< 0.01 vs.OVX+E. ▼, p< 0.01 vs.OVX+S. △, p< 0.01 vs.SHAM+E+S. ▲, p< 0.01 vs.OVX+E+S). 



1891

L. LI et al. / Role of Mechanical Strain and Estrogen in MSCs.

centrifugated at 12000g for 5min at 4°C. Protein (15μg) 
was electrophoresed and transferred to PVDF membrane. 
These membranes were blocked with freshly prepared 
TBS/T containing 5% nonfat dry milk. Then membranes 
were incubated with primary antibodies overnight at 4°C. 
The primary antibodies were including anti-active-β-
catenin (Millipore Corporation, Billerica, MA, USA), to-
tal β-catenin (Santa Cruz, USA) and β-actin (Santa Cruz, 
USA). The antibody used for active β-catenin was specific 
for active form β-catenin, dephosphorylated on Ser37 or 
Thr41. Membranes were washed with TBS/T, and incuba 
ted with secondary antibody conjugated with horseradish 
peroxidase for 1h at room temperature. Immunoreactive 
bands were visualized using ECL kit (Thermo Scientific, 
USA).

Statistical Analysis
All experiments were performed at a minimum of three 

times. Results are expressed as mean ± SEM. Statistical 
comparisons were performed using one-way ANOVA. A 
value of p < 0.05 was statistically considered significant.

RESULTS 

MSCs from OVX rats had lower expression of osteoge-
nic genes for Runx2, ColI than did MSCs from sham-
operated rats with or without estrogen stimulation (Fig. 
1). When MSCs from sham-operated rats were exposed 
to estrogen for three days, expression of Runx2 and ColI 
mRNA increased (50±5%, 155±13%, p˂0.01). Estrogen 
also significantly increased expression of Runx2 and ColI 
mRNA in MSCs from OVX rats (144±19%, 159±15%, 
p˂0.01) compared with OVX control. No effects on OCN 
mRNA level were observed with estrogen treatment for 
three days (Fig. 1C).      

To examine the role of mechanical strain in MSC dif-
ferentiation, MSCs from both sham-operated and OVX 
rats were subject to mechanical strain for three days (Fig. 
1). The levels of Runx2 and ColI mRNA in MSCs from 
sham-operated rats were induced up-regulation by mecha-
nical strain in comparison to corresponding control cells 
(62±11%, 173±9%, p˂0.01). The level of Runx2 and ColI 
mRNA also increased in MSCs from OVX rats exposure 
to mechanical strain (89±6%, 142±18%, p˂0.01), which 

were still significantly lower than did MSCs from sham-
operated rats. There was a lack of significant effect of 
mechanical strain on OCN level in MSCs from both sham-
operated and OVX rats.      

To further know the effect of estrogen on response of 
MSCs to mechanical strain, MSCs from sham-operated 
and OVX rats were exposed to estrogen and mechanical 
strain in combination for 3 days. Shown in Figure 1, ex-
pression of Runx2 and ColI mRNA were higher in these 
cells, as compared with those which were exposed to es-
trogen and mechanical strain alone.        

After OVX, expression of activated β-catenin in osteo-
porotic MSCs was significantly declined (Fig. 2), as com-
pared with MSCs from sham-operated control rats. After 
the end of exposure to estrogen, expression of activated 
β-catenin protein in MSCs from both sham-operated and 
OVX rats significant increased compared with correspon-
ding control (41±2%, 60±4%, p˂0.01). Similarly, these 
results indicated that activated β-catenin protein signi-
ficantly increase following mechanical strain in MSCs 
from both sham-operated and OVX rats (42±3%, 79±3%, 
p˂0.01). Combined induction of activated β-catenin pro-
tein was higher than that of MSCs exposure to estrogen 
and mechanical strain alone. However, expression of ac-
tivated β-catenin protein in osteoporotic MSCs was still 
lower than that of MSCs from sham-operated rats in the 
presence of stimulation.

DISCUSSION

After OVX, levels of Runx2 and ColI mRNA in MSCs 
were significantly decreased in this study. Estrogen stimu-
lation resulted in increasing levels of osteogenic genes in 
MSCs obtained from both sham-operated and OVX rats. 
Runx2 is a critical transcription factor in osteoblastogene-
sis. Deletion of Runx2 gene in MSCs inhibits differentia-
tion into osteoblasts, and maintains potential to adipogene-
sis and chondrogenesis (9). Runx2 influences expression 
or promoters activity of major bone matrix protein genes 
including type I collagen and osteocalcin (10, 11). OCN, 
which is secreted in the late stage of osteoblast differen-
tiation, remained constant in this study. The increase in 
expression of Runx2 and type I collagen supported the 
evidence for differentiation towards osteoblast phenotype. 
In agreement with previous reports, estrogen deficiency 
decrease osteogenic potential of MSCs, and estrogen in-
fluence osteogenic potential of MSCs in vitro and vivo (4, 
29).      

    Expression of activated β-catenin protein in MSCs from 
OVX rats was lower than that of MSCs from sham-opera-
ted rats, which was similar to osteogenic genes expression. 
β-catenin play a critical role in osteoblast lineage differen-
tiation. β-catenin invalidation in mesenchymal progenitor 
cells completely inhibits differentiation towards osteo-
blasts, maintains potential to differentiation into chondro-
cytes (6). The activated of β-catenin inhibits adipogenesis 
by reducing expression of adipogenic transcription factors 
(23). In addition to bind to LEF/TCF transcription factors 
to regulate expression and promoter activity of Runx2 (5), 
β-catenin interacts with BMP2 to promote osteogenic dif-
ferentiation (14). Expression of activated β-catenin protein 
increased in MSCs obtained from both sham-operated and 
OVX rats after estrogen stimulation, whereas osteoporo-
tic MSCs had a lower level of activated β-catenin pro-

Figure 2. Effect of Estrogen and mechanical strain on activity of 
β-catenin in MSCs. β-catenin was examined by western blot. (*, p< 0.01 
vs.sham-operated control cells. #, p< 0.01 vs.OVX control cells. §, p< 
0.01 vs.OVX+E. ▼, p< 0.01 vs.OVX+S. △, p< 0.01 vs.SHAM+E+S. 
▲, p< 0.01 vs.OVX+E+S).
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tein compared with MSCs from sham-operated rats. Our 
results further indicate that estrogen promotes MSCs in 
commitment to osteogenic lineage. The effect of estrogen 
on β-catenin coincided with that of Runx2, suggesting that 
effect of estrogen on β-catenin may play an important role 
in osteogenic differentiation of MSCs. Shuanhu Zhou (29) 
found that TGF-β1 and BMP-2 expression was reduced 
in OVX animal. Most growth factors, including TGF-β1 
and BMP-2, take part in controlling osteoblastogenesis by 
modulating osteoblastic transcription factors expression 
or activity (11). These suggest that estrogen depreviation 
decreased the potential of MSCs to differentiation into os-
teoblast at the level of the regulating element.

To investigate the effect of mechanical strain on MSCs, 
we quantified expression of osteogenic genes in MSCs 
from sham-operated and OVX rats. Our results showed 
that mechanical strain augmented expression of Runx2 
and ColI mRNA in MSCs. Previous studies also show that 
mechanical strain modulates osteogenic differentiation of 
MSCs (8, 18). Osteoporotic MSCs stimulated with mecha-
nical strain had a lower osteogenic gene expression than 
did MSCs from sham-operated rats. This result suggests 
that osteogenic potential of osteoporotic MSCs in response 
to mechanical strain is lower than that of normal MSCs. 
However, the precise mechanism of mechanical response 
of MSC differentiation is not yet well understood. Recently, 
there were evidences to suggest that β-catenin involves in 
response to mechanical strain in osteoblasts, and β-catenin 
levels influence mechanical response in osteoblasts (2, 3, 
21). Buer Sen and Case N (3, 24) found that mechanical 
strain inhibits adipogenisis of MSCs in adipogenic me-
dium, and increases expression of target gene via activated 
β-catenin in osteogenic condition. These studies suggest 
that β-catenin play a role in bone cell’s response to me-
chanical strain. Our results demonstrated that mechanical 
strain increased expression of activated β-catenin protein 
in MSCs. Expression of activated β-catenin protein in 
MSCs from OVX rats was lower than that of MSCs from 
sham-operated rats in the absence and presence of mecha-
nical stimulation. These results suggest that osteogenic 
potential of osteoporotic MSCs in response to mechanical 
strain may be associated with level of activated β-catenin 
protein. The cascaded mechanism of β-catenin response to 
mechanical strain in MSCs remains to be fully defined.                       

Further studies showed that MSCs were subjected to both 
estrogen and mechanical strain. Our present study showed 
that estrogen augmented strain-inductions of osteogenic 
gene and activated β-catenin protein in MSCs. Chiuan-
Ren Yeh and his team (27) showed that estrogen augments 
mechanical signals and gene expression induced by me-
chanical stimulation via increasing integrin expression 
in osteoblast-like cells. Other study found that estrogen 
receptor involves in response of osteocytes to both mecha-
nical strain and estrogen (28). It is possible that estrogen 
pathway is cross-talk with mechanical signaling pathway 
in some signaling pathways, and estrogen influences me-
chanical response of bone cells by regulating element.          

In summary, our results demonstrated that mechanical 
strain and estrogen could promote expression of Runx2 
and ColI mRNA and activated β-catenin protein in MSCs 
from sham-operated and OVX rats, and estrogen aug-
ments strain-inductions of osteogenic gene and activated 
β-catenin protein in MSCs. Some information in our study 
may be helpful in understanding the mechanism of bone 

cells response to mechanical strain in estrogen depletion.
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