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Abstract Osteoporosis is characterized by a broken bal-
ance between bone formation and bone resorption.
Mechanical stress has been considered to be an important
factor in bone modeling and remodeling. However, bio-
logical responses of stromal cells in osteoporosis to
mechanical stimuli remain unknown. To explore the cor-
relation between mechanical stress and osteoblastic dif-
ferentiation of bone mesenchymal stem cells (BMSCs) in
osteoporosis, we built an osteoporosis model in ovariec-
tomized (OVX) rats, and then investigated proliferation,
alkaline phosphatase (ALP) activity, and the expression of
osteoblastic genes in BMSCs under mechanical stress of 5
and 10 % elongation, using the Flexercell Strain system.
The proliferation of BMSCs was detected using alamar-
Blue. The expression of osteoblastic genes was analyzed by
real-time quantitative polymerase chain reaction. Protein
expression was examined by Western blotting. BMSCs
(OVX) and BMSCs (Sham-operated, Sham in short) pro-
liferations were inhibited at 5 and 10 % elongation at
day 3, compared with the un-stretched group, while
BMSCs (OVX) proliferation was slower than BMSCs
(Sham). ALP activity increased significantly at 10 %
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elongation in both cells, but it was less active in BMSCs
(OVX) than BMSCs (Sham). At days 3 and 7, the mRNA
expression of osteoblastic genes was unregulated by
mechanical stretch (5 and 10 % elongation); however,
osteoblastic gene expression in BMSCs (OVX) was less
than that in BMSCs (Sham). The mRNA and protein
expression of Runx2 showed similar trends in BMSCs
(OVX) under mechanical stretch. These results indicate
that the mechanical stretch stimulates osteoblastic differ-
entiation of BMSCs (OVX); however, this differentiation
was weaker than that of BMSCs (Sham).

Keywords Ovariectomized rats - Mechanical stretch -
BMSCs - Runx?2 - Osteoblastic differentiation

Introduction

Osteoporosis is a serious worldwide disease, characterized
by decreased bone mass and a progressive erosion of the
microstructure. When such disease occurs, osteoblast
activity reduces while osteoclast activity increases. As a
result, the balance between bone formation and bone
desorption is broken, leading to a loss of bone mass and
fractures. Osteoporosis may be caused by several condi-
tions, such as hormonal imbalances, chronic diseases,
medications, or prolonged gravity-free conditions.
Estrogen plays a fundamental role in skeletal growth and
bone homeostasis. The deficiency of Estrogen leads to a
chronic inflammatory state because of an increase of the
local production of various cytokines [1, 2]. The increased
cytokines will then result in an expansion of the osteo-
clastic pool due to increased osteoclast formation [3].
Current treatments for osteoporosis typically involve phar-
macological, hormonal, and mechanical strain interventions.
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All of these treatments aim at preventing osteoclastic bone
resorption so as to maintain the bone mass and reduce frac-
tures [3, 4]. However, hormonal and pharmacological inter-
ventions are often associated with adverse side effects, such as
gastrointestinal intolerance with bisphosphonates, increased
risks of breast, ovarian, and endometrial cancer [5, 6].
Meanwhile, they target the skeleton as a whole instead of
targeting skeletal sites specifically, which increases the risk of
failure. In contrast, mechanical strain intervention is non-
invasive and has demonstrated promising results [7].

Mechanical loading is known to be an important factor
in regulating bone growth and development, as well as
maintaining the integrity of bone structure and function. It
has been reported that physical exercise can improve bone
mass, increase bone strength and elasticity, delay the pro-
gress of osteoporosis, and prevent osteoporotic bone loss
and fractures [8—10]. It is also evidenced that a repeated
application of shear stress can stimulate late phenotypic
markers of osteoblastic differentiation in bone mesenchy-
mal stem cells (BMSCs) [11-13]; bone is formed through
BMSCs proliferation and differentiation into mature oste-
oblasts [14, 15]. However, little is known about the influ-
ence of mechanical stretch on the proliferation and
osteoblastic differentiation of osteoporosis BMSCs.

To investigate the correlation between mechanical
stretch and osteoblastic differentiation of osteoporosis
BMSCs, we established a rat model of osteoporosis
employing ovariectomy to mimic the conditions in post-
menopausal women. Accordingly, ovariectomy has been
demonstrated to elicit bone loss and increase bone turnover
[16—19]. The ovariectomized (OVX) rat model of osteopo-
rosis is thus considered to be appropriate for mimicking the
conditions in postmenopausal women and has been widely
used to evaluate potential therapeutics intended to prevent
or treat osteoporosis [20].

In this study, we investigated the effects of various
magnitudes of mechanical stretch on BMSCs (OVX) and
BMSCs (Sham). In particular, we examined the cellular
proliferation, mRNA levels of osteoblast-related genes, and
ALP activity under different degrees of mechanical stretch.

Materials and methods
Animal and cell culture

The study was conducted in accordance with the regional
Ethics Committee guidelines. Sixty female Sprague—
Dawley rats, 3 months of age and weighing 220 £ 20 g,
were obtained from Shanghai SLAC Experimental Animal
Center (Shanghai, China). The animals underwent surgical
ovariectomy (OVX group; n = 30) under anesthesia using
chloral hydrate (Shenggong, Shanghai, China; 0.04 mL/kg
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body weight, intraperitoneally) or were sham-operated
(Sham group, control, n = 30). The rats were then housed
in a temperature-controlled room (21 °C) with the relative
humidity at 60 % and a 12/12-h light/dark cycle.

Then, 12 weeks later, the rats of both groups were sacri-
ficed. The humerus was isolated from the OVX and Sham
rats. The bone marrow was flushed out with o-minimal
essential medium (a-MEM, Hyclone, Thermo, USA), sup-
plemented with 100 unit/mL penicillin, and 100 pg/mL
streptomycin (Hyclone, Thermo, USA). To remove blood
cells, whole washouts were collected and centrifuged
(1800x g, 10 min). Next, the pellet was mixed with complete
o-MEM supplemented with 10 % fetal bovine serum (FBS,
Hyclone, Thermo, USA), 100 unit/mL penicillin, and
100 pg/mL streptomycin and then plated in a culture flask
and maintained at 37 °C in 5 % CO,. Non-adherent cells
were removed by changing the medium every 3 days for
approximately 10 days. When large colonies formed and
became confluent, the primary rat BMSCs were trypsinized
with 10 % trypsin—-EDTA (Hyclone, Thermo, USA) and
passaged. rBMSCs from passages 2 to 5 were used for our
experiments.

Mechanical tension load application

BMSCs (OVX) and BMSCs (Sham) were plated at a
density of 1 x 10° cells/mL (unless stated otherwise) in
2 mL. of medium on six-well flexible silicone rubber
BioFlex™ plates coated with collagen type I (Flexcell
International Corporation, Hillsborough, NC). The cells
were cultured for 48 h to allow them to attach and reach
80-90 % confluence, at which time the growth medium
was replaced, and then mechanical strain was applied. The
cyclic mechanical strain with a 0.5 Hz sinusoidal curve set
at 5 and 10 % elongation was separately applied twice
every day, for 4 h for each treatment, using a FX-4000T™
Flexcell Tension PlusTM unit (Flexcell International Cor-
poration, Hillsborough, NC). The cultures were incubated
in a humidified atmosphere at 37 °C and 5 % CO, while
stretching. The BMSCs (OVX) and BMSCs (Sham) were
harvested after 3 and 7 days of stretch stimulation.

Cell proliferation assay

For the cell proliferation assay, BMSCs were seeded on
six-well flexible silicone rubber BioFlex™ Plates and
allowed to reach about 80 % confluency, followed by
intermittent traction stress treatment. According to the
manufacturer’s instructions, cell viability and proliferation
were assessed by alamarBlue assay (Invitrogen, Carlsbad,
CA). The cells were incubated in medium supplemented
with 10 % (v/v) alamar Blue fluorescent dye for 2 h, at
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time point 0, 1, 3, 5, and 7 days, respectively, upon inter-
mittent traction stress at 37 °C and 5 % CO..

Then a 200 pl sample of the medium was transferred and
the absorbance at 570 nm measured in a 96-well plate
(Corning, Corning, NY) using a Multiscan UV visible spec-
trophotometer (TECAN, Mannedorf, Switzerland). Nonseeded
BioFlex ™ plate with the same medium was used as blanks.
Cells at baseline prior to stress loading served as control.

Cytoskeleton staining

The F-actin cytoskeleton in BMSCs (OVX) and BMSCs
(Sham) was checked by staining. BMSCs (OVX) and
BMSCs (Sham) were plated at the density of 1 x 10° cells/mL
in 2 mL of medium on six-well flexible silicone rubber Bio-
Flex™ plates. After cells attaching to the plates, mechanical
tension was applied. After being subjected to mechanical
stretching for 3 days, BMSCs (OVX) and BMSCs (Sham)
were fixed with 4 % paraformaldehyde for 30 min, washed
with PBS twice, then permeabilized with 0.1 % Triton X-100
for 5 min, and blocked with 1 % BSA for 30 min. Texas Red-
X phalloidin at 210 nm (Invitrogen, Carlsbad, CA) was used
to incubate with cells for 1 h at room temperature, washed
with PBS three times. Then Hoechst (Invitrogen, Carlsbad,
CA) at 1:1000 was used to incubate with cells for 5 min at
room temperature, washed with PBS three times. Cells were
visualized with a confocal microscope (LEICA TCSSPS5,
Wetzlar, Germany).

ALP staining

The presence of ALP in the cell layers was assessed
according to the manufacturer’s instructions (Beyotime,
Suzhou, China). The BMSCs (OVX) and BMSCs (Sham)
from the control and stretch treatment groups were rinsed
with PBS three times and fixed with 4 % paraformaldehyde
for 15 min. The fixed cells were soaked in 0.1 % naphthol
AS-MX phosphate and 0.1 % fast red violet LB salt in
56 mM 2-amino-2-methyl-1,3-propanediol for 45 min at

37 °C, washed with ddH,O, and then observed with a
digital camera (ECLIPSETS 100, NIKON, Japan).

Real-time PCR

The total RNA of the cells was isolated using the Trizol
reagent (Invitrogen, Carlsbad, CA), according to the manu-
facturer’s recommended protocol. The RNA concentrations
were determined using a NanoDrop spectrophotometer
(Thermo Scientific, Wilmington, DE). Complimentary DNA
(cDNA) was synthesized by means of a cDNA Synthesis
Reverse Transcription Kit (Fermentas, Thermo Scientific,
Wilmington, DE). Real-time PCR was performed using a
Light-Cycler system with SYBR Premix Ex TaqTM (Takara,
Dalian, China), according to the manufacturer’s instructions.
The conditions of the real-time PCR were as follows:
denaturation at 95 °C for 10 s; 50 cycles at 95 °C for 10 s
and 60 °C for 30 s; and a final dissociation stage (95 °C for 5
min) was added at the end of the amplification procedure.
B-actin was used as an internal control. The data were ana-
lyzed using the comparative C, (2-AAC,) method and
expressed as a fold change respective to the control. Each
sample was analyzed in triplicate. The primer sequences
used in this study are listed in Table 1.

Western blotting

The cells were lysed on ice for 30 min in RIPA lysis buffer
(Bocai, Shanghai, China) supplemented with protease
inhibitors. For western blot analysis, 20 pg of the sample
was resolved on a 10 % SDS-PAGE gel and electro-
transferred onto nitrocellulose membranes (Whatman,
Piscataway, NJ). The following primary antibodies were
used at a dilution of 1:500:anti-Cbfal (Abcam, Cambridge,
MA, USA). For the normalization of protein loading, a
GAPDH (Cell Signaling Technology Inc., Danvers, MA)
antibody was used at a 1:2000 dilution. HRP-conjugated
secondary antibodies were used at a 1:5000 dilution. The
antigen—antibody complexes were visualized using the

Table 1 List of primers used
and their respective forward and
reverse sequences

Gene

Forward sequence
Reverse sequence

B-actin

Alkaline phosphatase(ALP)

Collagen type I(COL I)

Osteocalcin(OCN)

Runx2

5'-GTAAAGACCTCTATGCCAACA-3’
5'-GGACTCATCGTACTCCTGCT-3’
5'-TATGTCTGGA ACCGCACTGAAC-3’
5'-CACTAGCAAGAAGAAGCCTTTGG-3'
5'-CTGCCCAGAAGAATATGTATCACC-3’
5'-GAAGCAAAGTTTCCTCCAAGACC-3'
5'-GCCCTGACTGCATTCTGCCTCT-3'
5'-TCACCACCTTACTGCCCTCCTG-3'
5'-ATCCAGCCACCTTCACTTACACC-3'
5'-GGGACCATTGGGAACTGATAGG-3'

@ Springer



276

Mol Cell Biochem (2013) 382:273-282

Enhanced Chemiluminescence Detection System (Milipore,
Billerica, MA), according to the manufacturer’s protocols.
Protein band intensities on the scanned films were compared
to their respective controls using Alpha Image software.

Statistical analysis

All experiments were performed at a minimum of three
times. All measurements are expressed as mean % SD.
Significant differences between non-load and stretch
groups were determined using ANOVA (p < 0.05 denotes
statistical significance).

Results
Proliferation of BMSCs (OVX)

When BMSCs were subjected to mechanical stretch of 5
and 10 % elongation, proliferation in the OVX and Sham
groups was inhibited significantly at day 3. Then, cell
proliferation plateaued in both the loaded and non-loaded
groups (Fig. la, b). Compared with the Sham group, a
significant decrease in the proliferation of BMSCs (OVX)
was induced by both 5 and 10 % elongation at days 3 and

5. Finally, both cells showed slight increase and maintained
at the same level (Fig. Ic, d).

Orientation of BMSCs

After BMSCs were subjected to mechanical stretch of 10 %
elongation for 3 days, an obvious re-orientation of the
cytoskeleton in loaded BMSCs (OVX) was observed
(Fig. 2a, b); the cells were aligned nearly perpendicularly to
the stress direction, in contrast to non-loaded (control) cells
which showed no particular orientation. There was also a
clear re-orientation of the cytoskeleton in loaded BMSCs
(Sham), compared with non-loaded cells (Fig. 2c, d).

Alkaline phosphatase activity

When BMSCs (OVX) and BMSCs (Sham) were intermit-
tently subjected to mechanical stretch for 7 days, ALP
activity was detected. Compared with the non-loaded group
(0 % group), ALP activities of BMSCs in the loaded
groups (5 and 10 % elongation groups) showed a signifi-
cant increase at day 7 (Fig. 3). The ALP activity was larger
in the 10 % elongation group than that in the 5 % elon-
gation group. However, ALP activity in BMSCs (OVX)
was relatively lower than that in BMSCs (Sham) at both 5
and 10 % elongation.

BMSCs(Sham)
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Fig. 1 Effects of mechanical stretch on cell proliferation in BMSCs.
a Proliferation in BMSCs (OVX) at different elongations. b Prolifer-
ation in BMSCs (Sham) at different elongations. ¢ Comparison of
proliferation in BMSCs (OVX) and BMSCs (Sham) with 0 %
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Treated time (day)

Treated time (day)

- - Sham

elongation. d Comparison of proliferation in BMSCs (OVX) and
BMSCs (Sham) with 5 % elongation. e Comparison of proliferation
in BMSCs (OVX) and BMSCs (Sham) with 10 % elongation
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Fig. 2 Effects of mechanical
stretch on orientation of the
cytoskeleton. BMSCs (OVX)
and BMSCs (Sham) were plated
at 1 x 10° cells/mL and
precultured for 1 day until 95 %
confluent. Then, cells were
subjected to 10 % intermittent
elongation for 3 days. a Non-
loaded BMSCs (OVX) oriented
randomly. b BMSCs (OVX)
that were subjected to stress
(10 % elongation) oriented
perpendicularly to the stretch
axis. ¢ Non-loaded BMSCs
(OVX) oriented randomly.

d BMSCs (OVX) that were
subjected to stretch (10 %
elongation) oriented
perpendicularly to the stretch
axis. Arrows show the direction
of stretch field

BMSCs (OVX) CON

BMSCs (Sham) CON

Magnitude-related osteoblastic differentiation
of BMSCs (OVX) and BMSCs (Sham)

To examine the initiation of osteogenesis as a result of
mechanical stretching, we assessed the induction of the
osteoblastic differentiation markers ALP, collagen I (Col
1), and OCN at the mRNA level. Levels of mRNA were
assessed by real-time PCR using a Light-Cycler. Both
BMSCs (OVX) and BMSCs (Sham) were subjected to
intermittent mechanical stretch.

Compared with the non-loaded group, both 5 and 10 %
elongation stress promoted mRNA expression of ALP, Col I,
and OCN in both BMSCs (OVX) and BMSCs (Sham)
(Fig. 4a—f). The mRNA expression of ALP, Col I, and OCN in
the 5 % elongation group was up-regulated at day 3 in both
BMSCs (OVX) and BMSCs (Sham) (Fig. 4). The expression
of these osteoblastic genes in the 10 % elongation group was
also promoted at days 3 and 7. Moreover, expression of all
these genes increased significantly at day 7 compared to that at
day 3 (Fig. 4a—c).

BMSCs (OVX) Stretch

D

BMSCs (Sham) Stretch

Comparison of osteoblastic differentiation
between BMSCs (OVX) and BMSCs (Sham)

There was a significant difference in the expression of
collagen I mRNA at 5 % elongation between BMSCs
(OVX) and BMSCs (Sham) at day 3, while no significant
difference was observed in the other osteoblastic genes at
days 3 and 7 (p < 0.01, Fig. 4g). However, the osteoblastic
gene expression in BMSCs (OVX) at 10 % elongation was
lower than that in BMSCs (Sham) at both days 3 and 7
(p < 0.05, Fig. 4h). Moreover, the difference in osteo-
blastic gene expression between BMSCs (OVX) and
BMSCs (Sham) was larger at day 7 than that at day 3.

Runx2 expression
Expression levels of Runx2 mRNA and protein were esti-
mated by real-time PCR and Western blotting, respec-

tively. The Runx2 mRNA level increased in both cells in
the 5 and 10 % elongation groups. This increasing trend
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0%

Fig. 3 Effects of mechanical stretch on ALP activity in BMSCs
(OVX) and BMSCs (Sham). ALP activity of BMSCs stretched with 5
and 10 % elongation increased significantly at day 7, and the larger
the elongation, the more ALP activity. However, ALP activity in

was more significant in the 10 % elongation group at day 7
(p < 0.05, Fig. 5a). Runx2 mRNA expression at 5 %
elongation was up-regulated significantly at day 3
(p < 0.05), but fell back at day 7, though still higher than
the unstressed group (p < 0.05) in both BMSCs (OVX) and
BMSCs (Sham). Compared with BMSCs (Sham), lower
Runx2 mRNA expression in BMSCs (OVX) was observed
in the stress group, and the difference was more significant
in the 10 % elongation group (p < 0.05, Fig. 5b). Runx2
protein expression was promoted by mechanical stretch in
a similar way to the mRNA expression (Fig. 6).

Discussion

It is known that mechanical stress is an important regulatory
factor in bone formation and remodeling [21]. Many
researchers have demonstrated the osteogenic effects of
mechanical stress both in vivo and in vitro studies. Treadmill
exercise running was shown to preserve bone strength and to
induce bone turnover changes in favor of bone formation
[22]. Vibration at low magnitude and high frequency can
stimulate new trabecular bone formation in sheep [23],
expression of osteoblastic genes associated with bone for-
mation in cultured osteoblasts [24], remodeling in mice [25],
and new cortical bone formation in the mouse ulna [26]. A
vibratory stimulus can also prevent bone loss and reductions
in bone strength in ovariectomized rats [27, 28]. However,
there are few reports on cultured cells in osteoporosis sub-
jected to mechanical stimuli in vitro. In this study, we sought

@ Springer

5% 10%

BMSCs (OVX) was less than in BMSCs (Sham) with 10 %
elongation. No significant difference in ALP activity was observed
with 5 % elongation at day 7. Scale bar 100 pm

to explore the response of osteoporosis BMSCs to mechan-
ical stimuli in vitro.

BMSCs, as stem cells, are capable of differentiating
along multiple mesenchymal lineages, such as bone, car-
tilage, muscle, adipose tissue, and ligament. They can
readily be expanded in vitro using routine cell culture
techniques [14, 15, 29, 30]. As a result, BMSCs have been
identified as an appropriate cell source for a wide variety of
tissue engineering strategies.

Regarding the pathogenesis of osteoporosis, it is believed
that in the disease, adipose accumulation and bone loss are
due to a differentiation change in BMSCs—the progenitor of
osteoblasts and adipocytes. We have demonstrated previ-
ously that the proliferation of BMSCs (OVX) was slower
than that of BMSCs (Sham), and the osteoblastic differen-
tiation ability of BMSCs (OVX) is weaker than that of
BMSCs (Sham) (data not shown). In this study, we found
that osteoblastic differentiation of BMSCs (OVX) was
promoted significantly in response to stretch stimulation;
however, proliferation was inhibited.

The effect of mechanical stretch on the proliferation of
osteoblastic cells is still controversial. In some studies,
mechanical stretch decreased the proliferation of osteo-
blastic cells [31, 32], whereas in others, it increased [33, 34].
In our study, mechanical stretching of 5 and 10 % elonga-
tion inhibited the proliferation of both BMSCs (OVX) and
BMSCs (Sham), and this inhibition was even more signifi-
cant at 10 % elongation (p < 0.05; Fig. 1). Moreover, the
proliferation of BMSCs (OVX) was slower than that of
BMSCs (Sham) at the same elongation. Application of
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Fig. 4 Osteogenic expression in BMSCs (OVX) and BMSCs (Sham)
was promoted by mechanical stretch. a ALP mRNA, b Collagen I
mRNA, ¢ OCN mRNA, d ALP mRNA, e Collagen I mRNA, f OCN
mRNA, g 5 % elongation, and h 10 % elongation. Values are

mechanical stretch to BMSCs induced significant changes in
their orientation. Compared with the non-loaded cells, both
loaded BMSCs (OVX) and BMSCs (Sham) oriented per-
pendicular to the stress axis (Fig. 2). The orientation change
was also reported by Buckley et al. [35]. Regarding the
mechanism of stretch-dependent orientation, it has been
suggested that cells opt for a nearly perpendicular orienta-
tion to minimize the force acting on them due to the external
strain, and organize their focal adhesions and stress fibers
accordingly so that the local matrix stress reaches an optimal
value [36].

expressed relative to the control groups, normalized as 1.0. Results
are presented as mean £+ SD (* p < 0.05 and ** p < 0.01, unpaired
Student’s ¢ test; n = 3)

ALP activity and expression of OCN are used as indi-
cators of osteoblastic activity. Extracellular matrix mole-
cules, such as type I collagen, are considered to play
important roles in osteoblast proliferation and differentia-
tion. In our study, ALP activity was enhanced significantly
at 10 % elongation in BMSCs (OVX) and BMSCs (Sham);
however, it was lower in BMSCs (OVX) than in BMSCs
(Sham). The mRNA expression of ALP, Col I, and OCN
was up-regulated at 5 and 10 % elongation in both BMSCs
(p < 0.05; Fig. 3, 4). Osteoblastic differentiation induced
by 5 % elongation was observed primarily at day 3,
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Fig. 6 Runx2 protein expression was promoted by mechanical
stretch in both BMSCs (OVX) and BMSCs (Sham). a Runx2 protein
expression was illustrated by Western blotting. Whole cell extracts
(20 pg per lane for Runx2) were prepared at the indicated time points.
b The densitometry of Runx2 protein expression was analyzed.

whereas stress of larger magnitude (10 % elongation)
induced higher osteoblastic gene expression at day 7. This
is consistent with an early study in vivo, which showed that
mechanical stimulus with a 7-day rest is more effective in
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¢ Comparison of Runx2 protein expression at 3 and 7 days in BMSCs
(OVX) and BMSCs (Sham) with 5 % elongation and 10 % elonga-
tion, respectively. The values are mean + SD. The differences were
significant, * p < 0.05 and ** p < 0.01

improving biomechanical properties and micromorphology
in ovariectomized rats compared with daily loading [37].
However, Mariko et al. [34] reported that mechanical strain
stimulated osteoblastic differentiation of stromal cells at
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low magnitudes. Human osteoblastic cells under mechan-
ical stretch (1 % elongation, 30 min/day, for 2 days) were
shown to increase proliferation and type I collagen pro-
peptide release, but showed reduced ALP activity and OCN
release [38]. These in vitro results differ from ours
obtained at low magnitudes of strain (Fig. 4). In general,
the response of the cells to mechanical stretch may depend
on the type and magnitude of the stress applied to them.
Moreover, the differences in response to the mechanical
stretch may be attributable to the differentiation stage and
cell culture condition used in the experiment [39, 40].
Furthermore, our results indicate that the mRNA expres-
sion of osteoblast-related genes in BMSCs (OVX) under
mechanical stress was not increased as much as that in
BMSCs (Sham).

Runx2, the runt-related transcription factor 2 responsible
for regulating the expression of several bone- and cartilage-
related genes [41], is required for bone formation in vivo
[42, 43]. It has been reported that the mRNA level of
Runx2 can be up-regulated with shorter stretching times,
such as 6 h, and down-regulated at higher levels of strain
with longer elongation times, of 24 and 48 h [44, 45]. Our
results demonstrated that expression of Runx2 in both
BMSCs (OVX) and BMSCs (Sham) could increase con-
tinuously in response to stress stimulation of 10 % elon-
gation. However, at a lower magnitude of stress (5 %) the
Runx2 expression dropped at day 7. Similar to the osteo-
blastic marker genes, the expression of Runx2 in BMSCs
(OVX) under mechanical stress was increased less than that
of BMSCs (Sham).

In conclusion, mechanical stress applied to both BMSCs
(OVX) and BMSCs (Sham) inhibited proliferation, but
resulted in osteoblastic differentiation. A higher magnitude
of stress induced osteoblastic differentiation in both
BMSCs (OVX) and BMSCs (Sham) continuously; how-
ever, lower magnitude stress induced the osteoblastic dif-
ferentiation significantly at the early phase. On the whole,
the osteoblastic differentiation ability of BMSCs (OVX)
was weaker than that of BMSCs (Sham). These results
indicate that to reach the same bone mass, mechanical
stress should be applied longer to BMSCs (OVX) than to
BMSCs (Sham); moreover, low-magnitude stress should be
applied earlier, and a higher magnitude of stress should be
applied later for more osteogenesis.
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