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Mechanical stimulation influences stem cell differentiation and may therefore provide improved lineage specification control for
clinical applications. Low-frequency oscillatory mechanical stimulation (0.01Hz) has recently been shown to suppress adipogenic
differentiation of mesenchymal stem cells, indicating that the range of effective stimulation frequencies is not limited to those
associated with locomotion, circulation, and respiration. We hypothesized that low-frequency mechanical stimulation (0.01Hz)
can also promote osteogenic cell differentiation of myoblastic C2C12 cells in combination with BMP-2. Results indicate that low-
frequency mechanical stimulation can significantly enhance osteogenic gene expression, provided that differentiation is initiated
by a priming period involving BMP-2 alone. Subsequent application of low-frequency mechanical stimulation appears to act
synergistically with continued BMP-2 exposure to promote osteogenic differentiation of C2C12 cells and can even partially
compensate for the removal of BMP-2. These effects may be mediated by the ERK and Wnt signalling pathways. Osteogenic
induction of C2C12 cells by low-frequency mechanical stimulation is therefore critically dependent upon previous exposure to
growth factors, and the timing of superimposed BMP-2 and mechanical stimuli can sensitively influence osteogenesis. These
insights may provide a technically simple means for control of stem cell differentiation in cell-based therapies, particularly for
the enhancement of differentiation toward desired lineages.

1. Introduction

Stem cell differentiation to bone is important to growth,
development, and tissue maintenance; understanding of the
cellular processes underlying osteogenesis is necessary for
the development of cell-based therapies. Growth factor stim-
ulation of stem cells is an initiating event which activates
transcription factors that subsequently drive lineage specifi-
cation. Bone-inducing agents [1] called bone morphogenetic
proteins (BMPs) [2, 3] comprise a superfamily of growth
factors that drive bone differentiation and adult bone main-
tenance. Among the BMP superfamily, BMP-2 is known to
have a critical role in inducing osteogenic differentiation of
mesenchymal stem cells [4]. Genes which are direct targets of
BMP-2 include the transcription factors Runx2 and osterix,

the matrix-associated proteins osteopontin and osteocalcin,
and the osteogenic enzyme alkaline phosphatase [5]. It has
also been established that the time course and duration
of growth factor stimulation can have important effects on
differentiation [6], and moreover BMP-2 efficacy is dose
dependent [7].

In addition to the growth factor stimulation, mechanical
stimulation can also affect osteogenic differentiation of stem
cells [8, 9]. Intracellular signalling pathways induced by
mechanical stimulation in neurosensory and vascular cells
can induce physiological responses which are much more
rapid [10] than those induced by growth factors which can
require minutes to hours [11]. Furthermore, downstream sig-
nalling events overlap between the two types of stimulation,
potentially resulting in interactions between chemical and
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mechanical cues [12, 13]. Mechanical stimulation utilizing
amplitudes and frequencies consistent with the fundamental
frequencies of locomotion (0.1–1Hz) can induce osteogenic
differentiation [14, 15]. However, stimulation frequencies
below this range have not been extensively studied in the
context of osteogenesis, though they have been found effec-
tive in modulating differentiation of mesenchymal stem cells
[16]. Since lower-frequency mechanical stimulation is often
technically easier to apply, study of the effects of low-
frequency mechanical stimulation may create new avenues
for integration of mechanical stimulation into protocols for
stem cell differentiation in cell-based therapies.

Since mechanotransduction alone can enhance bone for-
mation [17, 18] while BMP-2 is known to effectively drive
osteogenesis, our goals were to explore the extent towhich the
complementary mechanisms interact during during osteo-
genic differentiation. Specifically, these stimuli were applied
either together or in different sequences to elucidate their
relative importance as osteogenesis progresses. The murine
myoblastic C2C12 cell line (of mesenchymal origin), which
can differentiate into muscle, adipocyte, or osteoblastic lin-
eages [3], was used. These cells have recently been shown to
be sensitive to the sequence and timing of BMP-2 exposure
during osteogenesis [19], making them an ideal candidate for
testing interactions with mechanical stimulation as well.

2. Materials and Methods

2.1. Cell Culture. The cell line C2C12 (ATCC CRL-1772;
American TypeCulture Collection,Manassas, VA)wasmain-
tained on 10 cmdiameter petri dishes in growthmedium con-
sisting of Dulbecco’s modified Eagle medium (DMEM; Invit-
rogen, Burlington, ON) supplemented with 10% fetal bovine
serum (FBS; Invitrogen) and 1% Penicillin-Streptomycin
(Invitrogen) at 37∘C in a humidified atmosphere of 5% CO

2

in air. Cells between passages 5 to 10 were used in all
experiments. Cells were seeded on modified (as will be
shown) high extension silicone rubber (HESR) culture dishes
and maintained overnight for an attachment period. Seeding
was performed using 5 × 105 cells on HESR dishes expanded
to 20 cm2. After the 24-hour attachment period, cells were
typically 60–80% confluent and experiments were initiated.

2.2. Preparation of Silicone Rubber Culture Surfaces. High
extension silicone rubber culture dishes (Cytomec GmbH,
Spiez, Switzerland) were modified to promote cell adhesion
as previously described [16]. Briefly, unstretchedHESRdishes
were coated with 30% sulphuric acid for 15min and then
washed thoroughly with deionized water. Then surfaces were
silanizedwith 1% (3-aminopropyl) triethoxysilane for 2 hours
at 70∘C and washed thoroughly again. Surfaces were then
functionalized with 5% (wt/vol) glutaraldehyed for another
15min andwashed. Next, surfaces were disinfected by rinsing
with 70% ethanol, washed with phosphate buffered saline
(PBS), mounted in a mechanical device (as will be shown),
expanded to 20 cm2 culture surface area, and coated with
protein by incubation with 50𝜇g/mL collagen type I in PBS
overnight. On the next day,HESR surfaces werewashed again
with PBS prior to cell seeding.

2.3. Mechanical Stimulation. Mechanical stimulation was
applied using an iris-like device (Cytomec) within which
HESR culture dishes were mounted [16, 20] (Figures 1(a)–
1(d)). Approximately uniform expansion and contraction of
the culture surface was applied by opening or closing the
iris-like device. During mechanical stimulation, a continu-
ous culture surface stretching and contraction was applied.
Oscillatory stimulation occurred about a mean surface area
of 20 cm2 with amplitude of 10% (±2 cm2) at a frequency of
0.01Hz. Unstimulated control cultures were maintained on
HESR culture dishes mounted in the iris-like device and held
to a fixed surface area of 20 cm2.

2.4. Experimental Protocols. As an initial control, the osteo-
genic potential of C2C12 cells was tested under nonme-
chanically stimulated conditions during culture on tissue
culture plastic in osteogenic medium (growth medium sup-
plemented with 200 ng/mL BMP-2 (Invitrogen, Burlington,
ON)). 200 000 cells were seeded per well in a 6-well plate.
After a 24-hour attachment period, cells were harvested from
onewell as a time zero control. Other wells were then induced
with osteogenic medium for 6, 24, and 48 hours after which
cells were collected for gene expression and histological
analyses (as will be shown).

Four different experimental protocols (A, B, C, and D)
were designed to investigate the combined effects of BMP-
2 induction and mechanical stimulation. In experiment A,
cells were induced with BMP-2 for 48 hours while mechan-
ical stimulation was only applied for the latter 24 hours.
These were compared to controls under BMP-2 induction
for 48 hours in the absence of any mechanical stimula-
tion (Figure 3(a)). In experiment B, BMP-2 induction and
mechanical stimulation were applied simultaneously for 48
hours and compared to controls where BMP-2 induction
occurred in the absence of any mechanical stimulation
(Figure 4(a)). Protocols A and B were designed to investigate
how mechanical stimulation could modulate the time course
of BMP-2 induction. In experiment C, cells were primed
with BMP-2 for 24 hours after which medium was replaced
with fresh growth medium and mechanical stimulation was
applied for the next 24 hours. These were compared to con-
trols primed with BMP-2 for 24 hours after which medium
was replaced with growth medium but no mechanical stimu-
lation was applied (Figure 5(a)). Experiment D was similar to
experiment C except that the control culture involved BMP-2
induction for 48 hours without any mechanical stimulation
(Figure 6(a)). Protocols C and D addressed the question
of whether mechanical stimulation could replace BMP-2
induction.

2.5. Reverse Transcription and Quantitative Real-Time PCR.
Total RNA was isolated using TRIzol Reagent (Invitrogen)
following the manufacturer’s protocol. Reverse transcription
was performedusing 500 ng of total RNA in 20𝜇L volumeper
reaction using the qScript cDNA synthesis kit following the
manufacturer’s instructions (Quanta Biosciences, Gaithers-
burg, MD). cDNA was diluted 1 : 10 and 1 𝜇L of each cDNA
sample was loaded per reaction (in duplicate) using PerfeCTa
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(a) (b)

(c) (d)

Figure 1: Experiments were conducted using an iris-likemechanical device which can stretch a high extension silicone rubber culture surface
from 8 to 113 cm2. (a) Iris-like device in the fully closed position at 8 cm2. Scale bar represents 2 cm. (b) Iris-like device in the fully open
position at 113 cm2. (c) HESR petri dish prior to mounting in the iris-like device. Scale bar represents 1 cm. (d) Mechanical stimulation device
connected to the computer (modified from [16]).

SYBR Green FastMix (Quanta Biosciences). Standard quan-
titative real-time PCR protocols were performed usingHPRT
for normalization as previously described [16]. PCR primers
for the transcription factors Runx2 and osterix (Osx) and
for alkaline phosphatase (Alpl), Osteopontin, collagen type
I (Col1a1), bone Gla protein, iso-bone sialoprotein (Ibsp),
osteoprotegerin (OPG), and HPRT [19] were generated
exactly as described elsewhere [21].

2.6. Western Blotting. C2C12 cells were lysed in lysis buffer
(20mM Tris (pH 7.4), 150mM NaCl, 1mM EDTA, 0.5% Tri-
ton X-100, and 1mM 𝛽-glycerophosphate supplemented with
complete EDTA-free protease inhibitor cocktail). 10 𝜇g of
total protein was run on a 10% SDS-PAGE gel and transferred
to nitrocellulose membranes. Membranes were blocked in
5% BSA for 2 hours. For ERK1/2 analysis, blots were probed
with antibodies against p42/p44 (1 : 2000, Cell Signalling),
phospho-p42/p44 (1 : 1000, Cell Signalling), phospho-p38
(1 : 1000, Cell Signalling), and phospho-JNK (1 : 1000, Cell

Signalling) followed by anti-rabbit horseradish peroxidase-
conjugated secondary antibody (1 : 10000, Cell Signalling).
For Wnt signaling, blots were probed with antibodies against
𝛽-catenin (1 : 1000, Abcam) and 𝛼-tubulin (1 : 1000, Abcam,
Cambridge, MA), followed by incubation with anti-mouse
horseradish peroxidase-conjugated secondary antibody
(1 : 5000, Cell Signalling). Washed membranes were devel-
oped using Super Signal West Pico Substrate (Thermo Scien-
tific, Rockford, IL) and BioMax MR film (Eastman Kodak).

2.7. Histology. C2C12 cells were washed with deionized water
and fixed with 4% paraformaldehyde (Alfa Aesar, Ward Hill,
MA) for 2min. Formaldehyde was then removed by washing
with PBS and ALP assay was immediately performed accord-
ing to the manufacturer’s instructions (Alkaline Phosphatase
Detection Kit, Millipore). Images were captured using a Zeiss
Axiovert 40C microscope equipped with a Canon Powershot
A640 digital camera attached to a Zeiss MC80DX 1.0x tube
adapter.
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Figure 2: Osteogenic medium induces bone-like differentiation of C2C12 cells. RT-qPCR results for fold changes in Runx2, Osx, Alp, Col1a1,
Osteopontin, bone Gla protein, and OPG expression after 6 hours (black bars), 24 hours (grey bars), and 48 hours (white bars), normalized
to time zero controls (prior to exposure to osteogenic medium). Mean ± SEM, 𝑛 = 3; ∗represents a significant (𝑃 < 0.05) difference between
BMP-2-treated and untreated cultures. Inset: cells treated with BMP-2 stained strongly positive for ALP activity (purple) after 48 hours. Scale
bar represents 10mm.

2.8. Statistical Analysis. All experiments were performed
at least three times. Statistical significance of differences
between mechanically stimulated cultures and unstimulated
controls was evaluated using two-tailed unequal variance 𝑡-
tests (𝑃 < 0.05).

3. Results

3.1. Osteogenic Differentiation of C2C12 Cells in the Presence
of BMP-2 Is Time Sensitive. C2C12 cells cultured in osteo-
genic medium for 6, 24, and 48 hours specifically began
differentiating towards an osteoblast-like phenotype. qPCR
analysis indicated significant changes in Runx2, Osx, Alp,
Col1a1, Osteopontin, and bone Gla protein after 48 hours
of induction with BMP-2 (Figure 2). While most genes were
downregulated compared to time zero controls after 6 hours,
therewere trends for increases in all of themwith time. Strong
alkaline phosphatase activity was clearly visible (purple stain)
after 48 hours in BMP-2-treated samples versus untreated
C2C12 cells (Figure 2 inset).

3.2. Low-Frequency Stimulation Enhances Osteogenesis in
C2C12 Cells after BMP-2 Priming. Experiment A included 24
hours of priming with BMP-2 followed by 24 hours of super-
imposed mechanical stimulation (Figure 3(a)). This protocol
had no obvious effect on gross morphology (Figure 3(b)). As
indicated by qPCR (Figure 3(c)), low-frequency mechanical
stimulation significantly upregulated expression of Runx2,
Osx, Alp and Col1a1 with respect to BMP-2-induced controls
at 48 hours. Upregulation of osteopontin also approached sig-
nificance (𝑃 = 0.054). Mechanical stimulation caused trends
for upregulation of boneGla protein andOPGversus controls
but these were not statistically significant (Figure 3(c)).

3.3. Low-Frequency Stimulation without BMP-2 Priming Does
Not Enhance Osteogenesis. In experiment B, BMP-2 induc-
tion and low-frequency mechanical stimulation were applied

simultaneously for 48 hours (Figure 4(a)). qPCR analysis
demonstrated no significant changes in osteogenic gene
expression compared to nonmechanically stimulated con-
trols at 48 hours (Figure 4(b)), although Runx2 appeared
slightly upregulated (𝑃 = 0.08). No changes in cell morphol-
ogy were observed (not shown).

3.4. Low-Frequency Stimulation Is Sufficient to Modulate Ost-
eogenesis after BMP-2 Priming. In experiment C, cells were
primed for 24 hours with BMP-2, after which low-frequency
mechanical stimulation was applied for 24 hours in the
absence of BMP-2 and compared to controls without BMP-2
(Figure 5(a)). qPCR results indicated significant upregulation
of Col1a1 and strong trends for upregulation of Osx and
Alp which approached significance (𝑃 = 0.07 and 0.08)
versus nonmechanically stimulated controls (Figure 5(b)). In
contrast, osteopontin was significantly downregulated versus
controls.

3.5. BMP-2-Induced Osteogenesis Masks the Effects of Low-
FrequencyMechanical Stimulation. In experiment D, mecha-
nically stimulated cells from experiment C were compared
to controls in which BMP-2 was present for 48 hours
(Figure 6(a)). Less osteogenic differentiation was observed
in cells exposed to low-frequency mechanical stimulation
versus those induced with BMP-2 alone for 48 hours
(Figure 6(b)). These effects were particularly significant for
Runx2, Osx and Alp.

3.6. Low-FrequencyMechanical Stimulation AltersMAPK and
Wnt Signaling in C2C12 Cells. In experiment A, Western blot
analysis of protein lysates at 48 hours showed that priming
with BMP-2 followed by superposition of low-frequency
mechanical stimulation downregulated ERK and p38 activity
(Figure 7). In experiment B, Western blot analysis revealed
that concomitant application of low-frequency mechanical
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Figure 3: (a) Experimental protocol A involved BMP-2 induction for 48 hours with mechanical stimulation only for the latter 24 hours.
Controls were BMP-2-induced for 48 hours in the absence of any mechanical stimulation. (b) Mechanical stimulation in the presence of
BMP-2 enhanced osteogenic gene expression versus unstimulated controls. Mean ± SEM, 𝑛 = 6; ∗represents 𝑃 < 0.05; #represents 𝑃 = 0.054.
(c) Morphology of C2C12 cells after 48 hours in experimental cultures (top) and controls (bottom). Scale bar represents 200𝜇m.
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Figure 4: (a) Experimental protocol B involved 48 hours of simultaneous BMP-2 induction andmechanical stimulation compared to controls
with BMP-2 induction only. (b) Fold differences in osteogenic gene expression at 48 hours. Mean ± SEM, 𝑛 = 3.

stimulation and BMP-2 without priming caused an increase
in ERK activity. For experiment C, no changes were observed
in MAPK activity between cells primed with BMP-2 and
then mechanically stimulated without BMP-2 versus nonme-
chanically stimulated controls which were primed and then
cultured without BMP-2. In experiment D, when mechanical
stimulation after priming was compared to 48 hours of BMP-
2-induced controls, an increase in ERK activity was observed
with no detectable change in p38 activity (not shown). JNK
activity was below detection for all experiments (not shown).
When analyzing Wnt signalling, no detectable changes in

𝛽-catenin were observed under most experimental condi-
tions, with the exception of a slight increase in experiment
D (Figure 7).

4. Discussion

Previous studies have shown that BMP-2 induces osteoge-
nesis through upregulation of the key transcription factors
Runx2 [22] and Osx (Osterix) [23, 24]. The present results
confirm these findings and moreover demonstrate that low-
frequency mechanical stimulation can enhance osteogenic
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Figure 5: (a) Protocol C involved 24-hour priming with BMP-2 followed by changing of medium and mechanical stimulation for next 24
hours. Controls were identically treated except for mechanical stimulation. (b) Fold differences in osteogenic gene expression at 48 hours.
Mean ± SEM, 𝑛 = 5; ∗represents 𝑃 < 0.05; #represents 𝑃 < 0.08.
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Figure 6: (a) Protocol D involved 24-hour priming with BMP-2 followed by changing of medium and mechanical stimulation for the next
24 hours. Controls were BMP-2-induced for 48 hours in the absence of any mechanical stimulation. (b) Fold differences in osteogenic gene
expression at 48 hours. Mean ± SEM, 𝑛 = 3; ∗represents 𝑃 < 0.05; ∗∗represents 𝑃 < 0.01.

differentiation of C2C12 cells in the presence of BMP-2. BMP-
2 alone induces expression of bone marker genes such as
alkaline phosphatase (Alp), Osteopontin, and collagen type
I [25], and we have clearly shown here that concomitant
low-frequencymechanical stimulation has a synergistic effect
on C2C12 osteogenic differentiation depending on the tim-
ing of these costimuli. These findings are consistent with
those of previous studies involving significantly different
mechanical conditions, notably higher oscillatory stimula-
tion frequencies [26–28]. These previous studies employed
frequencies between 0.1 and 1Hz to show that mechanical
stimulation can inhibit or induce stem cell differentiation
to desired lineages [29–33]. The present results show that
this upregulation in bone marker genes can also occur at
frequencies as low as 0.01Hz, which are much lower than
fundamental frequencies of locomotion. This indicates that
enhancement in osteogenic differentiation of C2C12 cells by
oscillatory mechanical stimulation can occur for a wider
range of frequencies than previously believed, similar to

previous findings for inhibition of adipogenic differentiation
[16].

It is known that BMP-2 can induce osteogenic differenti-
ation of stem cells [34–36]. Moreover, exposure to BMP-2 is
necessary for initiation of osteogenic differentiation of C2C12
cells [19]. Our pilot studies established that low-frequency
mechanical stimulation in the absence of BMP-2 exposure
did not significantly drive osteogenic differentiation of C2C12
cells by itself (data not shown). Therefore all experiments
performed in the present study involved a 24–48-hour expo-
sure to BMP-2 as a “priming” step to provide an environment
within which mechanical effects on osteogenesis could be
investigated. Interestingly, when mechanical stimulation was
started at the same time as BMP-2 induction such that
no priming period with BMP-2 alone occurred, no signif-
icant changes in osteogenic gene expression were observed
(Figure 4). In contrast, synergistic effects on osteogenesis
were observed when concomitant BMP-2 and mechanical
stimuli were applied following priming by BMP-2 alone
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Figure 7: Western blot analysis of the effects of low-frequency mechanical stimulation on Wnt and MAPK signalling in C2C12 cells
undergoing BMP-2-induced osteogenesis. Scanned images are representative of 4 independent experiments.

(Figure 3). Specifically, the early osteogenic markers Runx2,
Osx, and Alp [37] and the late osteogenic marker Col1a1
[38] were significantly upregulated versus nonmechanically
stimulated controls. However, no significant changes in the
other osteogenic markers Gla, Ibsp, or OPG were observed.
Evidently, osteogenic effects of low-frequency mechanical
stimulation on C2C12 cells can be critically dependent upon
previous exposure to growth factor stimulation, and the tim-
ing and sequence of superimposed BMP-2 and mechanical
stimuli can sensitively influence osteogenesis.

After initiation of osteogenesis with BMP-2 priming, our
latter experiments tested if mechanical stimulation in the
absence of BMP-2 could further modulate osteogenesis or
match the efficacy of continued BMP-2 exposure. Following
24 hours of BMP-2 priming, low-frequency mechanical
stimulation significantly upregulated expression of Osx, Alp,
and Col1a1 versus controls where BMP-2 exposure stopped
after priming (Figure 5). Conversely, osteopontin was slightly
downregulated, but overall the effects of mechanical stim-
ulation alone following BMP-2 priming indicated enhance-
ment of osteogenesis. However, low-frequency mechanical
stimulation after priming in the absence of BMP-2 could
not match the efficacy of continued BMP-2 exposure in
non-mechanically stimulated controls (Figure 6). Specifi-
cally, significantly diminished expression of Runx2, Osx,
and Alp was observed in mechanically stimulated cells in
competition with BMP-2-stimulated controls, though Col1a1
and osteopontin were expressed at similar levels in both con-
ditions. Therefore, it appears that low-frequency mechanical
stimulation can enhance osteogenesis of C2C12 cells when
BMP-2 concentration decreases; however, this enhancement
is not as potent as continued high concentrations of BMP-2
[19, 26].

Recent studies utilizing high-frequencymechanical stim-
ulation have indicated a role for mitogen-activated protein
(MAP) kinase signaling in stem cell differentiation [39].
Other in vitro studies also implied that 𝛽-catenin is required
downstreamof BMP-2 for osteoblastmineralization [40].The

extracellular-related kinase (ERK) and p38 kinase pathways
are strong candidates for this activity since previous work
has shown that mechanical stimulation induces a rapid
and transient change in both kinase activities in C2C12
and osteoblast-like cells [41–43]. Also, the Wnt signalling
pathway is involved in the response of bone-like cells to
mechanical loading [44] and is also active during osteogenic
differentiation of C2C12 cells [45–47]. Consistent with these
findings, our Western blot data suggest that low-frequency
mechanical stimulation following BMP-2 priming may act
primarily through ERK and 𝛽-catenin (Wnt) signalling.
However, we were unable to detect differences in p38 and
JNK activities under our experimental conditions. Further
studies are required to elucidate the differences between
modes of mechanical stimulation in terms of the specific
intercellular signaling pathways activated during osteogenic
differentiation.

Perhaps the most obvious context within which varying
growth factor concentrations and low-frequency mechanical
stimulation act in concert on stemcells is during development
[48, 49]. It is perhaps unwarranted to extrapolate the findings
of this in vitro study to more complex processes; however
the present results suggest a model for interpretation of how
these stimuli can contribute in a coordinated fashion during
development. For example, during limb bud development,
transient growth factor concentration gradients initiate stem
cell differentiation and establish basicmorphology [50], while
subsequent low-frequency movement and growth may refine
these patterns by modulating cytokine, growth factor, and
ECMprotein production, thus ultimately promoting terminal
differentiation and structure [49]. These insights may enable
future application of present findings for improved control of
stem cell differentiation in cell-based therapies.
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