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Mechanical stretch inhibits myoblast-to-adipocyte
differentiation through Wnt signaling
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Abstract

Myoblasts are able to differentiate into other mesenchymal lineages including adipocytes and osteoblasts. However, it is not
known how this differentiation is normally regulated in intact animals and humans. Here, we subjected cultured C2C12 myoblasts
to cyclic mechanical stretch (20% elongation) during differentiation into adipocytes. Mechanical stretch inhibited the myoblast-to-
adipocyte differentiation significantly, concurrent with an enhanced expression of Wnt10b mRNA. Inhibition of the Wnt signaling
by incubation of the myoblasts with a soluble Wnt ligand, sFRP-2, abolished the inhibitory function of mechanical stretch on adi-
pogenesis. These findings provide evidence that mechanical stretch inhibits myoblast-to-adipocyte differentiation possibly through
Wnt signaling.
� 2005 Elsevier Inc. All rights reserved.
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Mechanical stimuli are thought to be important for
regulation of tissue development, as somatic cells are
normally exposed to a variety of mechanical stimuli in
living animals [1]. Mechanical stretch has a variety of ef-
fects on the structure and function of cells, and is
responsible for post-natal adaptations through pre-
and post-transcriptional regulation [2], which has been
investigated extensively in smooth and cardiac muscle
cells [3–8]. However, little is known about the effect of
mechanical stress on cell differentiation [1,9].

Myogenic stem cells in adult skeletal muscle (satellite
cells) maintain multi-differentiation potential and are
able to differentiate into non-muscle cells including
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osteoclasts and adipocytes when exposed to certain
inductive factors. C2C12 cells, a skeletal muscle
myogenic progenitor cell line, possess pluripotent differ-
entiation potential to mesenchymal cell lineages in vitro
and in vivo [10,11]. This transition between one differen-
tiated lineage to another is also called trans-differentia-
tion. The signaling mechanisms that are responsible
for trans-differentiation are poorly understood [12].
The normal development of skeletal muscle is controlled
by myogenic regulatory factors (MRFs), such as myf-5,
myogenin, and MyoD [13]. On the other hand, differen-
tiation of adipocytes appears to be controlled by
peroxisome proliferator activating receptor (PPAR)-c
and the C/EBP families of transcription factors. The
balance between these myogenic and adipogenic tran-
scriptional factors is related to commitment of cell
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differentiation since forced expression of MyoD causes
myogenic differentiation of pre-adipocytes, while forced
expression of PPAR-c leads to differentiation of myo-
blasts to adipocytes [10].

We have previously shown that mechanical stretch
regulates expression of transcriptional factors influenc-
ing cell differentiation [14]. Application of cyclic
mechanical stretch down-regulates expression of MyoD
and MNF-a in C2C12 myoblasts. Based on these find-
ings, we hypothesized that mechanical stretch affects
the balance between myogenic and adipogenic transcrip-
tional regulatory factors, thereby promoting the com-
mitment of pluripotent precursor cells, such as muscle
satellite cells, into the myogenic lineage and inhibiting
their differentiation into the adipogenic lineage.

In this study, we investigated the effect of mechanical
stretch on C2C12 muscle satellite cells during induced
adipogenesis. We show that mechanical stretch inhibits
C2C12 cell adipogenic differentiation through activated
Wnt signaling. These findings suggest a mechanism by
which the commitment of muscle satellite cells to the
myogenic lineage is maintained by mechanical stimuli
in vivo.
Fig. 1. C2C12 cells differentiate into adipocytes. Cells cultured in
adipogenic induction medium (10% FBS, 1 lM dexamethasone,
0.5 mM isobutylmethylxanthine, and 10 lg/ml insulin) for 7 days
stain positive with Oil red-O (A) and express PPAR-c mRNA (B) as
markers of adipogenic differentiation.
Materials and methods

Cell culture. Murine C2C12 cells were generously provided by Ri-
ken Cell Bank (Tsukuba, Japan). The cells were grown in Dulbecco�s
modified Eagle�s medium (DMEM; Sigma, St. Louis, MO) supple-
mented with 10% fetal bovine serum (FBS) and antibiotics in 5% CO2

atmosphere. To inhibit Wnt signals, C2C12 cells were cultured in the
presence of 100 nM secreted Frizzled-related protein (sFRP)-2 (R&D
Systems, Minneapolis, MN).

Induction of adipogenesis. For adipogenic differentiation, C2C12
cells were grown to confluency in DMEM containing 10% FBS before
switching to an adipogenic induction medium (4.5 g/L glucose, 10%
FBS, 1 lM dexamethasone, 0.5 mM isobutylmethylxanthine, and
10 lg/ml insulin in DMEM). After 72 h, the medium was changed to
adipogenic maintenance medium (4.5 g/ml glucose, 10 lg/ml insulin,
and 10% FBS in DMEM) and was changed every other day. After 7
days, the cells were used for further analyses.

Oil red-O staining. The cells were rinsed twice with PBS, fixed with
4% para-formaldehyde for 5 min, and washed with distilled water.
Cytoplasmic lipid droplets in cell cultures were stained with the Oil
red-O solution for 30 min. The cultures were then washed thoroughly
with distilled water.

Mechanical stretch of C2C12. Cyclic mechanical stretch was ap-
plied to cultured C2C12 cells in vitro using a BioFlex strain unit
(Flexcell International, Hillsborough, NC) as previously described [15].
Briefly, C2C12 myoblasts were cultured in a 6-well plate with flexible
collagen-coated silicone rubber membranes at the bottom of each well.
A vacuum (17 kPa) was applied at a frequency of 6 cycles/min (3-s on-
time, 7-s off-time) from the base of the plate. The maximal percent
elongation of the culture surface was 20%. Cells cultured on the same
type of plates without stretch served as control.

RNA isolation and semiquantitative reverse transcriptional poly-

merase chain reaction. Semiquantitative reverse transcriptional poly-
merase chain reaction (RT-PCR) analysis was performed as described
previously [16] with modification. Briefly, total RNA was isolated from
the cultured C2C12 by using ISOGEN (Nippongene, Tokyo, Japan).
Four micrograms of total RNA was used in each RT-reaction
(Amersham-Pharmacia Biotech, Buckinghamshire, UK). Comple-
mentary DNA (2 ll) was then used as a template for the PCR in a 20-
ll reaction volume including 100 ng of each primer, 2 mM MgCl2,
PCR buffer, and 1 U Taq polymerase (Toyobo, Osaka, Japan). Ten
microliters of each PCR was loaded on a 1% agarose gel as described.
PCR primer pairs used for this study include glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH): 5 0-GTG GCA AAG TGG AGA
TTG TTG CC-3 0 and 5 0-GAT GAT GAC CCG TTT GGC TCC-3 0;
PPAR-c: F, 5 0-ATC AGC TCT GTG GAC CTC TC-30 and R, 5 0-
ACC TGA TGG CAT TGT GAG AC-3 0; and Wnt10b: F, 5 0-CGG
CTG CCG CAC CAC AGC GC-3 0 and R, 5 0-CAG CTT GGC TCT
AAG CCG GT-3 0.

The RT-PCR exponential phase was determined on 15–35 cycles to
allow semiquantitative comparisons among cDNAs developed from
identical reactions. Each PCR regime involved a 94 �C, 2 min initial
denaturation step followed by 25 cycle at 94 �C for 1 min, 55–57 �C for
1 min, 72 �C for 1 min on a GeneAmp PCR system 9700 (Perkin-El-
mer, Wellesley, MA). The PCR products were separated by electro-
phoresis on 1% agarose gel. We included primers for GAPDH in the
PCR as an internal control. The linearity of the PCR was confirmed
for each gene (data not shown).

Statistical analysis. Data were presented as means ± SEM from
separated experiments. To assess the effect of mechanical stretch on
temporal data, one-way analysis of variance (ANOVA) was used, and
Bonferroni corrections were made for multiple comparisons. P val-
ues < 0.05 were considered significant.
Results

C2C12 cells can differentiate into adipocytes

To induce adipogenic differentiation, C2C12 cells
were cultured in adipogenic induction medium for 7
days. The cells were stained with Oil-red O to visualize
the degree of lipid accumulation (Fig. 1A). To further
confirm adipogenic differentiation, PPAR-c mRNA
was measured by RT-PCR in these cells. There was a



Fig. 3. Mechanical stretch increases expression of Wnt10b. Expression
of Wnt10b mRNA was enhanced by mechanical stretch (A,B).
**p < 0.01 versus control by ANOVA.
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4.2-fold increase of PPAR-c in cells was induced adipo-
genesis (Fig. 1B).

Mechanical stretch inhibits adipogenic differentiation in

C2C12 cells

To determine the effect of mechanical stretch on
trans-differentiation of C2C12 cells into adipocytes, we
subjected C2C12 cells to cyclic mechanical stretch dur-
ing induced-adipogenic differentiation. Mechanical
stretch maintained C2C12 cells in spindle shape while
cells without stretch treatment acquired a round shape
during adipogenic differentiation (Figs. 2A and B). Fur-
thermore, the expression of PPAR-c mRNA was de-
creased by stretch in adipogenic induction medium
(Figs. 2C and D).

Mechanical stretch inhibits adipogenesis via Wnt

signaling

To determine the mechanism of stretch-induced inhi-
bition of adipogenesis in C2C12, we compared the
expression of Wnt10b, which is known to stabilize cyto-
solic b-catenin in Wnt signaling, between stretched and
unstretched cells under adipogenic conditions. Wnt10b
Fig. 2. Mechanical stretch inhibits adipogenic differentiation of C2C12 cells.
adipocytes (A) while stretched cells remain spindle-shaped (B). Stretch reduced ex
mRNA was increased 2.5-fold in mechanical stretched
cells compared with sister cultures without stretch
(Fig. 3). To confirm that the profound effects of mechan-
Unstretched cells in adipogenic medium assume the rounded shape of
pression of PPAR-cmRNA (C,D). **p < 0.01 versus control by ANOVA.



Fig. 4. Mechanical stretch-induced inhibition of adipogenesis requires
Wnt signaling. C2C12 cells cultured in adipogenic induction medium
with sFRP2 to inhibit Wnt signaling expressed PPAR-c mRNA in the
manner of unstretched cells.
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ical stretch were indeed attributable to Wnt signaling,
we added sFRP-2, a soluble receptor of Wnt10b, into
the culture. sFRP-2 can block the binding of Wnt10b
to its receptor on the cell membrane [17]. Addition of
sFRP-2 completely blocked stretch-induced expression
of PPAR-c mRNA (Fig. 4).
Discussion

This study demonstrates that differentiation from
myoblasts to adipocytes is inhibited by cyclic mechanical
stretch. Blocking Wnt signaling by a soluble receptor of
Wnt, secreted Frizzled-related protein-2, abolished the
mechanical stretch-induced inhibition of adipogenesis.
These results suggest that mechanical stretch inhibits the
myoblast-to-adipocyte differentiation via Wnt signaling.

To our knowledge, this is the first report to show that
mechanical stress affects myoblast-to-adipocyte differen-
tiation. The term trans-differentiation refers to the phe-
notypic change of one differentiated cell type to another
[11,12]. Recent studies have shown that trans-differenti-
ation occurred in adult mammals. Adult stem cells were
shown to differentiate into cell types that are not nor-
mally present in their residing tissues/organs [11,12]. It
has been postulated that some tissue/organ injury might
be repaired by trans-differentiation of reservoir cells,
such as satellite cells.

Our results that myoblast-to-adipocyte trans-differen-
tiation is inhibited by mechanical stretch suggest that
mechanical cues play important roles in the develop-
ment, maintenance, and regeneration of mammalian
tissues. Experimentally, the in vitro myoblast-to-adipo-
cyte differentiation system used here should allow us to
identify extracellular and intracellular signaling mole-
cules that control cross-lineage commitment of myogenic
stem cells. Identification of such signaling molecules will
not only shed light on the fundamental mechanisms reg-
ulating trans-differentiation, but also provide novel ap-
proaches for cell-based therapeutics. In addition, our
findings may also be relevant to understanding the path-
ogenesis of obesity and skeletal muscle diseases. For
example, aged and obese patients have a high fat to mus-
cle ratio compared with young and healthy individuals
[18], an outcome possibly due to the conversion of mus-
cle to fat cells. Understanding the signaling pathways
that mediate trans-differentiation between myoblasts
and adipocytes should be of relevance to the develop-
ment of therapeutics for the treatment of obesity and im-
paired metabolism in sedentary population.

Our results might also provide new insights into the
relationships between exercise and body composition.
It is generally known that exercise decreases fat mass
[19] due to increased energy expenditure during muscle
contraction. However, our current data suggest that
exercise-associated mechanical stimuli may block patho-
genic trans-differentiation of myogenic satellite cells into
pre-adipocytes that may migrate to sites of fat deposi-
tion. It is also possible that signaling molecules elabo-
rated within contracting muscles circulate as humoral
factors to exert similar effects on adipogenic progenitor
cells to reduce fat body mass.

Adipogenic differentiation can be regulated by both
inhibitory and stimulatory factors [20]. One of the
endogenous factors proposed to repress adipogenesis is
Wnt10b, which belongs to a large family of secreted,
cysteine-rich proteins that regulate diverse cellular and
developmental processes [21,22]. When the Wnt signal-
ing in pre-adipocytes is blocked by overexpression of
axin or dominant-negative TCF4, these cells differenti-
ate into adipocytes spontaneously. Although Wnt regu-
lates cell fate through several signaling pathways,
activation of the canonical Wnt/b-catenin pathway is
sufficient to inhibit differentiation and apoptosis of
pre-adipocytes [17]. Mechanical stretch-induced inhibi-
tion of adipogenesis was prevented by addition of a
Wnt inhibitor, sFRP2. Activity of Wnt proteins is regu-
lated by secreted inhibitors, such as Wnt inhibitory fac-
tor-1, and the family of secreted Frizzled-related
proteins appears to bind and sequester Wnts from their
receptors. While activation of Wnt signaling inhibits
adipogenic differentiation through C/EBPa and
PPAR-c, disruption of endogenous Wnt signaling re-
sults in adipogenesis [17]. Consistent with this model,
trans-differentiation in the presence of Wnt is partially
rescued by addition of sFRP-2, highlighting the impor-
tance of this pathway not only in adipocyte differentia-
tion but also in mesodermal cell fate determination.
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Mechanical stress provides signals to several types of
cells during development, growth, and remodeling of tis-
sues [1]. This is certainly the case in skeletal muscle in
which changes in phenotype result from differential gene
expression in response to mechanical signals [23]. The
process by which mechanical stimuli initiate intracellular
signaling is termedmechano-transduction. Themechano-
sensory mechanisms that are responsible for changes in
gene transcription and expression are incompletely
understood, but externally applied mechanical stimuli
influence nuclear events either directly or indirectly via
stimulation of signaling molecules [7,24]. The mecha-
nism(s) of increased expression ofWnt10b by mechanical
stretch remains to be explored.

In summary, this study demonstrates that trans-dif-
ferentiation from myoblasts to adipocytes is inhibited
by application of mechanical stretch, through mecha-
nisms that include the activation of Wnt10b signaling.
We provide the first evidence for the inhibition of adipo-
genesis in C2C12 myogenic cells in vitro during applica-
tion of mechanical stretch. This finding suggests that
satellite cells of intact animals may resist entry into the
adipogenic program by mechanical stretch-induced
secretion of Wnt10b.
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