
Abstract. Background/Aim: Mechanical loading of
differentiated myoblasts in vitro may mimic loading patterns
of skeletal muscle in vivo. However, it is still uncharacterized
the loading conditions that can produce the most effective
muscle cells’ biological responses, in vitro. This study
investigated the effects of different loading protocols on the
expression of myogenic regulatory factors, anabolic, atrophy
and pro-apoptotic factors in skeletal myotubes. Materials
and Methods: C2C12 myoblasts were differentiated and
underwent various stretching protocols by altering their
elongation, frequency and duration, utilizing an in vitro cell
tension system. The loading-induced expression changes of
MyoD, Myogenin, MRF4, IGF-1 isoforms, Murf1, Atrogin,
Myostatin, Foxo and Fuca were measured by Real Time-
PCR. Results: Stretching by 2% elongation at 0.25 Hz for 12
h was overall the most effective in inducing beneficial
responses. Conclusion: A low strain, low frequency
intermediate duration stretching can most effectively up-
regulate myogenic/anabolic factors and down-regulate pro-
apoptotic and atrophy genes in myotubes.

Skeletal muscle tissue has the ability to adapt to mechanical
stimuli by changing its mass and overall contractile phenotype
via the activation of mechanotransduction and intracellular
signaling mechanisms (1, 2). Mechanosensitive complexes
(mechanosensors) situated in the muscle cell membrane are
able to sense alterations and appear to have an important role

in promoting muscle cell growth, metabolism and survival (3).
Indeed, cellular mechanotransduction can induce and modulate
a wide range of biological responses, such as gene expression,
protein synthesis and secretion, cell proliferation, survival and
apoptosis (3, 4). Moreover, mechanical signals that regulate
muscle growth and regeneration, in both physiological and
pathological conditions, can also affect the differentiation of
myoblasts to mature myotubes during myogenesis (5).

Myogenic differentiation is driven by multiple signal
transduction pathways which coordinate the balance between
muscle growth and atrophy, or protein synthesis and protein
degradation (6, 7). Specifically, the myogenic program is
regulated by four, structurally similar transcriptional activators,
the Myogenic Regulatory Factors (MRFs) Myf5, MyoD,
Myogenin and MRF4 (8, 9). In addition, Insulin-like growth
factor-1 (IGF-1) signaling has been implicated in the process of
myogenesis (10, 11) as it is a key factor in the regulation of
skeletal muscle development and growth (12-14). Its up-
regulation leads to muscle hypertrophy (15) while, interestingly,
potentially differential actions of IGF-1 isoforms in skeletal
muscle growth and regeneration have been proposed (16-19).

On the other hand, muscle-specific atrophy factors along
with pro-apoptotic factors are negative regulators of muscle
growth and development (20). In particular, muscle protein
degradation occurs by the activation of muscle-specific
ubiquitin ligases, Atrogin-1 (MaFbx) and muscle ringer finger-
1 (MuRF1), along with the down-regulation of pro-growth
genes (21-23). Moreover, Atrogin-1 promotes MyoD
degradation and deregulates transcription factors and
mitochondrial enzymes (24, 25). Similarly, MuRF1 has been
reported to interact with and control the half-life of many
important muscle structural proteins (26). In addition, increased
myostatin activity prevents muscle growth, inhibits myoblast
differentiation and protein synthesis, reduces myotube size and
inhibits IGF-1−induced myotube hypertrophy (27-29).
Furthermore, it has been reported that when skeletal muscle
cells undergo atrophy, a subset of myoblasts exhibits apoptosis
(30) and important pro-apoptotic factors, such as FoxO and
p53, have been negatively implicated in muscle cell growth and
differentiation. In particular, overexpression of FoxO has been
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found to dramatically inhibit C2C12 myoblasts differentiation
(31). Also, p53 and its downstream effectors are required for
an inflammatory cytokine-mediated inhibition of myogenic
differentiation in vitro (32).

The expression of muscle growth/atrophy-associated
factors such as the afore-mentioned has been implicated in
the unloading-induced atrophy mechanisms and found to be
influenced by the lack of external load of skeletal muscle in
vivo (33). Thus, understanding the contribution of the
particular inputs of such factors on muscle cell adaptation to
mechanical loading has been challenging. However, defining
the molecular responses of muscle cells to mechanical
stimuli in vivo is technically very difficult (34, 35), because
skeletal muscle contains several cell types that influence its
responses to loading. Given the complexity of the in vivo
myogenic adaptation in response to exercise-induced external
loading, in vitro models of mechanical loading applied on
muscle cells are crucial for understanding the cellular and
molecular mechanisms that mediate loading-induced
adaptations. The myogenic differentiation of myoblast cell
lines into myotubes represents a well-established model of
skeletal muscle differentiation and in the last decade in vitro
models have been adopted to particularly mimic in vivo
muscle loading conditions (1, 36). 

The aim of this study was to characterize the efficacy and
efficiency of various in vitro mechanical loading protocols
on gene expression responses of differentiated myoblasts,
associated with anabolic, atrophy and pro-apoptotic factors
involved in their myogenic lineage. We set the hypothesis
that expression responses elicited would differ depending on
the loading characteristics of the protocols used, thus
indicating loading-specific, detrimental or beneficial effects
on myotubes in vitro. 

Materials and Methods 

C2C12 cell culture. The C2C12 cell line of mouse myoblasts was
obtained from American Type Culture Collection (Manassas, VA,
USA) and cultured as previously described (37). Briefly, cells were
grown in Dubecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), plus 1%
penicillin/streptomycin at 37˚C in a humidified atmosphere of 5%
CO2 in air, while medium was changed every other day. The C2C12
myoblasts were seeded onto 6-well flexible-bottomed culture plates
coated with Collagen I (Flex I Culture Plates Collagen I; Flexcell
International, Hillborough, NC, USA) and maintained in growth
media until 70% to 80%confluent, then switched to differentiation
media (2% horse serum, 1% of penicillin/streptomycin in DMEM).
Myoblasts were allowed to differentiate into multinucleated
myotubes for a 10-day period during which media was changed
every other day before stretching as described below. 

Myotube mechanical loading. Differentiated myotubes were
stretched using the Flexcell FX-4000 strain unit (Flexcell
International) that produces isotropic two-dimensional (biaxial)

strain of cells cultured on the flexible surface (silicone membrane)
of the culture plates, again at 37˚C in a humidified atmosphere of
5% CO2. Briefly, myotubes were subjected to five different
stretching protocols: a) 15% elongation (strain) at a frequency of
1Hz for 15 min, b) 10% strain at 1 Hz for 1 h, c) 10% elongation
at 0.25 Hz for 1 h, d) 2% strain at 0.25 Hz for 12 h, or e) 2% strain
at 0.25 Hz for 24 h.

Cell lysis and RNA extraction. Cell extracts were obtained by cell lysis
using NucleoZOL (Mecherey-Nagel, Duren, Germany) 12 h after the
completion of the stretching protocol, while control (non-stretched)
myotubes were also harvested 12 h after the end of each stretching
protocol. Total RNA was isolated from the lysates according to the
manufacturer’s recommendations. The extracted RNA was dissolved
in RNAases free water (Invitrogen, Carlsbad, CA, USA) and the
concentration and purity were determined spectrophotometrically
(Thermo Nanodrop 2000, Thermo Scientific™, Waltham, MA, USA)
by absorption at 260 and 280 nm. The integrity of total RNA was
confirmed by visual inspection of the electrophoretic pattern of 18S
and 28S ribosomal RNA in ethidium bromide-stained 1% agarose gels
under ultraviolet (UV) light. The total RNA samples were stored at –
80˚C until further analyses for the determination of the mRNA levels
of the genes of interest by reverse transcription and semi-quantitative
real-time PCR procedures.

Reverse transcription and real-time PCR. Total RNA from each
sample was used to produce single-stranded cDNA by reverse
transcription using reverse transcriptase ProtoScript II (NEB,
Ipswich, MA, USA) and the resultant cDNAs were utilized in real-
time PCR. More specifically, for the reverse transcription 1 μg of
total RNA from each sample was mixed with random primers mix
(300 ng/reaction), oligod(T)23VN (300 ng/reaction) and nuclease-
free water in a total volume of 8 μl, heated at 65˚C for 5 min and
then placed on ice. Next, the samples were mixed with 10 μl
ProtoScript II Reaction Mix and 2 μl Protoscript II Enzyme mix and
incubated consecutively at 25˚C for 5 min and at 45˚C for 1 h
according to manufacturer’s recommendations. At the final step of
the reverse transcription, the samples were heated at 80˚C for 5 min,
to inactivate the enzyme, and stored at –20˚C.

Real-time PCR analyses were performed using the Bio-Rad 96-
well iCycler thermal cycler (Bio-Rad iQ5 Real-Time PCR Detection
System, Hercules, CA, USA) and Bio-Rad reagents (iQ™ SYBR
Green Supermix). The primer set sequences used for the specific
detection of IGF-1 isoforms (IGF-1Ea, IGF-1Eb), MRFs (MyoD,
Myogenin, Mrf4), atrophy (Myostatin, MuRF1, Atrogin-1) and pro-
apoptotic factors (FoxO, FUCA, p53), are shown in Table I. To
prevent detection of genomic DNA, the primer sets were designed
to lie within different exons while, particularly, each set of primers
for the detection of the IGF-1 isoforms was specific to detect only
one specific IGF-1 transcript. Each PCR reaction contained 50 ng of
cDNA, 12.5 μl SYBR green master mix, 0.4 μM of each primer, and
nuclease free water to a total volume of 20 μl. The real-time PCR
parameters were the following: initial denaturation at 95˚C for 5 min
followed by 40 cycles of 30 s at 95˚C, 30 s at 62˚C for annealing,
and 30 s at 72˚C for extension. Transcript levels of the genes of
interest were assessed by automatically calculating the threshold
cycle (Ct) as the number of cycles at which the measured
fluorescence exceeds the threshold for detection. To normalize the
amount of total RNA present in each PCR reaction and the mRNA
expression (relative quantification-dCt) of the genes of interest,
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glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as
housekeeping gene (internal standard). Each sample was analyzed in
duplicate, and the resulting data were averaged. A melting curve
(Tm) was also generated by the Bio-Rad iQ5 Real-Time PCR
Detection System software after the final cycle for each experimental
sample, by continuous monitoring the Bio-Rad SYBR fluorescence
throughout the temperature ramp from 70˚C to 95˚C. The specificity
of the primers for the corresponding transcript was also confirmed
by the melting curve analysis of samples, where there was only one
melting curve for each sample and electrophoretic analysis of the
real-time PCR products further verified the specificity of the
transcript of each gene of interest. Control for specificity included
cDNA-free reactions and template-free reactions.

Statistical analysis. One-way analysis of variance (ANOVA) with
Dunn's Multiple Comparison post-hoc test was used for statistics,
using GraphPad Prism 5. All experiments were performed in
triplicate and data are presented as mean±standard error of the mean
(S.E.M). The level of statistical significance was set at p<0.05. 

Results
Myogenic regulatory factors. In order to investigate the
potential effects of mechanical loading on the myogenic
lineage of differentiated myoblasts, we examined the
expression levels of both early (MyoD) and late (Myogenin,
MRF4) differentiation factors in skeletal myotubes. It was
found that only the low frequency (0.25 Hz), low elongation
(2%) of longer duration stretching protocols induced
significant changes in the expression levels of those MRFs
compared to both the control (no stretch) and the higher
elongation or frequency conditions (Figure 1A-C).
Interestingly, MyoD exhibited differential responses to
mechanical loading compared to the late differentiation
MRFs; only the 24 h stretching induced a significant up-
regulation of MyoD compared to control, in contrast with
Myogenin and MRF4 expression, whose expressions were
higher in the 12 h stretching condition compared to both the

control and the 24 h stretching (Figure 1A-C). Moreover, the
12-h loading protocol was the only that induced significant
changes in the expression of MRF4 compared to any other
(control or stretching) condition (Figure 1C).

Anabolic factors. As IGF-1 is a major regulator of skeletal
muscle development and growth that can induce hypertrophy
and block atrophy, we examined the effects of different
stretching protocols on the expression of IGF-1 isoforms in
skeletal myotubes. For the IGF-1Ea, the most effective
protocol was that of 2% strain at 0.25 Hz for 24 h, increasing
its expression compared to both the control and the other
stretching protocols used (Figure 2A). Interestingly, a
differential response was revealed regarding the IGF-1Eb
isoform, for which the low frequency protocol (0.25 Hz),
regardless of its elongation or duration, resulted in the up-
regulation of this isoform (Figure 2B).

Atrophy factors. In parallel with the effects of mechanical
loading on the anabolic factor IGF-1, we also examined the
effects of different stretching protocols on the expression of
muscle atrophy genes. It is noteworthy that in contrast to the
IGF-1 isoforms responses, the stretching protocol with the
highest elongation (15%) and frequency (1 Hz) along with
the shortest duration (15 min) resulted in significant
increases of the atrophy genes expression, particularly of
myostatin and Atrogin-1, compared to controls (Figure 3A
and C). On the contrary, the low elongation (2%), low
frequency (0.25 Hz) for 12 h stretching was the only one to
cause a significant decrease in the expression of all three
atrophy genes examined (Figure 3A-C). Moreover, the same,
12-hrs low elongation and low frequency protocol resulted
in the more pronounced down-regulation of myostatin and
Atrogin-1 compared to the high elongation/high frequency
protocols (Figure 3A and C). 
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Table I. The sequence of the specific sets of primers used for RT-PCR analyses.

Target gene                                      5’-3’ (forward) primer sequence                                              3’-5’ (reverse) primer sequence

GAPDH                                           CAA CTC CCT CAA GAT TGT CAG CAA                          GGC ATG GAC TGT GGT CAT GA
MyoD                                               TGC TCC TTT GAG ACA GCA GA                                      AGT AGG GAA GTG TGC GTG CT
Myogenin                                         AGG AGA GAA AGA TGG AGT CCA GAG                       TAA CAA AAG AAG TCA CCC CAA GAG
MRF4                                               AGG GCT CTC CTT TGT ATC CAG                                    TGG AAG AAA GGC GCT GAA GA
IGF-1Ea                                          GTG GAC GCT CTT CAG TTC GT                                      GCT TCC TTT TCT TGT GTG TCG ATA G
IGF-1Eb                                          GTC CCC AGC ACA CAT CGC G                                         TCT TTT GTG CAA AAT AAG GCG TA
FUCA                                              TTT GGT CGG TGA GTT GGG AG                                      CCA TTC CAA GAG CGA GTG GT
FoxO                                                AGT GGA TGG TGA AGA GCG TG                                     GAA GGG ACA GAT TGT GGC GA
TP53                                                GAG AGA CCG CCG TAC AGA AG                                     AGC AGT TTG GGC TTT CCT CC
Myostatin                                         CTG TAA CCT TCC CAG GAC CA                                      GCA GTC AAG CCC AAA GTC TC
MuRF1                                             AGG GCT CCC CAC CAC CTG TGT                                   TGC CCT CTC TAG GCC ACC G
Atrogin-1/MAFbx                            AAC AAG GAG GTA TAC AGT AAG G                             AAT TGT TCA TGA AGT TCT TTT G



Pro-apoptotic factors. Along with the muscle atrophy genes,
we further examined the loading-induced regulation of
apoptosis-related factors in the skeletal myotubes. Our
results showed that the stretching protocol of 10% elongation
at either low (0.25 Hz) or high (1 Hz) frequency for 1 h led
to significant up-regulation of the pro-apoptotic factors
compared to controls as well as to the 15% elongation for 15
min stretching (Figure 4A-C), indicating that the duration of
stretching may determine the particular differences between
the high-strain protocols. On the contrary, and similarly to
the atrophy genes responses, significant decrease in the
expression of those three pro-apoptotic factors was observed
in the low elongation (2%), low frequency (0.25 Hz) for 12
h stretching protocol compared to control condition (Figure
4A-C). Moreover, the low elongation, low frequency of the
longer durations (12 and 24 h) protocols resulted in more
pronounced down-regulation of those factors compared to
the high elongation (10%)/short duration (1 h) protocols
(Figure 4A-C). 

Discussion

This study examined the effects of various in vitro cell
stretching protocols on gene expression responses associated
with the myogenic lineage of differentiated C2C12
myotubes, in order to reveal potential loading-specific,
detrimental or beneficial effects on the myogenic program in
myotubes, depending on the loading characteristics of the
protocols used. The expression of myogenic, anabolic,
atrophy and pro-apoptotic factors were measured 12 h after
the completion of each stretching protocol to determine
durable, persistently triggered rather than short
transcriptional responses. Our main findings demonstrated
that a low strain, low frequency for an intermediate duration
mechanical stretching was overall the most effective in
inducing beneficial responses in skeletal myotubes, by up-
regulating MRFs and IGF-1 while down-regulating atrophy
and pro-apoptotic factors. Furthermore, the present study
revealed that the late myogenic determination factors,
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Figure 1. Effects of cyclic mechanical stretch on the expression of
MRFs. Quantitative analysis of (A) MyoD, (B) Myogenin and (C) MRF4
mRNA expression in myotubes subjected to mechanical stretch
compared to control (non-stretched myotubes); The mRNA values of
MRFs in stretched myotubes were normalized to the corresponding
GAPDH mRNA and are expressed as fold changes compared to control.
Percentages on the columns represent the degree of elongation of the
cell culture surface. Note that in the selected stretching protocols as the
elongation and frequency (Hz) decrease the duration (Time) increases.
*significantly different compared to control; ¤significantly different
compared to 15% elongation; &significantly different compared to 10%
elongation/1 Hz; #significantly different compared to 10%
elongation/0.25 Hz; ¥significantly different compared to 2%
elongation/12 h; Mean+SE of 3 independent experiments performed in
triplicate; p<0.05.



Myogenin and MRF4, exhibited differential responses to
mechanical loading compared to the early differentiation
factor MyoD. Similarly, a differential response of IGF-1Eb
isoform to the cell stretching protocols was revealed
compared with the other IGF-1 isoform, IGF-1Ea.
Interestingly and in contrast to the responses of the myogenic
and anabolic factors, the stretching protocol with the highest
strain and frequency along with the shortest duration resulted
in increased expression of the atrophy genes. Moreover, the
low strain, low frequency and longer duration (12 and 24 h)
stretching protocols resulted in the more pronounced down-
regulation of the pro-apoptotic factors compared to the high
strain, short duration protocols. 

The ability of mechanosensitive cells to sense external
mechanical stimuli and convert them into electrochemical and
biochemical signals (mechanotransduction) is critical for the
maintenance of cellular and tissue homeostasis (38-40). In
particular, mechanical loading can cause changes in patterns
of gene expression in skeletal muscle, influencing protein
synthesis and stability and affecting muscle metabolism,
while there is a growing body of evidence showing that
mechanical cues modulate many aspects of myocyte function,
including proliferation and myogenic differentiation (10). The
myogenic differentiation program is regulated by MRFs, a
family of muscle-specific transcription factors considered
myogenic determinants, which share the ability to convert
various differentiated cell types to myogenic and direct
progenitor cells to establish the skeletal muscle lineage (41).
In particular, Myogenin, lying genetically downstream, along
with MyoD and MRF4, activate the myogenic differentiation
program (8, 42). MyoD promotes myoblasts progression to
terminal differentiation (43) while it seems, along with
Myogenin, to directly or indirectly activate the expression of
MRF4 in the later stages of myogenic differentiation (44).
Myogenin, as MRF4, is a late differentiation factor
stimulating terminal myogenic differentiation and its
expression can be induced by IGF-1 (45). 

This study showed that only the low frequency/low strain
of longer duration stretching conditions induced significant
changes in the expression of those MRFs (Figure 1A-C)
while, particularly, only the longest duration (24 h) stretching
induced a significant up-regulation of MyoD, versus
Myogenin and MRF4, whose expressions were higher in the
12 h stretching condition. Τhese findings are similar with
those reported by other studies that examined the responses
of MyoD after cyclic tensile strain for 24, 48 or 72 h in
differentiated myoblasts, or regarding Myogenin and MRF4
responses to cyclic mechanical strain (46-48). Our findings
suggest that those MRFs, at least at this (later) stage of
myogenic differentiation, are responsive to mechanical
loading and more sensitive particularly to long-term, low
elongation stretching. Moreover, the time-dependent
differential responses of MyoD compared with Myogenin

and MRF4 to stretching may reflect a different
responsiveness of the early vs late myogenic factors to
mechanical stimuli, possibly depending on their distinct
role(s) in that stage of the myogenic differentiation program.

Mechanical stretching of skeletal muscle cells both in vivo
and in vitro can lead to the up-regulation of many growth
factors, such as IGF-1, eventually leading to the
enhancement of protein synthesis and muscle cell growth
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Figure 2. Effects of cyclic mechanical stretch on the expression of IGF-
1 isoforms. Quantitative analysis of (A) IGF-1Ea and (B) IGF-1Eb
mRNA expression in myotubes subjected to mechanical stretch
compared to control (non-stretched myotubes); The mRNA values of
IGF-1 isoforms in stretched myotubes were normalized to the
corresponding GAPDH mRNA and are expressed as fold changes
compared to control. Percentages on the columns represent the degree
of elongation of the cell culture surface. Note that in the selected
stretching protocols as the elongation and frequency (Hz) decrease the
duration (Time) increases. *significantly different compared to control;
¤significantly different compared to 15% elongation; &significantly
different compared to 10% elongation/1 Hz; #significantly different
compared to 10% elongation/0.25 Hz; ¥significantly different compared
to 2% elongation/12 h.



(24-26). Indeed, IGF-1 is a major anabolic factor involved
in myogenesis and muscle hypertrophy (11, 49-51) and its
up-regulation in response to mechanical loading observed in
this study is in line with findings of previous studies (51-53).
However, to the authors’ best knowledge, this is the first
study investigating the distinct expression profiles of IGF-1
isoforms following mechanical loading of myotubes, in vitro.
Our data specifically showed that both isoforms appear to be
up-regulated by low frequency stretching protocols, while
differential responses were also revealed; IGF-1Ea found to
be responsive only to the longest duration (24 h) of
stretching, while IGF-1Eb exhibited responsiveness to all
low-frequency protocols used, regardless of their duration.
These findings suggest that IGF-1 isoforms need low
frequency loading to be activated, while their distinct, time-
dependent responses to stretch may reflect different
biological roles in the differentiated myotubes.

In parallel with highlighting the myogenic/anabolic
transcriptional profile of the differentiated myotubes in
response to different loading conditions, this study also

examined the expression responses of muscle atrophy genes
to the various mechanical stimuli. Although the defined
mechanisms regarding the role of those genes in driving an
atrophic phenotype are yet to be fully elucidated, however,
it is considered that myostatin has a role in actively
inhibiting protein synthesis (27, 54), whilst MuRF1 and
Atrogin-1 are thought to act through the ubiquitin-
proteasome pathway (6, 55, 56). Specifically, myostatin is a
negative regulator of myogenesis by deregulating MyoD
activity (57). Similarly, Atrogin-1 appears to be negatively
involved in myogenesis by polyubquitination and
degradation of Myogenin (24), while MuRF1 plays a major
role in regulating skeletal muscle mass by controlling a
variety of muscle cell catabolic processes (35). 

Our study revealed that, in contrast to the IGF-1 isoforms
responses, the stretching protocol with the highest
strain/frequency along with the shortest duration resulted in
significant increases of myostatin and Atrogin-1. Inversely, the
low strain/frequency for 12 h stretching was the only one that
led to significant down-regulation of all three atrophy genes
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Figure 3. Effects of cyclic mechanical stretch on the expression of
Atrophy Factors. Quantitative analysis of (A) Myostatin, (B) MuRF1
and (C) Atrogin/MAFbx mRNA expression in myotubes subjected to
mechanical stretch compared to control (non-stretched myotubes); The
mRNA values of atrophy factors in stretched myotubes were normalized
to the corresponding GAPDH mRNA and are expressed as fold changes
compared to control. Percentages on the columns represent the degree
of elongation of the cell culture surface. Note that in the selected
stretching protocols as the elongation and frequency (Hz) decrease the
duration (Time) increases. *significantly different compared to control;
¤significantly different compared to 15% elongation; &significantly
different compared to 10% elongation/1 Hz; #significantly different
compared to 10% elongation/0.25 Hz; ¥significantly different compared
to 2% elongation/12 h; Mean+SE of 3 independent experiments
performed in triplicate; p<0.05.



examined (Figures 2 and 3). These findings suggest a multiple
beneficial effect of the low strain/frequency of intermediate
duration mechanical stretching, which simultaneously down-
regulates muscle atrophy program and up-regulates
myogenic/growth factors in advanced differentiation myotubes. 

Various pro-apoptotic factors may potentially be involved
in myogenic differentiation; FoxO is a fate decider within the
myogenic lineage as opposed to an inducer of the myogenic
program (58), p53 suppresses muscle differentiation at the
Myogenin step (32), while FUCA inhibits cell growth and
induces cell death (59). In our model of applying mechanical
stretching on differentiated myoblasts, the loading protocols
using a 10% strain for 1 h resulted in the up-regulation of
those factors regardless of the stretching frequency;
nevertheless, frequency appeared to be the determinant factor
for differentiating these increases (Figure 4). Inversely, low
strain/low frequency of long duration stretching protocols
decreased their expression similarly to the atrophy genes and
in contrast to the myogenic factors’ responses (Figures 1, 3
and 4). Our findings indicate that there might be a threshold

(or range) of strain and/or duration of mechanical loading for
the induction of detrimental effects on myotubes (60-62),
such as the up-regulation of those apoptosis-related factors,
since they were induced under specific strain and duration of
loading. 

Overall, our study revealed that a specific mechanical
loading protocol (i.e., low strain/frequency of intermediate
duration) was beneficial for the differentiated myotubes, not
only by up-regulating myogenic and anabolic factors but also
by down-regulating atrophy and pro-apoptotic genes. 

Conclusion

Muscle cells are mechanosensitive responding in several ways
to mechanical signals, produced from native environmental
cues, in order to maintain their homeostasis and adapt to
external loading. In vitro models of cell mechanical loading
can greatly contribute to the improvement of our understanding
of cellular mechanotransduction and molecular responses of
skeletal muscle cells to loading. This study demonstrated that
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Figure 4. Effects of cyclic mechanical stretch on the expression of pro-
apoptotic factors. Quantitative analysis of (A) FoxO, (B) FUCA and (C)
p53 mRNA expression in myotubes subjected to mechanical stretch
compared to control (non-stretched myotubes); The mRNA values of
apoptotic factors in stretched myotubes were normalized to the
corresponding GAPDH mRNA and are expressed as fold changes
compared to control. Percentages on the columns represent the degree
of elongation of the cell culture surface. Note that in the selected
stretching protocols as the elongation and frequency (Hz) decrease the
duration (Time) increases. *significantly different compared to control;
¤significantly different compared to 15% elongation; &significantly
different compared to 10% elongation/1 Hz; #significantly different
compared to 10% elongation/0.25Hz; ¥significantly different compared
to 2% elongation/12 h; Mean+SE of 3 independent experiments
performed in triplicate; p<0.05.



varying the components of mechanical stretching (i.e.,
elongation, frequency, duration) applied on myotubes in vitro,
resulted in different, beneficial or detrimental, effects on their
myogenic lineage, indicating specific features of loading for
regulating the myogenic/anabolic program. These findings may
be a valuable resource to be utilized as a database for
developing more focused in vitro experimental designs to
characterize the cellular and molecular mechanisms of
mechanical loading-induced muscle adaptations. 
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