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Mechanical stress promotes biological functions of C2C12
myoblasts by activating PI3K/AKT/mTOR signaling pathway
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Abstract. The PI3K/AKT signaling pathway regulates cell
proliferation and differentiation in multiple types of cells. The
present study aimed to investigate the effects of mechanical
stress on C2C12 cell proliferation and to explore the associ-
ated mechanisms. A cyclic mechanical stress model of C2C12
myoblasts was established. Reverse transcription-quantitative
PCR and western blotting assay were used to examine the
PI3K signaling pathways involved in the progress of cell
differentiation. Cell counting kit-8 (CCK-8) assay was used to
evaluate the proliferation of C2C12 cells. Flow cytometry was
employed to evaluate apoptosis following mechanical stress.
The results demonstrated that mechanical stress activated the
PI3K signaling pathway in C2C12 myoblasts. Mechanical
stress significantly promoted phosphorylation (p-) of AKT
and expression of mammalian target of rapamycin (mTOR)
compared with the normal group. Mechanical stress
significantly promoted 4E-binding protein 1 (4EBPI)
expression in C2C12 cells compared with the normal group.
The PI3K specific inhibitor LY294002 significantly decreased
4EBP1 expression and reduced p-AKT and p-mTOR expres-
sion compared with the mechanical stress group. Mechanical
stress promoted C2C12 cell proliferation. Apoptosis of
C2C12 significantly decreased in the mechanical stress group
compared with the normal group. Cyclin D levels signifi-
cantly increased in the mechanical stress group compared
with the normal group. In conclusion, mechanical stress
promoted biological functions of C2C12 cells by activating the
PI3K/AKT signaling pathway. These results may contribute
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to a better understanding of the effects of mechanical stress
on cells.

Introduction

Myoblast stem cells are characterized by ability to self-renew
and the potential to regenerate muscle. Myoblasts are mainly
distributed in skeletal muscle tissues, but not in mature cardiac
and smooth muscle tissues. Normally, myoblasts are present as
muscle satellite cells. When muscles are damaged by external
stimuli, myoblasts are activated and undergo proliferation
and differentiation, finally becoming new muscle fibers. They
therefore serve critical roles in muscle regeneration.

The PI3K/AKT signaling pathway participates in
biological processes, including proliferation and differentia-
tion. It is also involved in pathological processes of cancers
and inflammations. PI3K activation phosphorylates and
activates the plasma membrane located AKT molecule (1). By
modulating expression of proteins, such as Bad, caspase-9 and
runt-related transcription factor 2, the PI3K/AKT signaling
pathway inhibits cell apoptosis and triggers cell proliferation.
The PI3K/AKT signaling pathway serves a significant role in
the suppression of apoptosis and promotion of cell prolifera-
tion. AKT demonstrates a number of downregulatory effects
by activating mTOR (2), which can affect transcription of
p70 or 4E-binding protein 1 (4EBP1). mTOR, as a member of
serine/threonine protein kinase family, tends to be affected by
internal and external stimuli and can regulate the physiolog-
ical activities of cells (2). In addition, the PI3K/AKT/mTOR
signaling pathway is also considered to be an intracellular
signaling pathway that can regulate cell cycles (1,2).

mTOR can regulate cell proliferation, cell motility, protein
synthesis, autophagy and transcription (3). The mTOR complex
includes two sub-types, mTORcl and mTORc2, both of which
can be activated by molecules in the PI3K signaling pathway.
mTORCI activation is required for myofiber synthesis and
skeletal muscle hypertrophy (4,5). mTOR can transmit
intracellular signals to downstream proteins and regulate
cell proliferation. The most important downstream target of
mTOR is p70S6K, which is a key molecule promoting protein
synthesis and cell proliferation. PI3K/AKT/mTOR-S6K has
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been proven to be a classical signaling pathway in promoting
cell differentiation and proliferation (3-5).

Mechanical stress can directly influence muscle growth
by stretching myoblasts. In response to continuous force and
injuries, myoblasts always shift to the influenced regions
in order to repair the injuries. There are several molecules
involving in mechanical stress, such as PI3K, NF-kB and
p38MAPK, all of which are associated with cell differentiation,
proliferation and apoptosis (4,5). Overloading and continuous
stress usually induces apoptosis of myoblasts through
activating the NF-xB signaling pathway (4,5). Therefore, it
was hypothesized that there may be an association between
mechanical stress loading-activated PI3K expression and cell
proliferation. However, to the best of our knowledge, there
are no studies investigating the roles of the PI3K/AKT/mTOR
signaling pathway in the proliferation of myoblasts undergoing
mechanical stress.

Therefore, the present study first investigated the effects
of mechanical stress on the proliferation of myoblasts. Then,
the signaling pathways that mediate stress-loading triggered
proliferation of myoblast were explored by evaluating the
expression of S6K, mTOR and AKT. Finally, the present study
addressed whether mechanical stress involves the cell cycle
by evaluating mTOR signaling pathway associated molecules.

Materials and methods

Cell culture and characterization of C2C12 myoblasts. C2C12
myoblasts were purchased from American Type Culture
Collection. C2C12 cells were warmed in a 37°C water bath
and cultured in 5 ml DMEM (Gibco; Thermo Fisher Scientific,
Inc.) containing 10% fetal bovine serum (FBS; Gibco; Thermo
Fisher Scientific, Inc.) at 37°C. C2C12 cells were centrifuged
at 1,000 x g for 5 min at 37°C. The supernatant was removed
and 1 ml culture medium was added. Cells were diluted
with medium containing 20% FBS and cultured at 37°C
with appropriate humidity and 5% CO, for6, 12, 24, 48 or
72 h, according to the different experimental protocols. In
the indicated experiments, the C2C12 cells were also treated
with the PI3K inhibitor LY294002 (cat. no. A8250; APExBio
Technology LLC).

Cells in culture bottles were washed with PBS2-3 times
(10 min each time). Then, cells were digested using pancreatic
enzyme (Beyotime Institute of Biotechnology) with shaking
at 37°C for 2-5 min. When cells had shrunk and fallen off the
walls of the culture bottles, the cells were collected (2-3 ml)
and added to centrifugal tubes for following experiments
or tests.

Establishment of cyclic mechanical stress model of C2C12
myoblasts. When adherent cells achieved a confluence of
70-80%, they were washed with PBS2-3 times (10 min each
time). The cells were then digested using pancreatic enzyme
at 37°C for 2-5 min. When cells had shrunk and fallen off the
walls of the culture bottles, 2-3 ml of cells were collected, added
to centrifuge tubes and adjusted to a density of 5x10* cells/ml.
Then, the cells were added into 24-well plates (Corning, Inc.)
for subsequent experiments. C2C12 myoblasts were admin-
istrated with cyclic mechanical stress at 5% (stress 1 group),
10% (stress 2 group), 15% (stress 3 group) deformation and
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0.5 Hz (30 cycles/min) for 1, 6, 12 and 24 h, using FX-4000
strain unit (Flexcell International Corp.). Cyclic mechanical
stress loading was conducted at room temperature. Non-loaded
control cells were cultured on a 24-well plate and kept in the
same incubator. The mechanical stress loading experiment
was conducted at least 3 times (10 min each time) and the data
at each time-point were collected.

Reverse transcription-quantitative (RT-q) PCR. Total RNA of
cultured cells was extracted using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), according to manufacturer's
instruction. cDNA was synthesized using the QuantiTect reverse
transcription kit (cat. no. 205311; Qiagen GmbH), following
the supplier's protocol. The BeyoFast SYBR-Green qPCR Kit
(cat. no. D7265; Beyotime Institute of Biotechnology) was used
to amplify the target genes. The gene-specific primers used in
the present study were synthesized based on the gene sequences
listed in GenBank (https://www.ncbi.nlm.nih.gov/genbank/).
Primer sequences for PCR are listed in Table I. The gene
expression was quantified by normalizing to the GAPDH gene
expression using the optimized comparative cycle threshold
(2-44€9) method (6).

Western blotting. Cells were digested and harvested in RIPA
lysis buffer (Beyotime Institute of Biotechnology). The lysates
were centrifuged at 15,000 x g and 4°C for 30 sec. The concen-
trations of the lysates were evaluated using thebicinchoninic
acid kit (cat. no. PO010S; Beyotime Institute of Biotechnology).
Then, a total of 2 ug proteins were separated using 8-15%
SDS-PAGE, and electrotransferred onto polyvinylidene
fluoride membranes (PVDF). The PVDF membranes were
blocked with 5% lipid milk in Tris-buffered saline containing
0.05% Tween-20 (TBST) for 2 h at room temperature. PVDF
membranes were also incubated using primary antibodies
(1:1,000) at 4°C overnight. Subsequently, PVDF membranes
were incubated with secondary antibodies (1:1,000) at
room temperature for 1.5 h. Following washing with TBST
four times (10 min each), protein signals were detected
using an enhanced chemiluminescence kit (cat. no. 32109;
Pierce; Thermo Fisher Scientific, Inc.). Primary antibodies
were as follows: Rabbit anti-p-mTOR (cat. no. ab109268;
Abcam), rabbit anti-p-AKT (cat. no. ab38448; Abcam),
rabbit anti-4EBP1 (cat. no. ab32024; Abcam), rabbit internal
anti-f-actin (cat. no. ab5694, Abcam). The secondary antibody
sheep anti-rabbit IgG (cat. no. SAB3700918; Sigma-Aldrich;
Merck KGaA) was used. When evaluating cyclin D expres-
sion, cells were separated into normal cells group and stress
loading cells group. The primary antibodies, including rabbit
anti-p-S6 (cat. no. ab109393; Abcam), rabbit anti-cyclin D
(cat. no. abl6663; Abcam), rabbit internal GAPDH
(cat. no. ab9485; Abcam) were used. The sheep anti-rabbit
IgG (cat. no. SAB3700918; Sigma-Aldrich; Merck KGaA)
was employed as the secondary antibody. Finally, the western
blotting images were captured and analyzed using Labworks
Analysis Software (version 3.0; Labworks LLC).

Cell counting kit-8 (CCK-8) assay. C2C12 cells were sepa-
rated into normal group and normal + stress group, and
cultured in 10% FBS solution. After inoculating in 96-well
plates for 1-4 h, C2C12 cells were analyzed using the CCK-8
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Table I. Primer sequences for reverse transcription-quantitative PCR.

Target gene Gene ID Primer Primer sequence (5'-3") Fragment size (bp)

PI3K 18708 Forward AAGCCATTGAGAAGAAAGGACTG 176
Reverse ATTTGGTAAGTCGGCGAGATAG

4EBP1 13685 Forward GGGAGGAACCAGGATTATCTATG 121
Reverse ATCGCTGGTAGGGCTAGTGAC

GAPDH 14433 Forward GAGACCTTCAACACCCCAGC 263
Reverse ATGTCACGCACGATTTCCC

assay (cat. no. C0037; Beyotime Institute of Biotechnology),
following the protocol of the manufacturer. The 450 nm
absorbance was read using a microplate reader. A blank plate
and control plate were also set up at the same time. Blank
groups were treated with CCK-8 solution without cells, and
control plate groups were treated with normal cells without
stress administration. following the above tests, cell vitality
was calculated and the cell inhibition rate evaluated.

Immunofluorescence assay.Cultured C2C12 cells were washed
using PBS three times (10 min each time), and then fixed with
4% paraformaldehyde (Sigma-Aldrich; Merck KGaA) for
15 min at room temperature. After treating cells with 0.5%
Triton X-100 (Sigma-Aldrich; Merck KGaA) for 15 min, 6%
goat serum (Gibco; Thermo Fisher Scientific, Inc.) was added
for 30 min at room temperature. Then, cells were incubated
with rabbit anti-PI3K monoclonal antibody (cat. no. ab32089;
Abcam) overnight at 4°C. After washing with PBS, cells were
incubated with goat anti-rabbit Alexa Fluor 647-conjugated
antibody (cat. no. ab150083;Abcam) for 30 min in the dark.
Finally, cells were counted on a glass slide and observed using
a confocal laser scanning microscope (FluoView FV1200;
Olympus Corporation).

Flow cytometry assay. Cells at 60-70% confluence were
harvested and treated with mechanical stress. Cells were
washed twice with PBS (10 min each time) and centri-
fuged at 5,000 x g for 5 min. Apoptosis was evaluated
using the Annexin V-PE/7-AAD Apoptosis Detection Kit
(cat. no. CA1030; Beijing Solarbio Science & Technology Co.,
Ltd.). Briefly, 5 ul 7-AAD dye solution in binding buffer was
added to the cells at room temperature in the dark for 5-15 min,
and then mixed with 450 ul binding buffer. Following mixing
with 1 pl Annexin V-PE for 5-15 min, cells were analyzed
using a flow cytometer (Beckman Coulter, Inc.). The data
was analyzed using the Flow Cytometer System II software
(version 3.0; Beckman Coulter, Inc.).

Statistical analysis. Data were presented as mean + standard
deviation and analyzed using GraphPad Prism 7 software
(GraphPad Software, Inc.). Differences between treatment
group and normal group were conducted using Student's
t-test. Tukey's post-hoc test was used to validate the two-way
analysis of variance for comparing differences among
multiple groups. All of the experiments or tests were repeated
=3 times. P<0.05 was considered to indicate a statistically
significant difference.

Figure 1. Cell morphology of C2C12 cells. (A) C2CI12 cells after loading
stress at 0 h. (B) C2C12 cells after loading stress at 6 h. (C) C2CI12 cells
after loading stress at 12 h. (D) C2C12 cells after loading stress at 24 h.
Distribution of these cells conformed with stress. Magnification, x400.

Results

C2C12 myoblasts culture and characterization. Representative
images of the features of C2C12 cells are shown in Fig. 1.
Regular cells were spread and distributed in Fig. 1A. After
6 h stress, cells were arranged regularly when compared
with the normal group (Fig. 1B). Following 12 and 24 h
cyclic stress, cells conforming to loading direction are shown
in Fig. 1C and D.

Immunofluorescence. Due to the important roles of cycle
stress in influencing the PI3K signaling pathway, immunofluo-
rescence was used to observe the status of C2C12 myoblasts.
Cell counts of each group were compared with cell counts
in the normal group (Fig. 2A). Cells after treatment with
LY294002 and loading stress (stress 1), demonstrated obvious
changes of morphology (Fig. 2). Comparing with the normal
group, loading stress 1-treated cells were distributed following
the tension direction and oriented in the direction of the
stress source (Fig. 2A and B). Following the administration
of inhibitors, the quantity of normal cells decreased (Fig. 2C).
When cells were treated with cyclic tension and inhibitors
together, cell numbers were slightly increased (Fig. 2D).
Following exposure to increased stress (stress 2), the number
of cells increased, and cell morphology changed to a shuttle
shape (Fig. 2E). Nuclear fragmentation and lysates were barely
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Figure 2. Immunofluorescence assay for C2C12 cells. (A) Normal cells without stress. (B) Normal cells with stress 1 treatment. (C) Cells treated using inhibitor,
LY294002 cells number decreased. (D) Cells underwent both stress 1 and LY294002 treatment; cell numbers increased, and cells were dispersed after under-
going mechanical stress 1. (E) After force strength loaded (stress 2) on normal cells, cell numbers increased, compared with (F) LY294002 treated cells.
(G) Cells treated with the Stress 3. (H) Cells treated with the Stress 3 combining LY294002. (I) Statistical analysis for cell numbers vs. cell numbers in normal
cells undergoing stress 3 treatment and/or LY294002. "P<0.05, “P<0.01 vs. normal cells group; “P<0.05 vs. normal cells+Stress 1, Stress 2 or Stress 3 group.

detected. Following inhibitor treatment, cells were scattered
compared with cells in the normal group (Fig. 2E-G). In
addition, following further stress (stress 3), the cells became
apoptotic (Fig. 2G and H). A quantification of these changes is
presented in Fig. 2I.

Mechanical stress upregulates PI3K in C2CI2 cells. The
mRNA expression levels of PI3K were determined using
RT-qPCR. The results demonstrated that mechanical stress
upregulated PI3K mRNA expression (Fig. 3). mRNA expres-
sion levels of PI3K decreased significantly following inhibitor
treatment (Fig. 3). Following mechanical stress and inhibitor
administration to C2C12 cells, PI3K mRNA expression
levels were clearly reduced compared with the single stress
loading group (Fig. 3). These results suggest that the PI3K
signaling pathway may be activated following mechanical
stress loading.

Mechanical stress promotes phosphorylation of AKT and
mTOR. To further examine whether the PI3K signaling
pathway is activated by mechanical stress, western blot-
ting was used to evaluate the phosphorylation of AKT and
mTOR. First, 24 h loading stress was selected as the peak

PI3K

1.5F

0.5

Relative mRNA (fold)

0 i ']
Normal Stress LY294002 Stress+
LY294002

Figure 3. Mechanical stress upregulates PI3K. Stress loading on C2C12
increased mRNA expression levels of PI3K. Levels were decreased when
both stress and LY294002 were administered to cells. “P<0.05 vs. normal
group; “P<0.05 vs. LY294002 group.

expression time-point and -actin was used as the internal
control. Following exposure to stress, p-AKT and p-mTOR
reached their peak levels. Then, C2C12 cells were treated
with LY294002, and p-AKT/AKT and p-mTOR/mTOR ratios
determined. The ratios of p-AKT/AKT and p-mTOR/mTOR
declined significantly. With cells treated with both inhibitor
and mechanical stress, expressions of p-mTOR and p-AKT
significantly increased compared with inhibitor alone, as
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Figure 4. Effect of stress on C2C12 cells through PI3K signaling pathway and 4EBP1 expression. (A) Western blot images for p-mTOR, mTOR, p-AKT,
AKT and 4EBP1 in C2C12 cells. (B) Statistical analysis for ratio of p-mTOR/TOR. (C) Statistical analysis for ratio of p-AKT/AKT. (D) Statistical analysis
for 4EBP1 expression. (E) Statistical analysis for 4EBP1 mRNA expression in C2C12 cells. There were significant differences between normal cell group
and stress group and between LY294002 exposure group and normal group. Values were presented as mean + standard deviation. Al and A2 were assigned
as normal cell group Bl and B2 were assigned as stress exposure group C1 and C2 were assigned as inhibitor LY294002 group D1 and D2 were assigned
as LY294002+stress group. 4EBP1, 4E-binding protein 1; p-, phosphorylated. "P<0.05, “P<0.01, ""P<0.001 vs. normal group; “P<0.05 vs. Stress group; and

4P<0.05 vs. LY294002 group.

demonstrated in Fig. 4A-C. It should be noted that ratios of
p-AKT/AKT and p-mTOR/mTOR (phosphorylation of AKT
and mTOR) were lower in inhibitor-treated cells undergoing
loading stress compared with the normal cells undergoing
loading stress. Collectively, these results confirmed the
hypothesis that cyclic stress not only activates PI3K signaling
pathway but also increases the expression of mTOR.

Mechanical stress directly promotes 4EBPI expression in
C2C12 myoblasts by activating the PI3K pathway. As demon-
strated in Fig. 4A and D, it was found that protein levels of
4EBPlincreased when stress loading was administrated to
cells. Meanwhile, when blocking PI3K signaling pathway,
4EBP1 levels declined significantly. However, when treating
cells with both inhibitor and stress, the protein expression
levels of 4EBP1 were significantly reduced compared with
the Stress alone group (Fig. 4A and D). Similar results were
obtained for the mRNA expression levels of 4EBP1 by
RT-qPCR analysis (Fig. 4E). Taken together, these results
suggest that mechanical stress might modulate proliferation of
myoblasts via activating the PI3K signaling pathway.

Mechanical stress promotes C2CI12 cell proliferation.
C2C12 cells undergoing stress loading were separated into the
stress-loading group and the normal group. The stress-loading
group demonstrated increased proliferation compared with
the normal group, and this result was significant at 72 h

(P<0.05; Fig. 5). These data indicated that mechanical stress
promoted C2C12 proliferation.

Mechanical stress inhibits C2C12 cell apoptosis. To verify
the effects of mechanical stress on cell apoptosis, flow
cytometry assay was conducted. The results demonstrated
that the apoptosis rate of the stress group was significantly
lower compared with the normal group (P<0.05; Fig. 6). These
results suggested that stress loading inhibited apoptosis in
C2CI12 cells.

Mechanical stress regulates the cell cycle by activating the
PI3K/AKT/mTOR signaling pathway. An important cell cycle
regulatory molecule, cyclin D, was also detected. The results
indicated that synthesis of cyclin D was initiated during G1
phase. Cyclin D expression increased after stress administra-
tion compared with the normal group (P<0.05; Fig. 7A and B).
As a key downstream protein of the mTOR signaling pathway,
cyclin D can promote protein synthesis and trigger cell
proliferation. Therefore, the results suggest that mechanical
stress can modulate cell cycle and promote cell proliferation.

Discussion
A number of extracellular signaling pathways are involved

in regulating myoblasts proliferation. Mechanical stress is
considered to be a key factor in maintaining myoblast growth
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Figure 5. Cell proliferation was evaluated by Cell Counting Kit-8 assay.
Compared with the normal cell group, proliferation in the stress cell group
increased significantly at 72 h. "P<0.05 vs. normal group.

and survival. Mechanical stress can regulate metabolism and
gene expression of myoblasts and serves important roles in
skeletal muscle formation and development (7-10).

In order to explore biological characteristics of stress-
loading in myoblasts, intermittent cyclic stress was selected
as an experimental strategy. Zhang et al (11) found that cyclic
tensile stress serves critical roles in activating downstream
signaling molecules, such as focal adhesion kinase (FAK)
and Ras homolog gene family member A. Charrasse et al (12)
identified that M-cadherin is an intermediate signaling
pathway that is involved in the process of myoblasts fusing
into muscle tubes. Kumar er al (13) demonstrated that
cyclic stress can inhibit the differentiation of myoblasts by
activating the FAK/Rac-1/GTPase/NF-kB signaling pathway.
Formigli et al (14) identified that ion-channels serve important
roles in cyclic tensile processes. In addition, several other
studies (4,5,13) confirm that the NF-xB signaling pathway
is involved in the apoptosis of myoblasts undergoing cyclic
stress loading. Xiao et al (15) argued that stretch-induced
connective tissue grow factor expression is mediated and
modulated by the PI3K/JNK-dependent signaling pathway.
However, few studies (4,5,14,15) have clarified how the
PI3K signaling pathway serves roles in the proliferation of
myoblasts undergoing mechanical stress. In the present study,
cyclic mechanical stress at 10% elongation with 0.5 Hz was
used to simulate oral biomechanical stimulation on C2C12
myoblasts.

The mRNA expression levels of several genes, including
MyoD, Myogenin, MRF4 and Myf5, have been reported to be
associated with mechanical stress (16). As a conclusive gene
in differentiation of cells, MyoD promotes differentiation
of myoblasts into skeletal muscles. MyoD and Myf5Sare
usually over-expressed in myoblasts. In addition, recent
researches (13,15) have also demonstrated that 5% stretch
stress can promote the proliferation of myoblasts. Stretch
stress also inhibits Myogenin expression, which further
regulates cell differentiation. When stretch is administrated
at >10%, numbers of PARP shear content exist. Then, 15%
stress with 10 cycles/min induces decreasing survival rates for
myoblasts. Therefore, stress can accelerate proliferation, but
higher stresses will promote apoptosis (17).

There are several factors involving in myoblasts prolif-
eration, such as insulin-like growth factor 1 (IGF-1), zinc and
follistatin. Mechanical stress constantly stimulates protein
and mRNA synthesis in first hours of stretching (18), which
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is consistent with the results of the present study. Therefore,
the relationship between mechanical stress and PI3K signaling
pathway is precise. Many studies have demonstrated that stress
activates proliferation, but over-expressed PI3K leads to tumor
growth (13-15). PI3K/AKT is a classic pathway in connecting
normal proliferating cells and tumor cells. The present study
investigated the levels of p-AKT, p-mTOR and p-4EBP1. First,
it was confirmed that stress can activate AKT. Second, levels
of p-AKT decreased after the inhibition of the PI3K signaling
pathway without stress. Third, it was also demonstrated that
when both of stress and LY294002 were used on cells, levels
of p-AKT only declined a little. These results suggest that
mechanical stress may promote proliferation of myoblasts by
activating the PI3K signaling pathway.

mTOR, an important downstream factor of the PI3K/AKT
signaling pathway in transduction process, was also examined
in the present study. Examination of mTOR may further
demonstrate the cooperative effects of mechanical stress on
the proliferation of cells via triggering PI3K signaling pathway.
The present study demonstrated that mTOR also participates
in mechanical stress induced cell proliferation. In addition,
AKT promoted mTOR transcription by triggering mTOR
mRNA expression in stress stimulated myoblasts. Blocking the
PI3K signaling pathway resulted in a significant reduction of
mTOR expression in cells undergoing stress loading. However,
a number of other signaling pathways may also participate in
this process.

Although expression of 4EBP1 was decreased, the levels
were not stable. Therefore, unsteady expression of 4EBP1
was an unexpected finding. When two factors were admin-
istrated to myoblasts together, p-4EBP1 levels were unstable.
This result suggested that PI3K/AKT had no direct effects
on 4EBP1 proliferation, while higher expression of mTOR
resulted in PI3K signaling pathway activation (17,18). 4EBP1
expression is not influenced by mechanical stress directly,
therefore there may be other mechanisms involving in 4EBP1
expression (19,20).

The PI3K/AKT signaling pathway was activated by
mechanical stress and resulted in increased p-mTOR expres-
sion, which further enhanced 4EBP1 expression. LY294002
treatment inhibited PI3K activation and reduced p-mTOR
levels. In the present study, mRNA expression of PI3K
signaling pathway associated genes was connected with
p-mTOR expression, which suggested that activated mTOR
can regulate targeting genes. Therefore, it can be concluded
that the PI3K signaling pathway not only promoted cell prolif-
eration, but also phosphorylated mTOR in mechanical stress
loaded cells. mTOR serves an irreplaceable role in myoblasts
proliferation under mechanical stress loading.

In order to confirm the proliferative effects of mechanical
stress on C2C12 cells, a CCK-8 assay was performed. The
results demonstrated that C2C12 proliferation was significantly
increased following mechanical stress. It was hypothesized
that proliferation and apoptosis may not always be consistently
altered. Therefore, flow cytometry was conducted to examine
the apoptosis rate. The results indicated that apoptosis was
suppressed in mechanical stress-loaded cells. Therefore, stress
inhibition may promote apoptosis, while enhanced mechanical
stress in loading groups may result in increased proliferation
by activating the PI3K signaling pathway.
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The effects of mechanical stress on C2C12 proliferation
may be associated with PI3K signaling pathway in two ways:
1) PI3K significantly promotes cell proliferation of stress-stim-
ulated C2C12 cells (13,15), while other signaling pathways
may also participate in the stress-mediated proliferation
of cells; or ii) PI3K significantly inhibits stress-caused cell
apoptosis (13-15). In the present study, when compared with
normal cell groups, stress groups demonstrated a lower expres-
sion of PI3K.

A previous study reported that mTOR can be activated
in distinct ways (21). mTOR can always be activated via
phosphorylating or activating p70S6K in a mTOR-dependent
pathway, triggering IGF-1/easing protein synthesis (22,23).
The present study also demonstrated that mechanical stress
activated mTOR, especially for mTORCcl.

Cyclin D mainly includes cyclin Dl,cyclin D2 and
cyclin D3 (24). Inhibition of cyclin D leads to cell cycle arrest
and cell differentiation (25). Cyclin D is regulated by a down-
stream pathway of mitogen receptors via activating PI3K and
glycogen synthase kinase three 3 (GSK3p) (25). GSK3p can
also cause cyclin D degradation by inhibiting phosphorylation

of cyclin D molecules (25). GSK3f is negatively modulated
by PI3K signaling pathway in form of phosphorylation, and
is associated with the expression of cyclin D (25). The present
study established cyclin D as a biomarker for C2CI12 cells
undergoing stress stimuli. Its results suggested that mechan-
ical stress can promote cell cycle of C2C12 cells by activating
proliferation and activating the PI3K signaling pathway.
However, the deeper mechanisms of this process have not been
elucidated in the present study.

A few published studies (26-28) report that proliferation
of C2C12 myoblasts is associated with the PI3K/AKT/mTOR
signaling pathway. However, the present study investigated
the effects of mechanical stress on C2C12 proliferation by
exploring the PI3K/AKT signaling pathway and evaluating the
apoptosis process for the first time, to the best of the authors'
knowledge. The present study provided insight for clarifying
the molecular mechanism of intracellular stress in C2C12 cells
and may be of benefit to studies investigating skeletal muscle
cell associated disorders.

Although the present study provided several notable results,
there were also a few limitations. First, it only used CCK-8
assay to evaluate proliferation of C2C12 cells. It might be more
convincing for the conclusions if other methods had been used
to examine proliferation. Second, the specific mechanism for
the potential effects of stress loading on cell proliferation has
not been clarified. Future studies should examine the cell cycle
phase distribution of cells undergoing stress stimuli. Third,
the expression levels of the total and the phosphorylated PI3K
were not examined in the present study.

In conclusion, the present study demonstrated that
mechanical stress promotes C2C12 proliferation by activating
the PI3K/AKT signaling pathway and inhibiting the apoptosis
process. These results would contribute to a better under-
standing for mechanism of functional appliance via PI3K/AKT
signaling pathway.
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