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Myotubes are mature muscle cells that form the basic structural element of skeletal

muscle. When stretching skeletal muscles, myotubes are subjected to passive tension

as well. This lead to alterations in myotube cytophysiology, which could be related with

muscular biomechanics. During the past decades, much progresses have been made

in exploring biomechanical properties of myotubes in vitro. In this review, we integrated

the studies focusing on cultured myotubes being mechanically stretched, and classified

these studies into several categories: amino acid and glucose uptake, protein turnover,

myotube hypertrophy and atrophy, maturation, alignment, secretion of cytokines,

cytoskeleton adaption, myotube damage, ion channel activation, and oxidative stress in

myotubes. These biomechanical adaptions do not occur independently, but interconnect

with each other as part of the systematic mechanoresponse of myotubes. The purpose

of this review is to broaden our comprehensions of stretch-induced muscular alterations

in cellular and molecular scales, and to point out future challenges and directions in

investigating myotube biomechanical manifestations.
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BACKGROUND

Human body has over 600 skeletal muscles that are involved in locomotion, mastication,
maintaining posture. Being an elastic and flexible tissue, skeletal muscles undergo passive
lengthening under various conditions, and rapidly adapt to these stretching environments (e.g.,
daily growth and elongation of bone, stretching rehabilitation training, distraction osteogenesis,
and functional orthopedic therapy). On organ and tissue scales, extensive studies have been made
to passively stretch skeletal muscles in vitro, and to evaluate the resultant biomechanical adaptions
of muscles to stretching (see review Mohammadkhah et al., 2016).

Anatomically, muscles comprised mainly of muscle fibers with long cylindrical, multinucleated
structures, which are called myotubes. Myotubes have been credited with morphological,
metabolic, and biochemical properties similar to those of mature muscle fibers (Berggren et al.,
2007; Aas et al., 2013), thus rendering myotubes a widely used model to study the metabolism
and biochemistry of skeletal muscles on the cellular, subcellular and molecular scales. Over the
past decades, numerous in vitro studies reported the molecular and biomechanical alterations of
cultured myotubes in response to mechanical stretch. However, there is no comprehensive review
regarding these various biomechanical responses of myotubes.
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In this review, we integrated distinct mechanoresponses
of myotubes under various stretching conditions, which
included the following aspects: amino acid and glucose uptake,
protein turnover, hypertrophy and atrophy, maturation,
alignment, ion channel activation, secretion of cytokines,
cytoskeletal adaption, damage, and oxidative stress. We
also addressed the interconnections among different
studies, and discussed the potential molecular mechanisms.
Finally, future challenges and directions were proposed in
exploring biomechanical adaptations to mechanical stretch in
cultured myotubes.

AMINO ACID UPTAKE

Amino acid uptake and incorporation are primary steps for
muscle protein synthesis. In 1979, Vandenburgh et al. first
established an in vitro stretching system that applied static
stretch to myotubes of chicken breast muscles (Vandenburgh
and Karlisch, 1989). By measuring α-amino isobutyric acid
(AIB), they found that amino acid uptake by myotubes
was increased with stretching magnitude from 7.5 to 13%,
but decreased under 20.8% stretch (Vandenburgh and
Kaufman, 1979, 1981). The amino acid uptake in myotubes
was not elevated until 30min stretching stimulation, and
remained at high level for 2–6 h (Vandenburgh and Kaufman,
1981).

Amino acid transport into stretched myotubes was
dependent on activated Na + pump (Vandenburgh and
Kaufman, 1981). Consistently, drugs like tetrodotoxin
and ouabain which inhibit Na+ influx blocked AIB
accumulation in stretched myotubes (Vandenburgh and
Kaufman, 1981; Vandenburgh, 1982). Moreover, depolarizing
myotube’s membrane potential by increasing the extracellular
potassium level also reduced the stretch-induced AIB uptake
(Vandenburgh and Kaufman, 1982). Altogether, these data
highlighted the importance of Na+ pump and membrane
potential of myotubes in uptaking amino acid during
stretching stimuli.

Another intriguing finding was that while stretching
stimuli could promote amino acid transport into myotubes,
addition of conditioned media from stretched myotubes
had no effect on amino acid transportation in unstretched
myotubes (Vandenburgh, 1983). Therefore, elevated amino
acid uptake into stretched myotubes did not result from some
secreted factors released during stretching, but seemed to be
attributed to the direct influences of stretch on myotubes
(Vandenburgh, 1983).

The L-type amino acid transporter 1 (LAT1), which plays
major roles in cellular amino acid uptake, is expressed in
skeletal muscle tissue in both humans and rats (Drummond
et al., 2010; Murakami and Yoshinaga, 2013). Nakai et al.
(2018) found that 15% uniaxial stretch prompted LAT1 protein
and mRNA expressions in C2C12 myotubes. However, whether
stretch-elevated LAT1 contributed to amino acid uptake was not
explored in their study, which would be an interesting problem
to be addressed in future.

PROTEIN SYNTHESIS AND DEGRADATION

It is well-known that proteins in animal cells are being
synthesized and degraded continuously. Mechanical stretch
could promote protein synthesis of myotubes (Vandenburgh
et al., 1989, 1990; Perrone et al., 1995; Clarke and Feeback,
1996). Growth factors like insulin-like growth factor 1 (IGF-
1) and fibroblast growth factor (FGF) were released from
myotubes by stretch, which facilitated myotube protein synthesis
via autocrine mode of action (Perrone et al., 1995; Clarke and
Feeback, 1996). In spite of the elevated protein synthesis in
myotubes under mechanical stretch, the stretching parameters
(frequency, intensity, duration) being applied is still worthy of
attention. For example, when C2C12 myotubes were subjected
to cyclic strain at strain rates ranging from 1.4 to 70% s−1,
protein synthesis increased at strain rates up to 25% s−1 and
then decreased at higher strain rates (Clark et al., 2001). In
addition, protein synthesis in myotubes is optimally stimulated
when the stretching intensity is 8% (Vandenburgh et al., 1989).
Furthermore, short-term stretch and long-term stretch might
facilitate myotube protein synthesis via different mechanisms,
as the later required serum in the culture medium while the
former did not (Vandenburgh et al., 1989). These studies possibly
reflected the complex regulation of protein synthesis by a
diversity of signaling pathways that are differently activated in
myotubes subjected to various stretching conditions.

Stretching stimuli was also reported to have bidirectional
regulation of protein degradation in myotubes. For example,
studies by Vandenburgh et al. (1989, 1990) displayed increased
protein degradation rate in myotubes under intermittent stretch,
which was attributed to elevated activities of proteinases,
such as calpain, cathepsin H, and metalloproteinase-7 (MMP-
7). Conversely, their another study proved that static stretch
profoundly inhibited the degradation of long lived proteins in
myotubes (Vandenburgh and Kaufman, 1980). We assumed that
the discrepancy between these studies could be ascribed to the
distinct stretching patterns (seeTable 1 for detailed information).

Prostaglandins (PG) are well-known regulators of protein
turnover in skeletal muscle. Specifically, prostaglandin E2
(PGE2) and prostaglandin F2α (PGF2α) mediate muscle protein
degradation and protein synthesis, respectively. Moreover,
the productions of both prostaglandins correlated well with
protein degradation and synthesis in stretched myotubes, and
inhibition of prostaglandin efflux by indomethacin partially
blocked both stretch-induced protein degradation and synthesis
(Vandenburgh et al., 1990).

Regarding the mechanisms through which mechanical stretch
stimulated PG production and secretion from myotubes,
Vandenburgh et al. (1993, 1995) established a relatively
complete pathway consisting of two main regulatory steps.
Firstly, stretching stimuli activated phospholipase A (PLA) and
phospholipase D (PLD), leading to the liberation of arachidonic
acid. Secondly, the activity of PG endoperoxide GH synthase
(PGHS, also known as cyclooxygenase, COX) was elevated in
myotubes under mechanical stretching as well, which converts
arachidonic acid into PG production. The potential roles of PLA,
PLD and PGHS in regulating myotube protein synthesis during
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TABLE 1 | The effects of culturing conditions and stretching regimes on protein turnover, hypertrophy, and atrophy of myotubes.

Cells Stretching parameters Major effects on

protein turnover

and myotube

hypertrophy

References

Culture before stretch Culture during

stretch

Stretching

mode

Amplitude Frequency Regimen

Avian primary myoblasts

were fused to form

myotubes in medium

containing 10% horse

serum and 5% chicken

embryo extract for 72 h

Culture in medium

containing 10%

horse serum and

5% chicken embryo

extract

Radial; static;

continuous

10.80% NA 8 and 18 h Inhibited protein

degradation Vandenburgh and

Kaufman, 1980

Avian primary myoblasts

were fused to form

myotubes in medium

containing 10% horse

serum and 5% chicken

embryo extract for 48 h,

and were embedded in

collagen gel matrix for

several days

Culture in medium

containing 10%

horse serum and

5% chicken embryo

extract

Radial; cyclic;

intermittent

20% 0.25HZ Stretch and relax

during a 20 s period

followed by a 10 s rest;

this pattern is repeated

three times, followed by

a 30-min rest period.

The entire stretching

period ranges from

hours to days

Inhibited protein

synthesis during

short-term stretch;

elevated protein

synthesis and

myotube diameter

during long-term

stretch

Vandenburgh

et al., 1989, 1990

Avian primary myoblasts

were fused to form

myotubes in medium

containing 10% horse

serum and 5% chicken

embryo extract for 48 h,

and were embedded in

collagen gel matrix for

several days

Culture in

serum-free medium

containing basal

medium and bovine

serum albumin, as

well as different

levels of exogenous

IGF-1 or insulin

Radial; cyclic;

intermittent

12% 0.25HZ Stretch and relax

during a 20 s period

followed by a 10 s rest;

this pattern is repeated

three times, followed by

a 30-min rest period.

The entire stretching

period ranges from

hours to days

Elevated protein

synthesis during

short-term stretch

Perrone et al.,

1995

Human skeletal muscle

cells (HSkMC) were

fused to form myotubes

in F12/DMEM medium

containing 5% horse

serum

Culture in

serum-free medium

Radial; cyclic;

intermittent

10 and 20% 0.25HZ Stretch and relax

during 20 s followed by

a 30 s rest period, this

pattern is repeated five

times, followed by a

30-min rest period. This

cycle continued for a

4 h period followed by

a 12 h recovery period.

The entire stretching

period lasts for 7 days

Elevated protein

synthesis Clarke and

Feeback, 1996

C2C12 myoblasts were

fused to form myotubes

in serum-free medium

Culture in DMEM

containing 10% FBS

Radial; cyclic;

intermittent

6.70% 0.25HZ Stretch and relax

during a 20 s period

followed by a 10 s rest;

this pattern is repeated

three times, followed by

a 30-min rest period.

The entire stretching

period lasts for 48 h

Elevated protein

synthesis Frenette and

Tidball, 1998

C2C12 myoblasts were

fused to form myotubes

in medium containing

10% horse serum and

1% chicken embryo

extract, co-cultured with

4% C3H10T fibroblasts

Culture in

serum-free medium

Uniaxial; cyclic;

continuous

7% Strain rates

ranges from

1.4% per

second to

70% per

second (0.1

−5HZ)

1 h Significantly

elevated protein

synthesis at rate of

14% per second

(1HZ), inhibited

protein synthesis

at rate >30%

Clark et al., 2001

C2C12 myoblasts were

fused to form myotubes

in medium containing

5% horse serum

Culture in serum-free

medium containing

bovine serum

albumin (BSA)

Uniaxial; cyclic;

continuous

10% 1/6HZ 3 days Elevated myotube

diameter Adachi et al., 2003

(Continued)
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TABLE 1 | Continued

Cells Stretching parameters Major effects on

protein turnover

and myotube

hypertrophy

References

Culture before stretch Culture during

stretch

Stretching

mode

Amplitude Frequency Regimen

C2C12 myoblasts were

fused to form myotubes

in medium containing

2% horse serum

Culture in medium

containing 2% horse

serum

Radial; cyclic;

intermittent

12% 0.7HZ Stretched 1 h/d for 5

days (5dSTR) or for 2

days followed by 3

days cessation of

stretch (2dSTR3dCES)

Elevated myotube

diameter during

5dSTR and

inhibited myotube

diameter during

2dSTR3dCES

Soltow et al., 2013

C2C12 myoblasts were

fused to form myotubes

in medium containing

2% horse serum

supplemented with

insulin

Culture in medium

containing 2% horse

serum

Radial; cyclic;

continuous

15% 1HZ 6h Elevated myotube

diameter

immediately after

stretch and

returned to control

level after

cessation of

stretch

Ilaiwy et al., 2016

C2C12 myoblasts were

fused to form myotubes

in medium containing

2% horse serum

Culture in medium

containing 2% horse

serum

Uniaxial; cyclic;

continuous

(a) 15% (b)

10% (c) 10%

(d) 2% (e) 2%

(a) 1 HZ

(b) 1 HZ

(c) 0.25 HZ

(d) 0.25 HZ

(e) 0.25HZ

(a) 15 min (b) 1 h (c) 1 h

(d) 12 h (e) 24 h

Increased

anabolism at low

strain, low

frequency for long

duration;

increased

catabolism at high

strain, high

frequency for

intermediate or

short duration;

Moustogiannis

et al., 2020

L6 myoblasts were

fused to form myotubes

in medium containing

2% horse serum

Culture in medium

containing 2% horse

serum

Radial; cyclic;

continuous

18% 1/6HZ 96 h Elevated protein

synthesis Yamashita-Goto

et al., 2002; Goto

et al., 2003

C2C12 myoblasts were

fused to form 3D

cultured myotubes in

medium containing 2%

horse serum

Culture in medium

containing 2% horse

serum

Uniaxial; static;

continuous

15% NA Continuously increasing

load to achieve 15%

stretch over 1 h;

maintain static 15%

stretch for further 2 h

Elevated myotube

diameter 21 and

45 h after stretch

Aguilar-Agon et al.,

2019

C2C12 myoblasts were

fused to form myotubes

in medium containing

2% horse serum

Culture in tumor cell

conditioned medium

(CM) was diluted to

20% in medium

containing 2% horse

serum

Radial; cyclic;

continuous

6% 0.5HZ 2 daily series of 2 h

cyclic stretching, with a

3 h-pause between

them

CM culture led to

decreased

diameter of

myotubes and

reduced fusion

index, which was

counteracted by

stretching

Baccam et al.,

2019

C2C12 myoblasts were

fused to form myotubes

in medium containing

1% heat-inactivated

FBS

Culture in medium

containing 2% horse

serum and 0.2µM

doxorubicin (DOX)

Radial; static;

continuous

5% NA Stretch was started

30min following the

first DOX treatment,

lasted for 1 h, and

media were replaced

with fresh media with or

without DOX for a

duration of 23 h

DOX inhibited

protein synthesis

and promoted

protein

degradation,

which was

counteracted by

stretching

Guigni et al., 2019

(Continued)
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TABLE 1 | Continued

Cells Stretching parameters Major effects on

protein turnover

and myotube

hypertrophy

References

Culture before stretch Culture during

stretch

Stretching

mode

Amplitude Frequency Regimen

Avian primary myoblasts

were fused to form

myotubes in medium

containing 10% horse

serum and 5% chicken

embryo extract for

96–120 h

Serum-free medium

containing varying

concentrations of

dexamethasone

(Dex)

Radial; cyclic;

continuous

10% 0.25HZ Stretch and relax

during a 20 s period

followed by a 10 s rest;

this pattern is repeated

three times, followed by

a 5-min rest period.

Thus, the cells were

mechanically

stimulated for a total of

60 s every 6min 20 s

Dex inhibited

protein synthesis,

which was

counteracted by

stretching

Chromiak and

Vandenburgh,

1992, 1994

C2C12 myoblasts were

fused to form 3D

cultured myotubes in

medium containing 2%

horse serum

Culture in medium

containing 2% horse

serum

Uniaxial; static;

continuous

15% NA Continuously increasing

load to achieve 15%

stretch over 1 h;

maintain static 15%

stretch for further 2 h

Dex induced

myotube atrophy

with decreased

diameter, which

was counteracted

by stretching

Aguilar-Agon et al.,

2020

mechanical tension were also confirmed by the prohibitory
effects of their inhibitors on protein synthesis (Vandenburgh
et al., 1993, 1995). With respect to the upstream events of stretch-
induced activation of PLA, PLD and PGHS, stretch-sensitive G
protein-coupled receptors such as calcium channels and IGF-1
receptors were possibly involved, as the inhibitor of G proteins
partially blocked activities of PLD and PGHS, production of PG,
as well as protein synthesis in stretched myotubes (Vandenburgh
et al., 1995; Figure 1).

Another group of proteins involving in protein turnover is
heat shock protein (HSP) that is normally activated by heat stress.
Yamashita-Goto et al. (2002) and Goto et al. (2003) discovered
that protein levels of HSP72 and HSP90 were significantly
elevated in stretched myotubes, accompanied by accelerated
protein synthesis. Therefore, the authors assumed that positive
correlation between protein synthesis and expressions of these
HSPs might be suggestive of their implication in stretch-induced
myotube protein synthesis.

MYOTUBE HYPERTROPHY AND ATROPHY

The growth of skeletal muscle has two major forms: hyperplasia
and hypertrophy. The former results from increased muscle cell
proliferation, while the latter refers to increased diameter of
muscle fibers that requires new myofibrillar protein synthesized
in myotubes. It was reported that 2–4 days of mechanical
tension significantly increased mean myotube diameter from
19 to 22µm (Vandenburgh et al., 1989). Notably, stretch-
induced myotube hypertrophy was dependent upon serum in
culture medium. Stretch could only prevent myotube atrophy
but not stimulate myotube hypertrophy in basal mediumwithout
serum (Vandenburgh et al., 1989). Consistently, Adachi et al.
(2003) observed that stretching-promoted hypertrophy was
accompanied by uptake of albumin, which is present in serum

and cannot be synthesized in muscle cells. The physiological
implication of the transport of albumin into stretched myotubes
was assumed to modulate the Ca2+ pump of the sarcoplasmic
reticulum (Adachi et al., 2003).

To best simulate the in vivomuscular stretching environment,
Lewis et al. developed a 3D cultured-myotube stretching system
by seeding myotubes within extracellular matrix (ECM) that
was subjected to uniaxial tension. Their studies demonstrated
that mechanical stretching of 3D cultured-myotubes led to

raised expressions of hypertrophy-related genes such as matrix

metalloprotease-2 and 9 (MMP-2,9), IGF-1, Insulin-like growth
factor binding protein-2 and 5 (IGFBP-2,5) (Player et al., 2014;

Aguilar-Agon et al., 2019). Moreover, average myotube width
was also higher in 3D stretched myotubes than non-stretched
3D cultures (Aguilar-Agon et al., 2019). This in vitro model
of mechanically stretching 3D cultured-myotube could greatly
mimic exercise-induced hypertrophy of skeletal muscles.

In contrast to myotube hypertrophy under consecutive
mechanical stimulation, cessation of stretch induced atrophy
of myotubes with diminished diameter (Ilaiwy et al., 2016).
This was attributed to activation of atrophy signaling, which
resulted in proteolysis of αII-spectrin and talin (Soltow et al.,
2013). Interestingly, intensive stretch with higher strain and
frequency along with shorter duration also promoted expressions
of atrophy gene atrogin-1 and muscle ringer finger-1 (MuRF1) in
myotubes, in comparison with myotube growth and hypertrophy
by stretching at lower strain and frequency for longer duration
(Moustogiannis et al., 2020). Thus, both stretching cessation and
overstretching could cause in vitro myotube atrophy, reflecting
the detrimental effect of both muscle disuse and overuse on
muscular metabolism.

Apart from muscular disuse or overuse, both cancer and
its treatment have profound effect on skeletal muscle atrophy,
which could be partially ameliorated by physical exercises.
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FIGURE 1 | Stretch-released growth factors and prostaglandins regulated protein synthesis of myotubes. Stretch activated G protein-coupled receptors, such as

calcium influx channels and IGF-1 receptors, in the membrane of myotubes, leading to elevated activities of phospholipases (PLA, PLD) and PG endoperoxide GH

synthase (PGHS). PLA and PLD liberated arachidonic acid, which was subsequently converted by PGHS into prostaglandins production, such as PGE2 and PGF2.

On the other hand, stretching stimuli could also promote growth factors (IGF1 and FGF) that participated in myotube protein synthesis through binding to their specific

receptors. Whether these two major mechanisms acted simultaneously to regulate anabolism of myotubes under stretching environment would be a matter of interest.

Consistently, Baccam et al. (2019) reported that tumor-derived
factor activin induced myotube atrophy in vitro. Application of
mechanical stress was sufficient to rescue myotubes from activin-
induced myofiber atrophy, through the secretion of follistatin
that could compete with activin for binding to activin type II
B receptor (ActRIIB). On the other hand, chemotherapeutic
doxorubicin (DOX), one ordinary drug for cancer therapy, also
caused myotube atrophy via blockage of ribosomal protein S6
kinase (p70S6K) signaling. Similarly, subjecting the DOX-treated
myotubes to mechanical stretch counteracted the catabolic effect
of DOX by restoring p70S6K activation (Guigni et al., 2019).

Another case of pathological muscle atrophy is caused by
glucocorticoid therapy. Dexamethasone (Dex), a synthetic
glucocorticoid, was shown to cause myotube atrophy in vitro.
This was confirmed by the reduced total protein content and
protein synthesis rate, decreased myotube diameter, as well
as increased expressions of atrophy gene MuRF-1 and muscle
atrophy factor box (MAFBx) (Chromiak andVandenburgh, 1992;
Aguilar-Agon et al., 2020). Excitingly, mechanical stretching
either before or after treating myotubes with Dex mitigated all
of these Dex-induced phenotypes (Chromiak and Vandenburgh,
1992; Aguilar-Agon et al., 2020). Moreover, the counteracting
effect of mechanical stretch on Dex-induced myotube

atrophy was abolished by prostaglandin synthesis inhibitor
indomethacin, suggesting the involvement of prostaglandins
(PGE2 and PGF2α) in counteracting Dex-induced myotube
atrophy by stretch (Chromiak and Vandenburgh, 1994).

Therefore, mechanical stretch is generally accepted as a
beneficial stimulus for skeletal muscle anabolism, not only
by promoting myotube protein synthesis and hypertrophy,
but also by counteracting the deleterious effects brought by
glucocorticoid, cancer and its chemotherapy. In addition, skeletal
muscle disuse- or overuse-induced atrophy was also reproduced
by subjecting cultured myotubes to stretching cessation or
overstretching. Overall, the protein turnover, hypertrophy and
atrophy of myotubes under various stretching conditions were
summarized in Table 1.

PATHWAYS INVOLVED IN
STRETCH-INDUCED ANABOLISM OF
MYOTUBES

ERK
Extracellular regulated protein kinases (ERK) is a group
of proteins regulating anabolism in many different tissues.
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The upstream events related to stretch-facilitated ERK
phosphorylation and protein synthesis in myotubes included
mechanical distortion of myotube membrane, activation
of phospholipase A2 (PLA2) enzymes, and production of
lysophospholipid (LPC) that could activate tyrosine kinases
(Burkholder, 2009). Another upstream signaling of ERK in
stretched myotubes was integrin-PP2A pathway, which could
dephosphorylate ERK (Hanke et al., 2010). Even though
ERK was dephosphorylated, the synthesis of fast myosin
heavy chain (MHC-II) was upregulated in myotubes under
such stretching condition (Hanke et al., 2010). Thus, ERK
phosphorylation does not always play a decisive role in rendering
anabolism of myotubes under mechanical strain. In support
of this notion, Sasai et al. (2010) provided evidences that ERK
exerted little effect on stretch-induced myotube hypertrophy,
but instead was involved in attenuating myotube thickness
under basal condition. Furthermore, hyperactivation of ERK
negatively regulated anabolism of stretched myotube under
some conditions. For example, conditioned media from lewis
lung carcinoma (LLC) cells led to hyperactivation of ERK
and concomitant inhibition of protein synthesis in stretched
myotubes, which was restored by ERK inhibitor (Gao and
Carson, 2016). Altogether, these diverse results reflected the
bidirectional regulation of myotube anabolism by ERK under
various stretching conditions.

AKT
Protein kinase B (AKT) is another protein kinase for cell growth
and protein synthesis. So far, almost all of the studies agreed with
the positive role of AKT in promoting anabolism of myotubes
under stretching stimuli. For instance, mechanical stretch
stimulated myotube hypertrophy along with increased AKT
phosphorylation (Sasai et al., 2010; Soltow et al., 2013; Aguilar-
Agon et al., 2019), and blocking AKT pathway diminished
myotube hypertrophy (Sasai et al., 2010). Conversely, cessation
of stretch caused protein degradation and reduction in myotube
size, concomitant with a decline in AKT phosphorylation (Soltow
et al., 2013). However, Hanke et al. (2010) corroborated an
opposing fact that AKT was dephosphorylated in stretched
myotubes as a result of elevated phosphatase 2A (PP2A) activity,
which was accompanied with strikingly raised expression of
myofibrillar protein MHC-II. The reason for this controversial
data is still unclear, but might result from different stretching
patterns. In detail, the studies reporting positive role of AKT
in rendering myotube anabolism applied cyclic or intermittent
stretch (Sasai et al., 2010; Soltow et al., 2013; Aguilar-Agon et al.,
2019), while negative role of AKTwas shown during static stretch
(Hanke et al., 2010).

mTOR-p70S6K Pathway
Mammalian target of rapamycin (mTOR) is well-known for
its control of cell growth and survival. By phosphorylating
its substrate p70S6K, the mTOR-p70S6K pathway is associated
with initiation of protein translation. Studies have shown that
activation of mTOR-p70S6K pathway was positively correlated
with stretch-induced anabolism of myotubes, such as increased

protein synthesis and myotube diameter (Sasai et al., 2010; Nakai
et al., 2015; Gao and Carson, 2016).

With regard to the mechanisms by which mechanical tension
activate p70S6K pathway in myotubes, Lin and Liu (2019)
reported that radial tension induced phosphatidic acid (PA)-
enriched macropinosome formation in myotube membranes,
which provided a platform for mTOR recruitment and activation.
Consistently, another study reported that multiaxial stretch was
able to induce p70S6K phosphorylation while uniaxial stretch was
not (Hornberger et al., 2005). Taken together, we assumed the
unique membrane deformation and cytoskeleton rearrangement
by multiaxial or radial tension could promote macropinosome
formation and subsequent activation of mTOR-p70S6K pathway
in myotubes. In addition to the direct effect of stretching stimuli
on p70S6K phosphorylation in myotubes, p70S6K could also be
phosphorylated in stretched myotubes partially via an autocrine
manner, because conditioned medium from stretched myotubes
induced p70S6K phosphorylation in unstretched cells (Baar et al.,
2000).

One common upstream node of ERK, AKT and mTOR
pathways in stretch-stimulated myotubes is LRRC8A (leucine
rich repeat containing 8 VRAC subunit A) that functionally
comprises the volume-regulated anion channel (VRAC) (Kumar
et al., 2020). Although LRRC8A expression was not altered in
myotubes subjected to 5% static stretch, knock-down of the
membrane bound LRRC8A led to impaired phosphorylation of
ERK, AKT and mTOR pathways, possibly via its interaction with
integrin (Kumar et al., 2020). Thus, LRRC8A channel complex
could sense the mechanical stimuli and convert it into activation
of these anabolic signaling pathways in myotubes.

RhoA-AR Signaling
RhoA (ras homolog family member A) has been established as
a crucial signaling effector mediating various cellular behaviors.
Overexpression of active RhoA in myotubes led to increased
protein synthesis and myotube growth via transactivation of
androgen receptor (AR) (Lee et al., 2003). Moreover, mechanical
stretch with low magnitude (1 and 2%) was able to induce both
RhoA and AR protein expressions in myotubes, which were
further potentiated by synchronized androgen stimulation (Lee
et al., 2003; McClung et al., 2003). Thus, RhoA-AR signaling was
a potential regulator of stretch-induced anabolism of myotubes,
especially in the presence of androgen administration.

Ang II Signaling
Angiotensin II (Ang II) is synthesized through enzymatic
cleavage of angiotensinogen to form angiotensin I (Ang I),
which is subsequently converted into Ang II by angiotensin-
converting enzyme (ACE). Johnston et al. (2011) reported
that mechanical tension led to significant elevations of both
Ang II and its receptor AT2 (angiotensin II receptor type
2) in myotubes. The positive role of Ang II signaling in
promoting protein synthesis has been well-demonstrated in other
myogenic cell types such as vascular smooth muscle cells and
cardiomyocytes (Lijnen and Petrov, 1999; Touyz et al., 1999).
However, exogenous Ang II treatment of skeletal myotubes led
to inhibited protein synthesis and elevated protein degradation
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FIGURE 2 | Pathways involving in stretch-induced myotube anabolism as well as their potential cross-talk. There were several pathways being proposed so far that

mediate protein synthesis and myotube growth in stretching environment. Basically, stretching stimulated these pathways by distortion of myotube membrane, leading

to activation of some membrane-residing proteins. Signaling molecules such as tyrosine kinases or phosphatase were involved in downward transmission, causing

phosphorylation, or dephosphorylation of effector proteins (ERK, AKT, mTOR, p70S6K), and finally regulated the anabolism of myotubes.

(Sanders et al., 2005; Russell et al., 2006). Therefore, the activated
Ang II signaling during mechanical stretching might negatively
regulate anabolism of myotubes, even though this hypothesis was
not tested by the authors (Johnston et al., 2011).

Collectively, the depiction of these stretch-activated pathways
involving in myotube anabolism as well as their potential
cross talk was shown in Figure 2. It should be noted that
the final consequences of protein turnover (either synthesis or
degradation) in mechanically stretched myotubes largely depend
on the mutual effects of anabolic and catabolic signaling, rather
than activations of only some of them. In support of this,
Atherton et al. (2009) demonstrated that stretch exerted catabolic
functions in myotubes, despite activations of several anabolic
pathways such as ERK, AKT, p70S6K.

GLUCOSE TRANSPORT

Exercises have been shown to be important for glycogen uptake
in skeletal muscle (see review Evans et al., 2019). In consistent
with the exercise-evoked glucose transport of muscle, some
in vitro studies also manifested that cyclic stretch stimulated
glucose uptake by cultured myotubes (Hatfaludy et al., 1989;
Mitsumoto et al., 1992). The dynamics of glucose uptake
were different among diverse myotubes (rat L6 myotubes vs.
avian primary breast muscle myotubes) and distinct stretching
regimes (magnitude, frequency, duration). However, both of the
studies agreed that protein synthesis was necessary for stretch-
induced glucose uptake in myotubes, since the protein synthesis
inhibitor cycloheximide blunted this stimulatory effect of stretch

(Hatfaludy et al., 1989; Mitsumoto et al., 1992). Furthermore,
Chambers et al. (2009) investigated the potential pathways
involved in transporting glucose into stretched myotubes. Their
study focused on several pathways that have been implicated in
glucose uptake of skeletal muscles: PI3K/AKT, AMP-activated
kinase (AMPK), and p38 MAP kinase (p38MAPK). By using
specific antagonists of these kinases, they demonstrated that
p38MAPK was involved in stretch-induced glucose uptake of
myotubes, while PI3K/AKT and AMPK were not (Chambers
et al., 2009).

Insulin is also a well-known stimulator of glucose uptake.
Whether mechanical tension and insulin promoted glucose
transport into myotube via same or independent mechanisms
still had not reached a conclusion. For example, Mitsumoto et al.
(1992) insisted that insulin and stretch propelled glucose uptake
through same pathways, since stretched myotubes and control
myotubes had similar rate of glucose uptake when they were both
treated with insulin. Conversely, research by Iwata et al. (2009)
displayed an additive effect of insulin on stretch-incurred glucose
uptake in myotubes, confirming that these two stimuli might
activate independent pathways leading to glucose uptake.

It is noteworthy that Ca2+ played a critical role in
mechanical signal transduction, and elevated intracellular Ca2+

level was accompanied with glucose transport in myotubes
(Iwata M. et al., 2007; Iwata et al., 2009). Basically, there
are two ways for intracellular Ca2+ mobilization: (1) Ca2+

influx from extracellular pools and (2) Ca2+ release from
intracellular stores. Iwata et al. demonstrated that dantrolene,
an inhibitor of Ca2+ efflux from the sarcoplasmic reticulum,
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could abrogate stretch-induced glucose uptake in myotubes,
while extracellular Ca2+ depletion by egtazic acid (EGTA) could
not. Therefore, it was asserted that mechanical tension promoted
intracellular Ca2+ mobilization via increased Ca2+ releasing
from sarcoplasmic reticulum in myotubes, which activated
downstream pathways such as Ca2+/calmodulin-dependent
kinase (CaMK) that participated in glucose uptake (Iwata M.
et al., 2007; Iwata et al., 2009).

The direct mediators in regulating glucose influx into muscle
cells are glucose transporter (GLUT) isoform 1 and 4. During the
process of myogenesis, the expression of GLUT1 decreased but
GLUT4 increased, which account for the fact that mechanical
stretch had no effect on glucose uptake by myoblasts but
significantly promoted glucose uptake by myotubes (Mitsumoto
et al., 1992; Iwata M. et al., 2007). Interestingly, glucose uptake
into stretched myotubes was independent of GLUT4 protein
level but rather dependent upon its translocation to the plasma
membrane (PM) (Mitsumoto et al., 1992; Nedachi et al., 2009;
Saito et al., 2016). Two mechanisms had been proposed to
orchestrate GLUT4 mobilization in myotubes. One was that
mechanical stretch led to production and secretion of C-X-
C motif chemokine ligand (CXCL) 1 and 5, which further
affected GLUT4 PM translocation by binding to C-X-C motif
chemokine receptor 2 (CXCR2) (Nedachi et al., 2009). The other
one involved Adaptor protein, Phosphotyrosine interaction,
Pleckstrin homology domain, and Leucine zipper containing 1
(APPL1). In fact, mechanical stress promoted PM translocation
of APPL1, which was necessary for GLUT4 disassociation with
protein phosphatase 2A (PP2A) and subsequent interaction with
myosin II ATPase on PM (Saito et al., 2016). Altogether, using
C2C12 myotubes, these studies encompassed possible pathways
involved in stretch-induced GLUT4 translocation and glucose
uptake. Whether these molecular basis are still applicable to
myotubes from different species remains to be explored in future.

MYOTUBE MATURATION

The in vitro formation of myotubes is usually induced by
culturing myoblasts in differentiation medium. More than
affecting the initial differentiation of myoblasts, mechanical
stretching also influences the maturation of myotubes. The
terminally differentiated and mature myotubes are characterized
by the appearance of sarcomeric striated structures such as A
bands and Z lines that are formed by contractile proteins myosin
heavy chain (MHC) and α-actin, respectively. For example, Liao
et al. (2008) and Bansai et al. (2019) observed more concentrated
α-actin formed in mechanically stretched myotubes, which had
a higher ratio of mature to immature myotubes than non-
stretched myotubes.

Cyclic stretching could also upregulate MHC protein
expression in myotubes (Liao et al., 2008; Candiani et al.,
2010). Moreover, study by Huang et al. (2012) showed that
stretch increased myotube MHC mRNA expression in stretching
frequency- and duration-dependent manners. Through applying
a series of stretches with different frequency (0, 0.25, 0.5, and
1Hz) and duration (5, 7, and 10 day), the authors reported that
the highest expression of MHC occurred on frequency 0.25Hz
at day 7. With respect to the mechanisms of stretch-induced

MHC expression in myotubes, Rauch and Loughna (2005)
proposed that short-term (from minutes to hours) static stretch
causedmyocyte enhancer factor 2A (MEF2A) dephosphorylation
and nuclear translocation, which transactivated neonatal MHC
(MHCneo) isoform. However, their later study applying long-
term static stretch (3 days) demonstrated that elevated levels
of MHC fast and slow isoforms (MHCf and MHCs) were not
attributed to MEF2A phosphorylation (Rauch and Loughna,
2006).

Strikingly, study by De Deyne (2000) illustrated that uniaxial
stretch could neither inhibited nor facilitated the appearances
of Z lines or A bands in myotubes. In contrast, they
found a positive correlation between these sarcomeric striated
structures with electrical stimulation (De Deyne, 2000). In
addition, another similar study applying mechanical, electrical,
or combination of both stimuli on myotubes demonstrated that
synchronized electromechanical stimuli led to higher levels of
contractile proteins and higher percentage of mature myotubes
than either stimuli alone (Liao et al., 2008). The reason for
these discrepancies in stretch-induced myotube maturation was
unclear, but might possibly result from different experimental
conditions, such as myotube differentiation status, culturing
conditions, and stretching parameters.

MYOTUBE ALIGNMENT

In vivo, the muscle fibers lie in line with the direction
of muscular movement to be fully functional in producing
forces. The alignment of in vitro cultured myotubes was also
affected by mechanical stretching. Using apparatus stretching
myotubes radially, Vandenburgh et al. found that continuous
stretching for 3 days resulted in increased percentage ofmyotubes
orienting in the direction of stretch. Moreover, the alignment
of myotubes relied on the rate of stretch (from 0.35 mm/h
to 0.07 mm/h), with the rate of 0.21 mm/h exerting the
most obvious reorienting effect (Vandenburgh, 1982). While
continuous radial stretch promoted the parallel alignment of
myotubes along the stretching axis, intermittent radial stretching
stimuli reoriented myotubes perpendicularly to the stretching
direction (Vandenburgh, 1988). Altogether, these studies proved
that radial stretch affected myotube alignment in a stretching rate
dependent manner.

On the other hand, uniaxial stretch at the rate of 0.35
mm/h also aligned the myotubes parallel to each other along
the axis of stretch, which was accompanied by elongation
of myotubes (Vandenburgh et al., 1989). Similarly, another
study by Collinsworth et al. displayed equally evident parallel
reorientation and longitudinal growth of myotubes under
uniaxial stretching at rate of either 0.048 mm/h or 0.036
mm/h. Therefore, it seemed that stretching rate did not
affect the alignment efficiency in uniaxially stretched myotubes
(Collinsworth et al., 2000).

In conclusion, even though both radial and uniaxial stretch
could reorient myotubes, stretching rate might play different
roles in their alignment. However, the mechanisms of stretch-
induced reorientation of myotubes were not discussed in these
studies, and await further exploration.
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CYTOSKELETAL ADAPTION

Cytoskeletal proteins such as actin, vinculin, and talin mediate
cell spreading and elasticity. When upregulated by mechanical
stimuli, these proteins may stabilize the cytoskeleton, thus
enabling cells to bear mechanical stress (see review Hirata
et al., 2014). The promoter activity and mRNA level of α-
actin were repressed by 6–24 h static stretch in myotubes. This
was in sharp contrast to accumulation of α-actin protein in
stretched myotubes, which could be due to either increased
protein synthesis or decreased protein degradation. Thus,
we assumed that both translational and post-translational
regulations could be involved in stretch-elevated α-actin protein
in myotubes (Carson and Booth, 1998). Other cytoskeletal
elements, such as talin and vinculin, were also reported to
be synthesized in stretched myotubes. Upon cyclic mechanical
stimuli, both mRNA and protein levels of talin and vinculin
were elevated in myotubes (Frenette and Tidball, 1998; Tidball
et al., 1999). By measuring apparent elastic modulus (Eapp) of
the myotubes, Zhang et al. (2004) found positive correlation
between Eapp and expressions of vinculin and talin in stretched
myotubes. In addition, turnover rate of talin protein has been
reported to be accelerated by mechanical stretch, as shown
by increased quantities of both intact talin and its 190-kDa
proteolytic fragment (Frenette and Tidball, 1998). Thus, studies
above manifested that myotubes responded to mechanical
stretching by stimulating expressions of these cytoskeletal
proteins, aiming to maintain the cytoskeleton, and withstand
mechanical distortion.

Regarding the mechanisms of stretch-induced talin and
vinculin expressions in myotubes, Tidball et al. (1998, 1999)
proposed the involvement of nitric oxide (NO), which was
produced and released by myotubes during cyclic stretching. NO
modulated vinculin and talin at the mRNA level by influencing
the rate of their transcription via cGMP-dependent protein
kinase G (PKG) pathway. The role of NO-PKG axis in promoting
talin and vinculin expressions was further confirmed by using
NO donor and scavenger, as well as PKG inhibitor (Tidball et al.,
1999). Calpain is one of the major proteolytic enzymes that
could cleave intact vinculin and talin proteins into proteolytic
segments. Intriguingly, Soltow et al. (2013) verified that both
stretch-induced intact talin protein level and cessation of stretch-
induced cleaved talin protein level were dependent upon NO
production, suggesting a dual role of NO that could either
inhibit calpain proteolysis in stretched myotubes or activate
calpain proteolysis during cessation of stretch (Zhang et al.,
2004).

The dystrophin-associated glycoprotein complex (DGC) has
been shown to regulate NO via many different signaling. Notably,
the dynamics of stretch-released NO was significantly altered
in myotubes from dystrophin deficient mdx mice (Wozniak
and Anderson, 2009). Thus, when myotubes are subjected
to mechanical stress, functional DGC might be necessary in
modulating NO production, and subsequently in promoting
the cytoskeletal adaption of myotubes through synthesis of
cytoskeleton proteins.

MYOTUBE DAMAGE

One of the early changes of myotubes subjected to mechanical
stretch is membrane distortion accompanied with increased
permeability. Burkholder (2003) compared the effect of cyclic
stretch with different amplitudes and frequencies on myotube
membrane permeability by detecting fluorescein labeled dextran
(FDx) dye uptake. Their study illustrated that at amplitude
within the physiological range, dye uptake occurred in a
punctate pattern independently of stretching frequency. When
the amplitude was larger than 15%, frequency became the
dominating factor and the pattern of dye uptake became diffuse,
reflecting transient disruption of cell membrane (Burkholder,
2003). In contrast, little damage was found inmyotubes subjected
to cyclic stretch with 10% amplitude at frequency of 10
cycles/min, which was confirmed by few vacuole formation in
cytoplasm of stretched myotubes (Adachi et al., 2003). The
stretching amplitude and frequency-dependent myotube damage
was also shown in other studies that quantified the extent of
myotube damage through measurement of creatine kinase (CK)
activity and lactate dehydrogenase (LDH) release in culture
media (Vandenburgh et al., 1989, 1990; Peterson and Pizza, 2009).

Does the stretch-induced myotube damage have some
physiological significance? We assumed the answer is yes if
myotubes are normal and healthy. In support of this notion,
many studies had verified that short-term stretch-provoked
myotube damage was transient and accompanied with myotube
anabolism and growth (Atfaludy et al., 1988; Vandenburgh
et al., 1989, 1990; Clarke and Feeback, 1996). For example,
the increased permeability of myotube membrane provided
convenient influx of exogenous factors and efflux of endogenous
factors, whichmight contribute tomyotube protein synthesis and
hypertrophy (Vandenburgh et al., 1989). As had been mentioned
before in this review, FGF was one of these endogenous
factors released from stretch-wounded myotubes and prompted
myotube protein synthesis in an autocrine manner (Clarke
and Feeback, 1996). In addition, stretch-induced prostaglandins
(such as PGE2 and PGF2) efflux as a result of membrane
disruption also mediated the protein turnover in myotubes
(Vandenburgh et al., 1990).

RELATIONSHIP BETWEEN MYOTUBE
STRUCTURAL PROTEINS AND
STRETCH-INDUCED DAMAGE

As discussed before, cytoskeleton of normal myotubes could
adapt to mechanical stretch. Therefore, stretch-induced damage
in these myotubes are transient and even beneficial for their
metabolism and growth. However, severe disorders occurred
when some structure-related genes are depleted or mutated,
which disabled myotubes to reconstruct their cytoskeleton in
order to withstand the mechanical disruption. Some of these
structural genes in enabling myotubes to resist mechanical
stretching are exemplified in the below.
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Caveolin-3
Caveolae are cup-shaped invaginations with 60–80 nm in
diameter that are present at the plasma membrane of many
cells, especially in muscle cells, adipocytes, and endothelial cells.
Caveolin-3, the major constituent of the caveolar structure,
is specifically expressed at the membrane of skeletal muscle
cells and associated with endocytosis and cell signaling in
response to mechanical stimuli (Bellott et al., 2005; Dewulf et al.,
2019).

Caveolae function as membrane-mediated sensors and
regulators of the plasma membrane tension. Sinha et al.
(2011) demonstrated that myotubes under stretching stimuli
had flattened caveolae, which is beneficial for buffering
membrane tension surges during mechanical stress. When
mechanical stress was terminated, caveolae returned to their
normal state. Notably, the absence of a functional caveolae
in myotubes resulting from caveolin-3 depletion or mutation
displayed enhanced membrane fragility and rupture under
mechanical stress, supporting the role of caveolin-3 as an
accommodator of external mechanical stimulation (Dewulf et al.,
2019).

Sarcoglycan
The actin cytoskeleton and the extracellular matrix are
linked via dystrophin and dystrophin-associated proteins
(DAPs). Being components of DAPs, sarcoglycan proteins
are important in regulation of mechanosensitive signaling in
myotubes. For instance, Moorwood et al. (2014) confirmed
γ-sarcoglycan as a regulator of stretch-activated p70S6K
signaling in myotubes. Mechanical stretch only caused a
transient elevation of p70S6K phosphorylation in normal
myotubes, but p-p70S6K level sustained in γ-sarcoglycan−/−

myotubes subjected to mechanical stimuli (Moorwood et al.,
2014).

Dystrophin-DAP complex is vital in maintaining mechanical
stability of the sarcolemma, the dysfunction of which led
to inability of myotubes to withstand mechanical stress and
resultant myotube damage. Shigekawa et al. demonstrated that
disrupted Ca2+ homeostasis resulting from hyperactivated
Ca2+ channels was the fundamental mechanism of the
susceptibility of sarcoglycan−/− myotubes to stretch-induced
damage (Nakamura et al., 2001; Sampaolesi et al., 2001;
Iwata et al., 2003). These Ca2+ permeable channels could
be activated by mechanical stimulation in a controllable
manner when myotubes possess functional dystrophin-DAP
complex. However, sarcoglycan deficiency in myotubes caused
abnormal hyperactivation of these channels, which was
further aggravated upon mechanical stretching. Therefore,
Ca2+ influx was dramatically strengthened when sarcoglycan
deficient myotubes were subjected to mechanical stress,
incurring to calpain-mediated cytoskeleton degradation,
membrane rupture, and cell damage (Sampaolesi et al.,
2001).

It is noteworthy that these Ca2+ permeable channels
might be activated simultaneously or sequentially when
sarcoglycan deficient myotubes were stretched. According to
these studies, the stretch-activated cation channels (SACs)

that were hyperactivated in sarcoglycan deficient myotubes
were possibly the primary cause of Ca2+ influx under stretch
(Nakamura et al., 2001). This initial Ca2+ accumulation in
myotubes provoked the membrane depolarization, secondarily
activating voltage-gated Ca2+ channels such as L-type
Ca2+ channel (Sampaolesi et al., 2001). Alternatively, the
third way of Ca2+ influx was via growth factor–regulated
channel (GRC) translocation to the sarcolemma of myotubes,
which could be facilitated by both stretch and sarcoglycan
depletion (Iwata et al., 2003). Consistent with the notion
that Ca2+ overloading made sarcoglycan deficient myotubes
less endurable to mechanical stress, specific inhibitors of
these Ca2+ channels (SACs, L-type Ca2+ channel, GRC)
such as GdCl3, nifedipine, ruthenium red, as well as
extracellular Ca2+ chelation BAPTA, all effectively attenuated
stretch-induced damage in sarcoglycan deficient myotubes
(Nakamura et al., 2001; Sampaolesi et al., 2001; Iwata et al.,
2003).

In contrast to the increased Ca2+ influx into sarcoglycan
deficient myotubes, Iwata Y. et al. (2007) proposed another
mechanism through which decreased Ca2+ efflux out of
sarcoglycan deficient myotubes also propelled Ca2+ overloading
and myotube damage during mechanical stretching. In detail,
Adenosine Triphosphate (ATP) was found to be released
continuously from sarcoglycan deficient myotubes in a
manner further stimulated by stretching. Autocrine ATP
release evoked activation of Na+/H+ exchanger (NHE),
leading to increased intracellular Na+ level. Subsequently,
high intracellular Na+ caused reduced Ca2+ extrusion via
Na+/ Ca2+ exchanger (NCX), finally conducing to Ca2+

overloading (Iwata Y. et al., 2007). The ATP-NHE-NCX
axis in mediating stretch-induced sarcoglycan deficient
myotube damage was well-testified by blocking ATP, NHE,
and NCX using ATP hydrolyzing enzyme apyrase, cariporide,
and KB-R7943.

Plectin
Plectin, a giant cytolinker protein, plays a crucial role in
stabilizing and orchestrating intermediate filament (IF)
networks in cells. Plectin-deficient myotubes were characterized
by aggregations of desmin protein and disarrangement
of the myofibrillar apparatus. Particularly, when plectin-
deficient myotubes were subjected to 30% stretch at 0.25Hz
for 1 h, there were significantly more cells detached than
control cells, indicating lower resilience toward mechanical
stretch (Winter et al., 2014). The authors assume that
these abnormalities in plectin-deficient myotubes were
at least partially related with increased expressions of
heat shock proteins (HSPs), since chemical chaperon 4-
phenylbutyrate (4-PBA) led to increased mechanical resilience of
plectin-deficient myotubes.

Taken together, normally functioned myotubes are able
to resist mechanical stretch through cytoskeletal adaptive
reconstruction. Conversely, stretch-induced myotube damage
occurs when some critical structure-related proteins are depleted
or mutated, leading to disrupted cell homeostasis (Figure 3).
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FIGURE 3 | Stretch-induced myotube cytoskeletal reconstruction and cellular damage. Cytoskeletal proteins such as sarcoglycan, plectin, as well as membrane

caveolae protein caveolin-3 are all critical proteins that participated in myotube cytoskeleton adaptation to mechanical stretch by activating signalings such as

p70S6K, STAT3, ERK. In addition, release of NO also played a role in activating PKG pathway. The activation of these pathways contributed to expressions of

structure proteins desmin, talin and vinculin, which are beneficial to reconstructions of myotube cytoskeleton. On the other hand, deficiency of the sarcoglycan led to

abnormal activities of Ca2+ and Na+ channels, which caused intracellular Ca2+ overloading and activation of Ca2+ dependent hydrolase, calpain, that promoted

cytoskeletal protein proteolysis and cellular damage.

SECRETION OF CYTOKINES

Skeletal muscle is a secretory organ that could excrete
cytokines through autocrine, paracrine, and endocrine modes.
Accumulating evidences pointed out that myotubes are the main
sources of cytokine production in skeletal muscle. Some of
these cytokines (IGF-1, FGF, PGE2, PGF2α, CXCL1, CXCL5,
NO) acted in an autocrine fashion, regulating the protein
turnover, glucose uptake, and cytoskeletal adaption of myotubes
in response to mechanical stretch, as had been discussed
in detail in the previous parts of this review (Vandenburgh
et al., 1990; Perrone et al., 1995; Clarke and Feeback, 1996;
Tidball et al., 1998, 1999). Other cytokines functioned in
paracrine or endocrine fashions, and were involved in the
interactions of stretched myotubes with distinct cell types in the
below (Figure 4).

Motoneurons
Acetylcholinesterase (AChE) is an essential component of
cholinergic synapses in both central and peripheral nervous
systems, since it is responsible for the rapid hydrolysis of
acetylcholine (ACh) released from presynaptic nerve terminals
(Massoulie et al., 1993). Hubatsch and Jasmin (1997) reported
that stretched myotubes could secret the G4 form of AChE,
possibly through transcriptional activation of AChE mRNA by
Egr-1 (early growth response 1). Thus, it is plausible that skeletal
muscle fibers interact with motoneurons to regulate AChE
expression in the neuromuscular junctions that undergo intense
mechanical distortions during exercise.

Neutrophils
Neutrophils accumulate in skeletal muscles being exposed to
mechanical loading, in order to erase the damaged muscle
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FIGURE 4 | Stretch-regulated secretion of myotubes. When myotubes were stimulated by mechanical stretch, various kinds of cytokines were released out of

myotubes and exerted distinct functions. Some of these cytokines acted in an autocrine fashion, regulating glucose uptake, protein synthesis, and cytoskeletal

adaption of myotubes in response to mechanical stretch. In addition, there were other cytokines that were involved in cross-talk of stretched myotubes with other

types of cells, such as neutrophil, motoneurons, osteoclasts, and endothelial cells.

fibers at the sites of inflammation. In vitro activation of
neutrophils, including neutrophil chemotaxis and priming for
O−

2 production, was significantly promoted by the conditioned
medium from stretched myotubes (Tsivitse et al., 2005; Peterson
and Pizza, 2009). Different cytokines that were secreted
from myotubes upon distinct stretching parameters mediated
neutrophil activation. For example, application of intensive
strain (0.25Hz, 15% magnitude) for a shorter period of
time (30min) resulted in secretion of monocyte chemotactic
protein 1 (MCP-1), granulocyte-macrophage colony-stimulating
factor (GM-CSF), Interleukin-6 (IL-6), Interleukin-8 (IL-8), and
granulocyte colony-stimulating factor (G-CSF) from myotubes,
with IL-8 and GM-CSF contributing to neutrophil activation
(Peterson and Pizza, 2009). However, utilizing a less drastic strain
(0.25Hz, 5 and 10% magnitude) but for a longer duration (2 h)
inhibited secretion of IL-8, tumor necrosis factor-α (TNF-α)
and transforming growth factor-β (TGF-β) from myotubes, thus
excluding their involvements in prompting neutrophil activation
(Tsivitse et al., 2005).

In addition, stretch caused a more complex interaction
between co-cultured myotubes and neutrophils. On one
hand, mechanical loading of myotubes increased the release
of myeloperoxidase (MPO) from co-cultured neutrophils,
implying stretched myotubes mediated neutrophil activity via
paracrine manners. On the other hand, co-cultured neutrophils
greatly enhanced stretch-induced myotube damage (Nguyen
et al., 2005). Collectively, myotubes seemed to promote
their own lysis during mechanical tension by cross-talking
with neutrophils.

Osteoclast
Muscle-derived factors have been shown to regulate bone
formation and resorption, implying their roles in maintaining
the musculoskeletal homeostasis. Juffer et al. (2014) found
that conditioned medium from non-stretched myotubes
had a inhibitory effect on osteoclast formation, while the
conditioned medium from stretched myotubes promoted
osteoclast formation. The authors further identified elevated
IL-6 secretion from myotubes under mechanical tension, which
partially accounted for the propelling effect on osteoclast
formation (Juffer et al., 2014).

Endothelial Cell
Capillaries are essential for the supply of oxygen and nutrients
to skeletal muscle during exercise. Some muscle-derived factors
were reported to affect the angiogenesis of capillaries. For
example, the chemokine stromal cell derived factor-1 (SDF-
1α, also known as CXCL12) was associated with angiogenesis
under physiological and pathological states (Xu et al., 2013).
Notably, both mRNA and protein levels of CXCL12 were
enhanced in myotubes subjected to 24 h stretching, but not
in myoblasts under same stimulation. Moreover, mechanical
stretch-released CXCL12 from myotubes prompted vascular
endothelial cell proliferation via binding to CXC receptor 4
(CXCR4) on endothelial cells, as both CXCL12 neutralizing
antibody and CXCR4 antagonist abolished endothelial cell
proliferation (Yamada et al., 2019). Despite of the in vitro
effect of CXCL12-CXCR4 signaling axis on endothelial cell
proliferation, muscle-specific CXCL12 knockout mice displayed

Frontiers in Physiology | www.frontiersin.org 13 August 2021 | Volume 12 | Article 689492

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Ren et al. In vitro Mechanoresponses of Myotubes

TABLE 2 | Involvement of stretch-activated ion channels on biomechanical manifestations of myotubes.

Effects of stretch on myotubes involved ion channels Activity of ion

channels

Functional analysis References

Increased amino acid uptake Na pump Increased Na pump

activity

Inhibited by ouabain (depolarize the

myotube’s membrane potential)

Vandenburgh, 1983

Increased amino acid uptake Na pump Not reported Inhibited by ouabain and tetrodotoxin

(inhibit sodium influx of an

electrogenic nature) inhibit

stretch-induced amino acid uptake,

but not by amiloride (inhibit sodium

influx of non-electrogenic nature)

Drummond et al., 2010

Increased glucose transport Na pump is not involved Not reported Not inhibited by tetrodotoxin Johnston et al., 2011

Increased glucose transport Ca channel is not involved Not reported Not inhibited by reducing extracellular

calcium level

Evans et al., 2019

Increased protein synthesis Na pump is not involved Not reported Not inhibited by tetrodotoxin Clarke and Feeback, 1996

Increased prostaglandins

secretion

Na pump is not involved,

but Ca channel might be

Not reported Not inhibited by tetrodotoxin, but

inhibited by reducing extracellular

calcium level

De Deyne, 2000

Increased prostaglandins

secretion

Na pump is not involved Not reported Not inhibited by tetrodotoxin Vandenburgh, 1982

Increased acetylcholinesterase

secretion

Na pump is not involved,

but L-type Ca channel is

involved

Not reported Not inhibited by tetrodotoxin, but

inhibited by nifedipine (L-type Ca

channel inhibitor)

Tidball et al., 1998

Increased damage of sarcoglycan

deficient myotubes

L-type Ca channel is

involved

Not reported Inhibited by nifedipine and tranilast

(inhibit growth factor-induced Ca

influx)

Hubatsch and Jasmin, 1997

Increased damage of sarcoglycan

deficient myotubes

Stretch-activated cation

channel (SAC) is involved

Increased SAC

activity

Inhibited by Gadolinium chloride

(GdCl3, stretch-activated channel

inhibitor)

Tsivitse et al., 2005

Increased damage of sarcoglycan

deficient myotubes

Growth factor-regulated

channel (GRC) is involved

Not reported Inhibited by transfection with GRC

antisense cDNA

Nguyen et al., 2005

Increased damage of sarcoglycan

deficient myotubes

Na+/H+ exchanger (NHE)

and Na+/Ca2+ exchanger

(NCX) are involved

Increased NHE

activity

Inhibited by EIPA and cariporide (NHE

inhibitors), and KBR (NCX inhibitor)

Juffer et al., 2014

Activation of anabolical pathways

(AKT, ERK, mTOR)

Volume-regulated anion

channel (VRAC) is involved

Not reported Inhibited by VRAC component

LRRC8A ablation

Kumar et al., 2020

normal angiogenesis when they exercised, suggesting CXCL12
might be a redundant factor in preserving exercise training-
mediated angiogenesis in skeletal muscles (Yamada et al., 2019).

STRETCH-ACTIVATED ION CHANNELS IN
MYOTUBES

Mechanical distortion of myotube membrane inevitably affect
the activities of ion channels present on membrane. Some
cation channels, such as Na+ pump and Ca2+ channel, were
easily activated in myotubes subjected to various stretching
conditions, and participated in mechanoresponses of myotubes.
The involvements of these ion channels in stretch-induced amino
acid uptake, glucose transport, protein synthesis, secretion, and
damage of myotubes have already been discussed in previous
parts of this review, and will be briefly summarized in Table 2.

OXIDATIVE STRESS

Myotubes experienced endogenous oxidative stress when they
were subjected to mechanical stimuli. Upon exposure to 15%

stretch for 10min, the intracellular reactive oxygen species (ROS)
levels raised moderately, contributing to glucose uptake by
myotubes (Chambers et al., 2009). However, a more intensive
stretching protocol, such as 18% stretch for 12 h, led to
dramatic generation of ROS inmyotubes, which caused increased
oxidative damage of DNA, reduced myotube diameter and MHC
intensity (Kim et al., 2018).

Ebihara et al. (2002) explored the sarcolemmal injury
in cultured L6 myotubes induced by oxidative stress,
mechanical stretch, or both of them. Their data suggested
that oxidative stress greatly increased the vulnerability
of myotubes to stretch-induced sarcolemmal injury.

Considering that membrane permeability of myotubes

was increased upon sarcolemmal damage, it should be
interesting to investigate whether ROS generated during

stretch will be released into extracellular matrix and acted
as exogenous oxidative stress. Presumably, this positive

feedback between mechanical and oxidative stress could have
made myotubes more susceptible to stretching stimuli and
resulted into synergetic mechanical-oxidative stress-induced
myotube damage.
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In prevention of unlimited ROS accumulation during
stretching, myotubes possess antioxidative systems that could
scavenge ROS and protect themselves from sarcolemmal damage.
By exposing C2C12 myotubes to 30min of 15% stretch, Pardo
et al. (2011) proposed a mechanism by which an antioxidative
signaling was simultaneously activated inmyotubes to counteract
ROS overproduction. Specifically, mechanical stretch promoted
transient elevation of EGR1 (early growth response factor 1),
which transactivated sirtuin1 (SIRT1) and subsequently induced
manganese superoxide dismutase (MnSOD) that contributed to
elimination of excessive ROS. Interestingly, an autoregulatory
loop existed in this antioxidative system consisting of EGR1
and SIRT1 (Pardo and Boriek, 2012). These two proteins tended
to physically interact when SIRT1 reached maximal level, and
the EGR1-SIRT1 protein complex had a prohibitory role on the
activation of the Sirt1 promoter. Through this autoregulatory
loop, EGR1 and SIRT1 protein levels could return to their
initial states when ROS was diminished to basal levels. Thus,
this negative-feedbackmechanism allowedmyotubes tomaintain
oxidative homeostasis when they were constantly exposed to
stretching stimuli (Pardo and Boriek, 2012).

DISCUSSION

So far, various stretching regimes were reported to provoke
distinct mechanoresponses of myotubes, such as metabolism,
growth, secretion, cytoskeleton reconstruction, damage,
oxidative stress. However, most studies only focused on one
or a few aspects, and neglected the interconnections among
them. Therefore, one challenge in future study is systematically
investigating all of these biomechanical alterations of myotubes
under some stretching condition, as well as penetrating potential
correlations among these changes. In order to do so, microarray
analysis will be a powerful tool to give us a global view of how
myotubes respond to different types of stretch, rather than the
examination of separate molecules and pathways as had been
done before.

Apart from stretching condition, the differentiation or
maturation status of myotubes is also crucial in determining
their mechanoresponses. Up to date, in vitro cultured myotubes
are all derived from induced differentiation of myoblasts. This
inevitably leads to mixed groups of myotubes with various levels
of maturation, as well as undifferentiatedmyoblasts, whichmakes
it impossible to attain myotubes at the same level of maturation.

Thus, future development of single myotube in vitro culturing
and stretching will provide us a better model to accurately study
biomechanical adaptions of myotubes. Moreover, how could the
maturation status of myotubes affect their mechanoresponses
is currently unknown and awaits further elucidation through
application of this model.

In vivo, myotubes are not the only cells subjected to
mechanical tension during muscle stretching. Another
substantial group of cells being simultaneously stretched
is myoblasts or satellite cells, the progenitors of myotubes.
Notably, myoblasts responded to stretching stimuli in many
different aspects comparing to myotubes, as had been reviewed

before (Wang et al., 2020). In detail, mechanical stretch
had been reported to influence proliferation, differentiation,
and pluripotency of myoblasts, while the metabolisms of
myotubes such as amino acid and glucose uptake, protein
turnover, hypertrophy, and secretion were affected by stretching
stimulations. However, both cells could experience cytoskeletal
reconstruction and cellular reorientation in response to proper
mechanical stimuli. Moreover, they both suffer damage if
stretching is too intense to resist or there were some deficient
genes that disabled cytoskeletal adaptions to external stretching.
Overall, we could assume that when skeletal muscles are passively
elongated, myoblasts and myotubes jointly contribute to skeletal
muscle mechanobiology. Thus, it will be interesting to study the
cross talk between in vitro cultured myoblasts and myotubes in
response to mechanical stretch, which could greatly simulate in
vivomuscular stretching microenvironment.
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