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It is generally recognized that synthetic glucocorticoids induce skeletal muscle weakness, and endogenous glucocorticoid levels increase in
patients with muscle atrophy. It is reported that heat stress attenuates glucocorticoid-induced muscle atrophy; however, the mechanisms
involved are unknown. Therefore, we examined the mechanisms underlying the effects of heat stress against glucocorticoid-induced
muscle atrophy using C2C12 myotubes in vitro, focusing on expression of key molecules and signaling pathways involved in regulating
protein synthesis and degradation. The synthetic glucocorticoid dexamethasone decreased myotube diameter and protein content, and
heat stress prevented the morphological and biochemical glucocorticoid effects. Heat stress also attenuated increases in mRNAs of
regulated in development and DNA damage responses 1 (REDD1) and Kruppel-like factor 15 (KLF15). Heat stress recovered the
dexamethasone-induced inhibition of PI3K/Akt signaling. These data suggest that changes in anabolic and catabolic signals are involved in
heat stress-induced protection against glucocorticoid-induced muscle atrophy. These results have a potentially broad clinical impact
because elevated glucocorticoid levels are implicated in a wide range of diseases associated with muscle wasting.
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Skeletal muscle has a crucial role in movement, breathing, and
glucose homeostasis, as well as energy homeostasis and
thermogenesis. Various chronic diseases result in reduced
skeletal muscle mass (muscle atrophy), which compromises
patient quality of life. Therefore, preventing and attenuating
skeletal muscle atrophy is an important clinical goal.

Glucocorticoids (GC) are steroid hormones with wide-
ranging regulatory effects on development and metabolism
(Revollo and Cidlowski, 2009) as well as potent anti-
inflammatory and immunosuppressive activities, and new GC
have been synthesized for therapeutic use. However, GC
induce adverse effects including hyperglycemia, weight gain,
hypertension, osteoporosis, depression, decreased
immunological function, and skeletal muscle weakness
(Ramamoorthy and Cidlowski, 2013). Many pathological
conditions characterized by muscle weakness, including sepsis,
cachexia, starvation, metabolic acidosis, and severe
insulinopenia, are associated with increased circulating GC
levels (Wing and Goldberg, 1993; Tiao et al., 1996; Hu et al.,
2009; Braun et al., 2011, 2013), suggesting they might be
involved in muscle atrophy.

GC-inducedmuscle atrophy results from decreased the rate
of protein synthesis and increased the rate of protein
breakdown (Tomas et al., 1979; Goldberg et al., 1980; Lofberg
et al., 2002). GC decrease the rate of protein synthesis in
skeletal muscle by enhancing the transcription of “regulated in
development and DNA damage responses 1” (REDD1) and
“Kruppel-like factor 15” (KLF15) that represses mammalian
target of rapamycin complex 1 (mTORC1) (Shimizu et al.,
2011). In addition, GC mediate anti-anabolic actions by
inhibiting phosphatidylinositol 3-kinase (PI3K)/Akt-dependent
mTORC1 signaling (Kuo et al., 2012). Phosphorylation of
glycogen synthase kinase 3b (GSK3b) by Akt may also be

involved in the anti-anabolic effect of GC because
dephosphorylation of GSK3b suppresses protein synthesis
(Proud and Denton, 1997). GC-induced muscle atrophy also
involves increased muscle proteolysis signaling, especially
muscle RING finger 1 (MuRF1) and Atrogin-1/muscle atrophy
F-box (MAFbx), both muscle-specific E3 ubiquitin ligases
(Bodine et al., 2001; Sacheck et al., 2004;Wada et al., 2011) that
target several muscle regulatory and myofibrillar proteins for
degradation via the ubiquitin-proteasome system (UPS). In
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skeletal muscle, MuRF1 and Atrogin-1 are transcriptionally
activated by dephosphorylation of forkhead box O1 and 3a
(FoxO1 and FoxO3a) (Kamei et al., 2004; Sandri et al., 2004;
Senf et al., 2008; Waddell et al., 2008). Activation of PI3K/Akt
signaling rescued GC-mediated atrophy through the
phosphorylation and inactivation of FoxO1/FoxO3a (Sandri
et al., 2004; Stitt et al., 2004; Latres et al., 2005). KLF15 also has
catabolic activity by trans-activations of MuRF1 and Atrogin-1
(Shimizu et al., 2011).

Heat stress is widely used as an adjuvant to physical
rehabilitation for controlling pain and relieving muscle spasms
(Lehmann et al., 1974). Recently, the benefits of heat stress for
muscle atrophy under various conditions were described
(Naito et al., 2000; Luo et al., 2001; Selsby and Dodd, 2005;
Ichinoseki-Sekine et al., 2014; Morimoto et al., 2015; Tamura
et al., 2015; Yoshihara et al., 2015). Heat stress attenuated GC-
induced muscle atrophy in rats (Morimoto et al., 2015) and
prevented GC-induced degradation of proteins in cultured L6
myotubes (Luo et al., 2001). However, the mechanisms of heat
stress-induced suppression of GC-induced muscle atrophy
remain unclear.

In this study, we examined the mechanisms involved in the
preventive effect of heat stress for GC-induced muscle atrophy,
focusing on anabolic and catabolic signaling pathways.We used a
well-established in vitro system of culturedC2C12myotubes to
model skeletal muscle atrophy. Heat stress prevented the
deleterious effects of GC by modifying REDD1 and KLF15
expression and recovering GC-affected PI3K/Akt signaling.
Therefore, heat stress modulates both anabolic and catabolic
signaling pathways in skeletal muscle.

Materials and Methods
Cell culture

The murine skeletal muscle cell line C2C12 was obtained from the
European Collection of Cell Cultures (Salisbury, UK), and
maintained as described previously (Iwata et al., 2009). C2C12
myoblasts were cultured at 5� 103 cells/cm2 on type I collagen
coated 60-mm dishes (Japan BD, Tokyo, Japan) with 4ml growth
medium consisting of high glucose (4.5 g/l) Dulbecco’s Modified
Eagle’s Medium (DMEM, Sigma–Aldrich, St. Louis, MO) containing
15% (v/v) heat-inactivated fetal bovine serum (Gibco, Carlsbad,
CA) and antibiotics (100U/ml penicillin and 100mg/ml
streptomycin, Gibco) for approximately 48 h in a water-jacketed
humidified incubator (MCO-18AIC, Sanyo, Osaka, Japan)
equilibrated with 5% CO2 and 95% air, at 37°C, until the myoblasts
reached about 90% confluence. To induce spontaneous
differentiation by growth factor withdrawal (Yaffe and Saxel,
1977), growth medium was replaced with differentiation medium
consisting of low glucose (1 g/l) DMEM containing 2% (v/v) heat-
inactivated horse serum (Gibco). In this medium, the myoblasts
fused to form elongated, multi-nucleated myotubes. After 5 days,
when approximately 90% of the cells had fused into myotubes,
cultures were treatedwith 10mMcytosineb-D-arabinofuranoside
hydrochloride (Ara-C; C6645, Sigma–Aldrich) for 48 h to remove
dividing myoblasts. Myotubes reached a well-differentiated state
showing cross-striation, with a few myotubes displaying
spontaneous contractions. Medium was replenished every 48 h
during the 5-day differentiation, then once every 24 h after the
addition of Ara-C and again 2 h before heat treatment. To induce
muscle atrophy in vitro, cells were treated with the synthetic GC,
dexamethasone (Dex; D2915, Sigma–Aldrich) in differentiation
medium for the indicated times and concentrations. In some
experiments, cells were treated with the PI3K inhibitor
wortmannin (681675; Merck Millipore, Billerica, MA) 2 h before
heat treatment. Wortmannin was maintained throughout the
experiment. Wortmannin was prepared in dimethyl sulfoxide
(DMSO) and diluted in differentiation medium to the indicated
concentrations. The final concentration of DMSO never exceeded

0.1% (v/v). Control cells were treated with DMSO alone. After
treatments, cells were harvested in appropriate buffers for various
analyses or were fixed for morphological analysis.

Heat treatment

Heat stress was performed as previously described with
modifications (Welc et al., 2012). C2C12 myotubes were
maintained at 37°C or were treated in a water-jacketed humidified
incubator (MCO-18AIC, Sanyo) preset to an elevated
temperature (41°C or, only where indicated, other temperatures)
and then, after 60min exposure to the higher temperature, were
returned to the original 37°C incubator. Once cells were placed in
an incubator at 41°C, it required about 42.5min for the
temperature of medium in the dishes to reach the desired
experimental temperature (Supplemental Fig. S1A). Control cells
were maintained at 37°C for the entire experiment. After heat
treatment, medium in the cells returned to 37°C after 37.5min.
We previously reported that 72-kDa heat shock protein (Hsp72)
protein expression in C2C12 myotubes was significantly increased
after 4–24 h of heat treatment, peaking at 6 h (Tsuchida et al.,
2012). Thus, in the current study, a 1-h heat treatment period was
used, beginning at 7 h prior to Dex treatment.

Myotube morphological analysis

After treating C2C12 myotubes for 12 or 24 h with Dex, the
myotubes were fixed in methanol and stained in Giemsa (109204,
Merck Millipore) according to the manufacturer’s instructions.
Images were captured at 100� magnification under a phase
contrast microscope (AxioObserver A1, Carl Zeiss, Oberkochen,
Germany) with a microscopic camera system (AxioCamHRm,
Carl Zeiss). Average diameters of at least 50 myotubes were
measured for each condition at three locations 50mm apart along
the length of the myotubes using image editing software (Adobe
Photoshop CS5, Adobe Systems, CA) as previously described
(Stitt et al., 2004). Measurements were conducted in a blinded
fashion on coded images (control, Dex-, or heat stressþDex-
treated myotubes) of myotubes from each group.

Protein isolation

After the indicated treatments, C2C12 myotubes were washed
twice with ice-cold phosphate buffered saline (PBS, Sigma–Aldrich)
and were harvested with cell scrapers in whole-cell lysate buffer
composed of 200ml ice-cold RIPA buffer (R0278, Sigma–Aldrich)
containing 10% (v/v) protease inhibitor cocktail (P8340,
Sigma–Aldrich) and 1% (v/v) phosphatase inhibitor cocktail (524625,
Calbiochem, Darmstadt, Germany). Cell lysates were treated with
an ultrasonic disintegrator (Bioruptor UCD-200T, Cosmo Bio,
Tokyo, Japan) and then centrifuged at 8,000g for 10min at 4 °C. The
supernatants were collected as cell extracts. The total protein
content in each cell extract was measured using the BCA protein
assay kit (23225, Thermo Fisher Scientific,Waltham,MA) according
to the manufacturer’s instructions.

Western blot analysis

Each extract was adjusted to a concentration of 2mg protein per
ml with an appropriate volume of RIPA buffer for SDS–PAGE.
These samples were each added to an equal volume of EzApply
(Atto, Tokyo, Japan) containing 100mM Tris–HCl buffer (pH
8.8), 2% SDS, 20% sucrose, 0.06% bromophenol blue and
100mM DTT, and heated at 95°C for 5min. For SDS–PAGE,
samples containing 10–30ml protein were loaded per lane and
separated on precast polyacrylamide gradient (7.5–12%, Bio-Rad,
Hercules, CA) gels at 200 V for 30min. Proteins were then
transferred from the gel to 0.2-mm polyvinylidene difluoride
membranes (Bio-Rad) by electro-blotting at a constant current
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of 1.3 A for 7min using a rapid transfer system (Trans-Blot
Turbo, Bio-Rad). After transfer, western blot analysis was
performed with a protein detection system (SNAP i.d. 2.0,
Merck Millipore). The blots were blocked with 0.5% (w/v) nonfat
dried milk or 1% (w/v) bovine serum albumin diluted in Tris-
buffered saline containing 0.1% (v/v) Tween 20 (TBS-T), to block
nonspecific reactions, and then incubated overnight at 4°C with
the indicated primary antibodies. These antibodies were
directed against Hsp72 (ADI-SPA-812, Enzo Life Sciences,
Farmingdale, NY), phosphorylated Akt (Thr308; #2965, Cell
Signaling Technology, Danvers, MA), Akt (#4691, Cell Signaling
Technology), phosphorylated p70 ribosomal protein S6 kinase 1
(p70S6K1) (Thr389; #9206, Cell Signaling Technology), p70S6K1
(#2708, Cell Signaling Technology), phosphorylated GSK3b
(Ser9; #5558, Cell Signaling Technology), GSK3b (#9832, Cell
Signaling Technology), phosphorylated mitogen-activated
protein kinase kinase 1/2 (MEK1/2) (Ser217/221; #9154, Cell
Signaling Technology), MEK1/2 (#9122, Cell Signaling
Technology), phosphorylated extracellular signal-regulated
kinase 1/2 (ERK1/2) (Thr202/Tyr204; #4370, Cell Signaling
Technology), ERK1/2 (#4696, Cell Signaling Technology),
phosphorylated FoxO1 (Thr256; #9461, Cell Signaling
Technology), FoxO1 (#2880, Cell Signaling Technology),
phosphorylated FoxO3a (Ser253; ab47285, Abcam, Cambridge,
MA), FoxO3a (#2497, Cell Signaling Technology), total myosin
heavy chain (MyHC) (MF20, Developmental Studies Hybridoma
Bank, Iowa, IA), MyHC fast (MyHC-f) (M4276, Sigma–Aldrich),
and b-actin (#5125, Cell Signaling Technology). The blots were
washed, incubated with the respective secondary antibodies, and
washed again. The immunostained bands were visualized using
the ECL Prime Western Blotting Detection System (RPN2232,
GE Healthcare Japan, Tokyo, Japan) according to the
manufacturer’s instructions. Illumination patterns were
measured using a high sensitivity cooled CCD camera (Light
Capture II, Atto) to obtain an image of the target protein bands.
Subsequent quantification of band images was performed using
image analysis software (CS analyzer 3.0, Atto).

RNA isolation and assessment of mRNA expression by
real-time quantitative RT-PCR

C2C12 myotubes were washed twice with PBS and total RNA was
isolated using the PureLink

1

RNA Mini Kit (Life Technologies,
Grand Island, NY) according to the manufacturer’s instructions.
RNA concentrations were measured using a Nanodrop ND-1000
UV-Vis spectrophotometer (Thermo Scientific, Wilmington, DE).
Next, totalRNAwas reverse transcribed into cDNAusing theHigh-
Capacity RNA-to-cDNATM Kit (Life Technologies) and a 2,720
thermocycler (Life Technologies), according to the manufacturer’s
instructions. Quantitation of gene expression was determined by
real-time quantitative reverse transcription PCR (qRT-PCR). qRT-
PCR reactions contained 2ml cDNA (50mg/ml), 10ml TaqMan Fast
Advanced Master Mix (Life Technologies), and 1ml primers. PCR
reaction analysis was performed by a StepOnePlus Real-time PCR
system (Life Technologies) using the DDCt method. The primers
were as follows: Hsp72 (Mm01159846_s1), REDD1
(Mm00512504_g1), REDD2 (Mm00513313_m1), KLF15
(Mm00517792_m1), FoxO1 (Mm00490672_m1), FoxO3a
(Mm01185722_m1), Atrogin-1 (Mm00499523_m1), MuRF1
(Mm01185221_m1), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; Mm99999915_g1) by TaqMan Gene
Expression Assays (Life Technologies). GAPDH was used as an
endogenous control to normalize the samples.

Statistical analysis

Statistical analyses were performed using SPSS version 15.0 (SPSS
Inc., Chicago, IL). All values are presented as means� standard

deviation (SD). The data were analyzed using the Mann–Whitney
U-test for comparisons between two conditions, the Kruskal–
Wallis test followed by Steel’s test for comparisons with controls,
and the Steel–Dwass test for multiple comparisons. Differences
between conditions were considered statistically significant at
P< 0.05.

Results
Dex treatment induces C2C12 myotube atrophy

We examined the dose-dependent effects of Dex by assessing
myotube diameter. Compared with untreated controls
(n¼ 55, myotube diameter 18.7� 4.5mm), fully differentiated
C2C12 myotubes treated with Dex for 24 h showed a distinct
atrophic phenotype (Fig. 1A), with a dose-dependent decrease
in myotube diameter (Fig. 1B). In myotubes treated with Dex
0.01mM, there were no significant effects, although a trend
toward a 2% decrease in diameter (n¼ 54, 18.3� 4.9mm), with
a similar trend of a 10% decrease with 0.1mM Dex (n¼ 53,
16.8� 4.2mm) was observed. Myotube diameters were
significantly decreased by 18% with 1mM (n¼ 51,
15.4� 3.1mm) and by 23% with 10mM (n¼ 54, 14.4� 3.5mm)
or 100mM (n¼ 54, 14.5� 3.5mm) Dex (P< 0.05) (Fig. 1B).
Based on this, 10mMDex was used in subsequent experiments
to induce atrophy in C2C12 myotubes.

Next, we examined the time dependence of the effect of Dex
(10mM) treatment on C2C12 myotube diameter. Compared
with controls, the diameters of myotubes treated with Dex
wereunchanged at 12 hbut showed a significant decrease of 24%
at 24 h (Fig. 1C). Similar to its effect on diameter, Dex treatment
significantly decreased the total protein content by 16%
(Fig. 1D), MyHC-f content by 21% (Fig. 1E and F), and total
MyHC content by 24% at 24 h, compared with controls
(Fig. 1E and G), but had no effect at 12 h. Thus, the in vitro
response of C2C12 myotubes to Dex recapitulated the in vivo
response of skeletal muscle (Hickson and Davis, 1981; Ma et al.,
2003; Clarke et al., 2007; Yamamoto et al., 2010). In addition,
these data were consistent with previous studies reporting Dex
decreased myotube diameter (Chromiak and Vandenburgh,
1992; Sandri et al., 2004; Stitt et al., 2004; Latres et al., 2005;
Menconi et al., 2008; Kukreti et al., 2013), total protein
(Chromiak and Vandenburgh, 1992; Sacheck et al., 2004; Stitt
et al., 2004; Polge et al., 2011; Wada et al., 2011), and/or
myofibrillar protein content (Chromiak andVandenburgh, 1992;
Clarke et al., 2007; Verhees et al., 2011) in vitro.

Dex treatment increases REDD1, KLF15, FoxO1,
FoxO3a, MuRF1, and Atrogin-1 mRNA expression in
C2C12 myotubes

It was previously shown that REDD1, REDD2, and KLF15,
upstream negative effectors of mTORC1 signaling, induced
muscle atrophy via the inhibition of protein synthesis (Wang
et al., 2006; Shimizu et al., 2011; Kelleher et al., 2013; Britto
et al., 2014). Furthermore, the key muscle proteolysis
factors, MuRF1 and Atrogin-1, were transcriptionally
activated by KLF15, FoxO1, and FoxO3a in response to Dex
(Kamei et al., 2004; Sandri et al., 2004; Waddell et al., 2008;
Shimizu et al., 2011). Therefore, we assessed the mRNA
expression of these regulatory factors in fully differentiated
C2C12 myotubes undergoing Dex-induced skeletal muscle
atrophy. REDD1 mRNA expression rapidly increased by 3.1-
fold at 1 h, reached a peak of 3.6-fold increase at 3 h and
gradually decreased at 6–24 h of Dex (10mM) treatment
(Fig. 2A). In contrast, REDD2 mRNA expression was
unchanged throughout the entire Dex treatment period
(Fig. 2B). KLF15 mRNA expression increased by 3.2- and 5.2-
fold at 1 and 3 h, respectively, and reached a 6.3-fold peak at
6 h of Dex treatment (Fig. 2C). FoxO1 mRNA expression
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was increased by 1.2-fold, although this increase was
observed only at 1 h of Dex treatment (Fig. 2D). FoxO3a
mRNA expression increased by 1.3-fold at 1 h and reached a
2.0-fold peak at 3 h of Dex treatment (Fig. 2E). MuRF1 mRNA
expression gradually increased by 1.2- and 1.6-fold at 1 and
3 h, respectively and reached a 2.0-fold peak at 6 h of Dex
treatment (Fig. 2F). Atrogin-1 mRNA expression was not

increased at 1 h, but rapidly increased to 1.7-fold at 3 h of
Dex treatment, remaining stable at 1.7–1.8-fold at later time
points (Fig. 2G). Thus, the peak expression of REDD1 was at
3 h of Dex treatment and this time point was used to
investigate changes in the anabolic markers, REDD1, KLF15,
Akt, p70S6K1, and GSK3b, during Dex-induced atrophy. We
investigated gene expression at 3–12 h, and myotube

Fig. 1. Dex treatment induces atrophic responses in C2C12 myotubes. Fully differentiated C2C12 myotubes were treated with the synthetic
GC Dex. A: Representative images of C2C12 myotubes were acquired after 24h treatment with 10mM Dex. The scale bars represent 100 or
200mm. B: The graph shows myotube diameters after 24h Dex treatment at the indicated concentrations. Data are means�SD (n� 51
myotubes per condition). C: The graph shows myotube diameters in response to 10mM Dex treatment for 12 or 24h. Data are means�SD
(n� 118 myotubes per condition), relative to the mean value of the control condition, which was set as 1. D: The graph shows total protein
content in response to 10mM Dex. Data are means�SD (n¼ 3 dishes per condition). E–G: Effects of treatment with 10mM Dex on MyHC-f
and total MyHC content were measured by western blot. b-Actin was used as a protein loading control. MyHC-f and total MyHC content are
expressed as means�SD (n¼ 4 dishes per condition). a and b indicate significant differences among the designated groups (P< 0.05), where
a>b.
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diameter/protein up to 24 h, because there is a temporal peak
of gene expression before the physiological response occurs.
The peak of changes in MuRF1 and Atrogin-1, both
considered rate-limiting enzymes of UPS-mediated muscle

protein breakdown, was at 6 h of Dex treatment. Therefore,
we analyzed C2C12 myotubes at 6 h of Dex treatment to
investigate changes in the catabolic markers, KLF15, Akt,
FoxO, MuRF1, and Atrogin-1, during Dex-induced atrophy.

Fig. 2. Time course of Dex effects on REDD1, REDD2, KLF15, FoxO1, FoxO3a, MuRF1, and Atrogin-1 mRNA expression in C2C12 myotubes.
A–G: Fully differentiated C2C12 myotubes were treated with Dex (10mM) for the indicated times. REDD1, REDD2, KLF15, FoxO1, FoxO3a,
MuRF1, and Atrogin-1 mRNA expressions were measured by real-time quantitative RT-PCR (open circles, control; filled circles, Dex treated).
Horizontal bars indicate mean values (n¼ 3 dishes per condition), relative to the mean value of the control condition that was set as 1.
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We next investigated how REDD1 and KLF15 expression
was regulated during this process in more detail. Dex signals by
binding to GC receptor (GR), which then translocates into the
nucleus to regulate the expression of target genes (Kadmiel and
Cidlowski, 2013).We investigated whether GRwas involved in
the Dex-mediated upregulation of REDD1 and KLF15 mRNA
expression. When fully differentiated C2C12 myotubes were
treated with a GR-specific antagonist RU486, Dex-induced
increases in REDD1 and KLF15 mRNA expression were
inhibited (Supplemental Fig. S2A and B), indicating REDD1 and
KLF15 expression was mediated by the GR in Dex-induced
atrophy.

Heat stress suppresses Dex-induced muscle atrophy

In previous studies, heat stress attenuated the Dex-induced
decrease in muscle fiber diameter of extensor digitorum longus
muscle in vivo in rats (Morimoto et al., 2015) and suppressed
Dex-induced muscle proteolysis in L6 myotubes in vitro (Luo

et al., 2001). These effects were attributed toHsp72 induced by
heat stress. To investigate whether heat stress induced Hsp72
mRNA and protein expression under our experimental
conditions, we exposed fully differentiated C2C12 myotubes
to heat stress. Treating C2C12 myotubes at 39, 40, or
41°C increased Hsp72 mRNA expression by 1.5-, 3.5-, and 6.0-
fold, respectively, when measured immediately after heat
treatment. Hsp72 mRNA expression gradually decreased over
time reaching control levels at 5 h after heat treatment
(Supplemental Fig. S1B). Hsp72 protein expression was
significantly increased by 2.2- and 4.7-fold at 39 and 41°C,
respectively, at 6 h of heat treatment, compared with control
myotubes maintained at 37°C (Supplemental Fig. S1C and D).
Thus, heat stress-induced increases in Hsp72 mRNA and
protein expression were temperature-dependent.
Accordingly, heat stress at 41°C, which induced sufficient levels
of Hsp72 expression, was used for subsequent experiments to
investigate how heat stress influences Dex-induced atrophy in
C2C12 myotubes. Fully differentiated C2C12 myotubes

Fig. 3. Heat stress suppresses Dex-induced decreases in myotube diameter and MyHC-f content. Fully differentiated C2C12 myotubes were
exposed to heating (at 41°C for 60min) 6 h prior to adding 10mM Dex and treating for 24h. The experiment was conducted using three
conditions in which C2C12 myotubes were untreated (control), treated with 10mM Dex (Dex), or exposed to heating and then treated with
10mMDex (HeatþDex). A: The graph shows average myotube diameters under the three conditions. Data are means�SD (n� 69 myotubes
per condition), relative to the mean value of the control condition which was set to 1. a and b indicate significant differences among the
designated groups (P< 0.01). B: Frequency histogram showing distribution of myotube diameters. C–D: MyHC-f content measured by
western blotting with b-actin as a protein loading control. MyHC-f content is expressed as mean�SD (n¼ 7 dishes per condition). a and b
indicate significant differences among the designated groups (P< 0.01), where a>b.
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exposed to heat stress (at 41°C for 60min) ending 6 h prior to
treatment with Dex (10mM) for 24 h had a 25% decrease in
diameter when maintained at normal temperature, but this was
abolished when subjected to heat stress (Fig. 3A). Compared
with untreated controls, C2C12 myotubes treated with Dex
had a lower percentage of large myotubes (>20mm) and a
higher percentage of small myotubes (>10mm) (Fig. 3B). Both
Dex-induced effects were suppressed in myotubes subjected to
heat stress. Furthermore, a 28% loss of MyHC-f content in
C2C12myotubes induced by Dex treatment was also abolished
by heat stress (Fig. 3C andD). Therefore, heat stress suppressed
Dex-induced decreases in both myotube diameter and
myofibrillar protein content. In addition, C2C12 myotubes
exposed to heat stress (at 41°C for 60min) 6 h prior to Dex
treatment showed Hsp72 protein expression was increased
3.0-, 2.9-, 3.4-, and 2.1-fold at 3, 6, 12, and 24 h, respectively, of
Dex treatment (Fig. 4A and B) indicating that heating at 41°C for
60min induced a sustained increase inHsp72protein expression
throughout the period of Dex treatment in C2C12 myotubes.

Heat stress suppresses Dex-induced increases in REDD1
and KLF15 mRNA expression and decreases in
phosphorylated Akt, p70S6K1, and GSK3b protein levels
in C2C12 myotubes

To elucidate the effects of heat stress on Dex-mediated
inhibition of anabolic pathways, we measured mRNA
expression of REDD1 and KLF15 (Shimizu et al., 2011;
Britto et al., 2014), in C2C12 myotubes treated with Dex
(10mM) for 3 h. Dex-treated C2C12 myotubes showed a
3.6-fold increase in REDD1 mRNA and a 4.8-fold increase in
KLF15 mRNA expression, both of which were blunted by
heat stress (Fig. 5A and B). We next examined Akt
phosphorylated on Thr308, because REDD1-mediated
inhibition of mTORC1 involves Akt dephosphorylation at
this site (Britto et al., 2014). Dex treatment resulted in a
30% decrease in phosphorylated Akt on Thr308 in
myotubes with no change in total Akt protein (Fig. 5C–E).

This effect was inhibited by heat stress (Fig. 5C–E). We also
examined mTORC1 activity by evaluating phosphorylation
of p70S6K1 at the mTOR-specific site Thr389 (Brown et al.,
1995; Brunn et al., 1997). Similar to the observations with
Akt, Dex treatment resulted in a 29% decrease in
phosphorylated p70S6K1 at Thr389, with no change in total
p70S6K1 protein, and heat stress prevented this effect
(Fig. 5C, F, and G). Because Akt reduces GSK3b kinase
activity through the phosphorylation of Ser9 (Manning and
Cantley, 2007) and increases mRNA translation and protein
synthesis (Proud and Denton, 1997), we analyzed
phosphorylated GSK3b levels in Dex-treated C2C12
myotubes, with/without heat stress. We observed a 34%
decrease in phosphorylated GSK3b on Ser9 after Dex
treatment, with no change in total GSK3b protein (Fig. 5C,
H, and I). This effect was inhibited by heat stress (Fig. 5C, H,
and I).

Dex treatment and heat stress do not alter MEK1/2 and
ERK1/2 signals in C2C12 myotubes

The MEK/ERK signaling pathway enhanced protein synthesis
by regulating ribosomal RNA gene expression (Stefanovsky
et al., 2006) and might contribute to the maintenance of
skeletal muscle mass by modulating Akt signaling (Shi et al.,
2009). Therefore, we examined the phosphorylation states of
MEK1/2 at Ser217/221 sites and the downstream effector
ERK1/2 at Thr202/Tyr204 sites in our atrophy model.
Treatment of C2C12 myotubes with Dex for 3 h did not
affect the levels of phosphorylated and total MEK1/2 and
ERK1/2 (Fig. 6A–E) consistent with a previous study showing
Dex had no effect on the signaling pathway (Gwag et al.,
2013). Similarly, heat stress did not alter the levels of
phosphorylated and total MEK1/2 and ERK1/2 in Dex-treated
C2C12 myotubes (Fig. 6A–E), suggesting the MEK/ERK
signaling pathway is not involved in the Dex-induced
inhibition of protein synthesis and heat stress-induced anti-
atrophic effects under the present experimental conditions.

Fig. 4. Heat stress increases Hsp72 protein expression in C2C12 myotubes during Dex treatment. A and B: Fully differentiated C2C12
myotubes were exposed to heating (at 41°C for 60min) 6 h prior to 10mM Dex treatment for 3, 6, 12, and 24 h, as indicated. The
experiment was conducted using three conditions, control, Dex, and HeatþDex conditions, as described for Figure 3. Hsp72 protein levels
were measured by western blotting and are expressed as means�SD (n¼ 4–6 dishes per condition), relative to the mean value of the
control condition that was set as 1. a and b indicate significant differences among the designated groups (P< 0.05), where a>b.
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Fig. 5. Heat stress normalizes Dex-induced increases in REDD1 and KLF15mRNA expression and decreases in phosphorylated Akt, p70S6K1, and
GSK3b. Fully differentiatedC2C12myotubeswere exposed to heating (at 41°C for 60min) 6h prior to 10mMDex treatment for 3h. The experiment
was conducted using three conditions, control, Dex, andHeatþDex, as described for Figure 3. A and B: REDD1 and KLF15mRNA expressions were
measured by real-time quantitative RT-PCR. Horizontal bars indicate mean values (n¼ 6 dishes per condition), relative to the mean value of the
control condition that was set as 1. C–I: Levels of phosphorylated and total Akt, p70S6K1, and GSK3b were measured by western blotting and are
expressed as means�SD (n¼ 6 dishes per condition). a–c indicate significant differences among the designated groups (P< 0.05), where a>b> c.
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Heat stress normalizes decreases in phosphorylated Akt,
p70S6K1, and GSK3b by Dex through PI3K-dependent
mechanisms

Recent studies have shown that Dex exerted anti-anabolic
actions by inhibiting PI3K/Akt-dependent mTORC1
signaling (Kuo et al., 2012). To determine whether heat
stress suppressed the Dex-induced inhibition of PI3K/Akt
signaling, we determined basal phosphorylation status of
Akt (Thr308), p70S6K1 (Thr389), and GSK3b (Ser9) in
non-Dex treated myotubes with/without a PI3K inhibitor,
wortmannin. Lower concentrations of wortmannin
(10–100 nM) had no effect, whereas higher concentrations
(0.5–10mM) decreased phosphorylated Akt, p70S6K1, and
GSK3b (Supplemental Fig. S3A–G). Therefore, 100 nM
wortmannin was used for all further experiments to
investigate whether PI3K is required for the heat stress
suppression of Dex-induced decreases in phosphorylated
Akt, p70S6K1, and GSK3b. Fully differentiated C2C12
myotubes were treated with 100 nM wortmannin 2 h before
heat treatment, and then exposed to heat stress (at
41°C for 60min) ending 6 h prior to treatment with Dex
for 3 h. Wortmannin completely abolished the inhibitory
effect of heat stress on Dex-induced decreases in

phosphorylated Akt, p70S6K1, and GSK3b with no change
in each total protein level (Fig. 7A and C–H). Therefore,
heat stress may normalize the Dex-induced inhibition of
anabolic pathways through PI3K-dependent mechanisms.
We also confirmed that wortmannin did not inhibit the heat
stress-induced increase in Hsp72 protein expression in
Dex-treated C2C12 (Fig. 7A and B).

Heat stress partially attenuates Dex-induced decreases in
myotube diameter through PI3K-dependentmechanisms

Because wortmannin blocked the inhibitory effect of heat
stress on Dex-induced decreases of phosphorylated Akt,
p70S6K1, and GSK3b, we examined whether PI3K was
required for the anti-atrophic effects of heat stress. Fully
differentiated C2C12 myotubes were treated with 100 nM
wortmannin 2 h before heat treatment, and were exposed to
heat stress (at 41°C for 60min) ending 6 h prior to treatment
with Dex for 24 h. Wortmannin did not affect the diameter of
C2C12 myotubes with/without Dex treatment (Fig. 8A and B).
However, wortmannin attenuated, but did not abolish, the
inhibitory effect of heat stress on Dex-induced decreases in
myotube diameter (Fig. 8A and B). Therefore, heat stress may

Fig. 6. Dex treatment and heat stress do not alter the levels of phosphorylated and total MEK1/2 and ERK1/2. Fully differentiated C2C12
myotubes were exposed to heating (at 41°C for 60min) 6 h prior to 10mM Dex treatment for 3 h. The experiment was conducted using three
conditions, control, Dex, and HeatþDex, as described for Figure 3. A–E: Levels of phosphorylated and total MEK1/2 and ERK1/2 were
measured by western blotting and are expressed as means�SD (n¼ 6 dishes per condition).
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partially attenuate Dex-induced decreases in myotube
diameter through PI3K-dependent mechanisms.

Heat stress suppressesDex-induced increases in KLF15 and
MuRF1 mRNA expression, decreases in phosphorylated
Akt, FoxO1, and FoxO3a protein levels, and increases in
total FoxO1 and FoxO3a in C2C12 myotubes

Dex induces KLF15, which interacts with the promoter regions
of MuRF1 and Atrogin-1 to induce their expression (Shimizu

et al., 2011). Overexpression of constitutively active forms of
KLF15 increased FoxO1 and FoxO3a expressions (Shimizu
et al., 2011). Our results showed that KLF15 was increased 6.2-
fold in C2C12 myotubes at 6 h Dex treatment (Fig. 9A),
corresponding with increased total FoxO1 (1.2-fold,
P¼ 0.0644) and FoxO3a (1.5-fold, P< 0.05) protein levels
(Fig. 9B, F, and H). These increases were prevented by heat
stress.

Dephosphorylation and the activation of FoxO1 and
FoxO3a by dephosphorylating and inactivating Akt, resulted in
MuRF1 and Atrogin-1 mRNA expression, inducing atrophy

Fig. 7. Heat stress normalizes Dex-induced decreases in phosphorylatedAkt, p70S6K1, andGSK3b through PI3K-dependentmechanisms. Fully
differentiated C2C12 myotubes were treated with wortmannin (100nM) at the indicated concentrations 2h before heat treatment, and were
exposed to heating (at 41°C for 60min) 6h prior to 10mMDex treatment for 3h.Wortmannin wasmaintained throughout the experiment. The
experiment was conducted using four conditions, control, Dex, HeatþDex, and wortmanninþHeatþDex (WþHeatþDex). A–H: Hsp72
protein expression and levels of phosphorylated and total Akt, p70S6K1, and GSK3b were measured by western blotting and are expressed as
means�SD (n¼ 8 dishes per condition), relative to themean value of the control condition thatwas set as 1. a and b indicate significant differences
among the designated groups (P< 0.05), where a>b.
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(Sandri et al., 2004; Stitt et al., 2004).Wemeasured the levels of
phosphorylated Akt, FoxO1, and FoxO3a in C2C12 myotubes
treated with Dex for 6 h. Akt phosphorylation on Thr308 was
significantly decreased (32%) (Fig. 9B–D). This was inhibited by
heat stress. Dex treatment also significantly decreased the
phosphorylation of FoxO1 on Ser256 (48%) and FoxO3a on
Ser253 (49%), both of which were reduced by heat stress
(Fig. 9B, E, and G). Because FoxO1/FoxO3a induces the
expression of MuRF1 and Atrogin-1, we performed qRT-PCR
and found an increased abundance of mRNA for MuRF1 (1.9-
fold) and Atrogin-1 (1.6-fold) after Dex treatment. Consistent
with the above results, increased MuRF1 observed in response
to Dex treatment was attenuated by heat stress (Fig. 9I).
However, heat stress did not block the Dex-induced increase
in Atrogin-1 mRNA expression (Fig. 9J).

Discussion

Our study provided evidence that heat stress can prevent GC-
mediated muscle atrophy and the upregulation of direct target

genes of GC, regulated in part, by Hsp72. These observations
are clinically important because high GC levels observed in
Cushing’s syndrome and patients treated with corticosteroids
for asthma and rheumatoid arthritis are associated with muscle
wasting and weakness (Bowyer et al., 1985; Seale and
Compton, 1986; Carroll and Findling, 2010; Minetto et al.,
2011). Thus, our results suggest that multiple patient groups
suffering fromGC-dependent muscle wasting may benefit from
heat stress.

In the present study, we observed REDD1 upregulation in
Dex-treated myotubes concomitant with decreased Akt
phosphorylation on Thr308 and p70S6K1 at the mTORC1-
dependent site Thr389. Although its mechanism has not been
well characterized, GC treatment (Wang et al., 2006) and/or
other factors (Shoshani et al., 2002; Brugarolas et al., 2004; Lin
et al., 2005; Sofer et al., 2005; DeYoung et al., 2008; Protiva
et al., 2008; McGhee et al., 2009; Favier et al., 2010) might
transcriptionally induce REDD1 expression and it inhibits
mTORC1 signaling by promoting Akt dephosphorylation on
Thr308 (Britto et al., 2014; Dennis et al., 2014). Thus, increased

Fig. 8. Heat stress attenuates Dex-induced decreases in myotube diameter through PI3K-dependent mechanisms. Fully differentiated C2C12
myotubes were treated with 100nMwortmannin 2h before heat treatment, and were exposed to heating (at 41°C for 60min) 6h prior to adding
10mMDex and treating for 24h.Wortmannin wasmaintained throughout the experiment. Myotube diameters weremeasured. The experiment
was conducted using six conditions, control, wortmannin, Dex, wortmanninþDex, HeatþDex, and wortmannin þHeatþDex. A: The graph
shows the average myotube diameters. Data are the means�SD (n� 110 myotubes per condition) relative to the mean value of the control
condition that was set as 1. a–c indicate significant differences among the designated groups (P< 0.05), where a>b> c. B: Frequency histogram
showing distribution of myotube diameters.
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Fig. 9. Heat stress normalizes Dex-induced increases in REDD1, MuRF1, and Atrogin-1 mRNA expressions and decreases in phosphorylated
Akt, FoxO1, and FoxO3a. Fully differentiated C2C12 myotubes were exposed to heating (at 41°C for 60min) 6 h prior to 10mM Dex
treatment for 6 h. The experiment was conducted using three conditions, control, Dex, and HeatþDex, as described for Figure 3. A: KLF15
mRNA expression was measured by real-time quantitative RT-PCR. Horizontal bars indicate mean values (n¼ 6 dishes per condition),
relative to the mean value of the control condition that was set as 1. B–H: Levels of phosphorylated and total Akt, FoxO1, and FoxO3a were
measured by western blotting and are expressed as means�SD (n¼ 6 dishes per condition). I and J: MuRF1 and Atrogin-1 mRNA expressions
were measured by real-time quantitative RT-PCR. Horizontal bars indicate mean values (n¼ 6 dishes per condition). a–c indicate significant
differences among the designated groups (P< 0.05), where a>b> c and ab is not different to a or b.
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REDD1 following GC treatment might hypophosphorylate Akt
and p70S6K1. Furthermore, heat stress blocked Dex-induced
REDD1 expression and reduction of phosphorylated Akt and
p70S6K1 prevented Dex-induced muscle atrophy by
suppressing mTORC1 and inhibiting protein synthesis through
a mechanism involving Akt. Therefore, we propose that heat
stress can exert protective effects against GC-induced muscle
atrophy by inhibiting the increase in REDD1 caused by GC.

Phosphorylated Akt activates mTORC1 and inactivates
GSK3b (Manning and Cantley, 2007), increasing mRNA
translation initiation and subsequent protein synthesis (Proud
and Denton, 1997; Ma and Blenis, 2009). Akt reduces GSK3b
kinase activity by Ser9 phosphorylation, enhancing mRNA
translation by increased eukaryotic translation initiation factor
(eIF) 2B activity (Proud and Denton, 1997). GSK3b inhibition
prevented muscle protein loss and atrophy caused by GC in
vitro (Evenson et al., 2005; Fang et al., 2005; Verhees et al.,
2011) and in vivo (Schakman et al., 2008), indicating muscle
atrophy caused by GCwas GSK3b dependent. Consistent with
this, heat stress prevented the reduced phosphorylation of Akt
and GSK3b and myotubular atrophy in Dex-treated C2C12
myotubes in our experiments. Thus, the prevention of Dex-
mediated inhibition of GSK3b phosphorylation by heat stress
reflects the normalization of phosphorylated Akt levels, and
might explain how heat stress can override the anti-anabolic
action of Dex in skeletal muscle.

We demonstrated PI3K was critical for the protective
effects of heat stress on anabolic signaling pathways using a
PI3K inhibitor. Heat stress promoted anabolic signaling in Dex-
induced myotube atrophy, although heat stress-induced Akt
phosphorylation at Ser308 was rapid (10min) and transient
(returned to basal levels by 60min after heat treatment in non-
Dex treated myotubes, data not shown). These data are in
agreement with a recent publication by Yoshihara et al. (2016)
reported in rat skeletal muscle. Thus, when investigating the
protective effects of heat stress on anabolic signaling pathways,
the increased effect on phosphorylated Akt may be lost in
myotubes. These suggest the possibility that heat stress
restores rather than stimulates PI3K/Akt signaling pathways
inhibited by GC. A PI3K inhibitor also attenuated the
protective effect of heat stress on Dex-induced morphological
changes but did not completely abolish myotube atrophy. Thus,
the anti-atrophic effects of heat stress on Dex-treated
myotubes were partly mediated by the recovered PI3K/Akt
signaling. Taken together, heat stress may prevent GC-induced
muscle atrophy via regulating PI3K/Akt signaling pathways and
modulating catabolic signaling pathways and the expression of
REDD1 and KLF15 targeted by GC.

Regarding the mechanistic basis of catabolic regulation, the
FoxO family of transcription factors has a pivotal role in muscle
cells (Milan et al., 2015). Inhibition of insulin-like growth factor
1 (IGF1)/PI3K/Akt signaling pathway by GC dephosphorylates
FoxO and mediates its nuclear transport and transactivation
(Sandri et al., 2004; Stitt et al., 2004). The activation of Akt and
inactivation of FoxO reduces UPS activity and decreases
protein degradation (Bonaldo and Sandri, 2013). In agreement,
we observed decreased phosphorylation of Akt, FoxO1, and
FoxO3a in C2C12 myotubes treated with Dex, concomitant
with upregulation of MuRF1 and Atrogin-1. Importantly, heat
stress restored phosphorylation of Akt, FoxO1, and FoxO3a
and reducedMuRF1 levels duringDex-inducedmuscle atrophy.
Thus, the anti-atrophic effects of heat stress on Dex-treated
myotubes might be mediated by the negative regulation of
FoxO1/FoxO3a through the restoring phosphorylation of Akt.

A surprising finding of our study was that heat stress did not
suppress Dex-induced Atrogin-1 expression, despite strongly
attenuating MuRF1 mRNA expression. The reason for this is
unclear but an explanation might be that MuRF1 and Atrogin-1
ubiquitinated distinct protein substrates. MuRF1 ubiquitinates

muscle structural proteins, including MyHC (Clarke et al.,
2007). In contrast, the identified substrates of Atrogin-1 appear
to be involved in growth-related processes or survival
pathways, including MyoD (Tintignac et al., 2005), a key muscle
transcription factor, and eIF3F (Lagirand-Cantaloube et al.,
2008), an important protein synthesis activator. Mice lacking
Atrogin-1 and MuRF1 are resistant to muscle atrophy induced
by denervation (Bodine et al., 2001). In contrast, Atrogin-1
knockdown prevented muscle loss during fasting (Cong et al.,
2011), andMuRF1 knockout, but not Atrogin-1 knockout, mice
were resistant to GC-induced muscle atrophy (Baehr et al.,
2011). Therefore, MuRF1 and Atrogin-1 might not function
similarly in all atrophy models and the inhibition of MuRF1
expression by heat stress may be sufficient to attenuate muscle
proteolysis during GC-induced muscle atrophy, without
inhibiting Atrogin-1 expression.

Interestingly, we observed that KLF15 was increased by Dex
treatment, but was remarkably decreased by heat stress. KLF15
is important for amino acid catabolism and lipid utilization during
skeletal muscle metabolism (Manring et al., 2014). The
mechanisms by which KLF15 contributes to protein catabolism
are not completely understood. Although the mechanism
underlyingheat stress-induced suppressionofKLF15expression
inmyotubes remains unclear, the beneficial effects of heat stress
on muscle protein degradation and synthesis might be closely
associated with the inhibition of KLF15 expression because
KLF15 participates in muscle catabolism via transcriptional
upregulation of FoxO1/FoxO3a,MuRF1, andAtrogin-1 (Shimizu
et al., 2011) indicating KLF15 and FoxO1 cooperatively
upregulate MuRF1 and Atrogin-1 expression.

It has been reported that heat stress attenuated reductions in
soleusmusclemass and fiber size in various animalmodels (Naito
et al., 2000; Selsby and Dodd, 2005), indicating Hsp72 might be
protective in the heat stress-induced suppression of muscle
atrophy via itsmolecular chaperone and protein repair functions.
Other Hsp72-mediated protective mechanisms against muscle
atrophy include suppression of the proteolytic signaling pathway,
including FoxO.A study ofC2C12myotubes showed thatHsp72
bound to phosphorylated Akt, protecting it from
dephosphorylation, thus maintaining FoxO3a in its
phosphorylated, inactive state (Kukreti et al., 2013).
Furthermore, atrophy of the soleusmusclewas attenuatedwhen
Hsp72overexpression abolished FoxO3a transcriptional activity
in vivo (Senf et al., 2008). Hsp72 also associates directly with GR
in the cytoplasm to prevent the nuclear translocation of GR
(Dittmar and Pratt, 1997; Kukreti et al., 2013). We
demonstrated that heat stress increased Hsp72 expression
during Dex treatment of C2C12 myotubes and prevented Dex-
inducedmyotube atrophy. Thus, heat stress-induced increases in
Hsp72 might contribute to protection against Dex-induced
myotube atrophy. Future studies employing in vitro and in vivo
modifications of the Hsp72 gene, by gene knockout or
knockdown,will enhanceour understandingof themechanismof
the beneficial effects of heat stress against GC-induced muscle
atrophy.

Previous studies using cultured myotubes treated with Dex
used concentrations ranging from 10–50 nM (Thompson et al.,
1999; Du et al., 2000) to 10–100mM (Stitt et al., 2004; Latres
et al., 2005; Clarke et al., 2007; Verhees et al., 2011;Wada et al.,
2011; Kukreti et al., 2013; Wright et al., 2015). We found that
C2C12 myotubes treated with Dex for 24 h exhibited a dose-
dependent reduction of diameter at 0.1–100mM Dex and that
10mM Dex for 24 h significantly decreased myotube diameter
and myofibrillar proteins (total protein, MyHC-f, and total
MyHC protein levels) consistent with previous reports
(Sacheck et al., 2004; Polge et al., 2011; Verhees et al., 2011;
Wright et al., 2015). An in vivo rat study showed heat stress
attenuated extensor digitorum longus muscle atrophy caused
by Dex (Morimoto et al., 2015). In agreement, we showed that
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heat stress abolished Dex-induced reductions in myotube
diameters and myofibrillar protein abundance. This led us to
examine the mechanisms underlying the effects of heat stress,
focusing on expression of key molecules and signaling pathways
involved in regulating protein synthesis and degradation in
response to GC.

In conclusion, this study identified some mechanisms
involved in the protective effect of heat stress, applied prior to
muscle wasting, to prevent GC-induced muscle atrophy. Heat
stress attenuated Dex-induced REDD1 and KLF15 mRNA
expressions. Heat stress released, at least in part, Dex-induced
inhibition of PI3K/Akt/mTOR signaling and myotube atrophy
through PI3K-dependent mechanisms. Understanding the
cellular basis of GC-induced skeletal muscle atrophy will enable
the rational development of therapeutic interventions to
minimize the debilitating effects of the muscle atrophic
response to GC.
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