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Key points

� Epac (exchange protein directly activated by cyclic AMP (cAMP)), a PKA-independent cAMP
sensor, plays important roles in multiple cellular processes, but its role in the pathogenesis of
skeletal muscle hypertrophy and myosin heavy chain (MHC) transition is poorly understood.

� Chronic stimulation of β2-adrenoceptor (β2-AR) with clenbuterol (CB), a selective β2-AR
agonist, induced masseter muscle hypertrophy in wild-type (WT) mice, but not in Epac1-null
mice (Epac1KO), even if slow-to-fast MHC isoform transition was similarly induced by CB
treatment in both WT and Epac1KO.

� Disruption of Epac1 inhibited development of masseter muscle hypertrophy concomitantly
with decreased phosphorylation of Akt and its downstream molecules 70 kDa ribosomal S6
kinase 1 and eukaryotic initiation factor 4E-binding protein 1, and also, in parallel, glycogen
synthase kinase-3β.

� Disruption of Epac1 decreased histone deacetylase 4 (HDAC4) phosphorylation on serine 246
mediated by calmodulin kinase II (CaMKII), which plays a role in skeletal muscle hypertrophy.

� We conclude that Epac1 induces β2-AR-mediated masseter muscle hypertrophy without
influencing slow-to-fast MHC isoform transition, probably via activation of Akt and its down-
stream molecules and increase of CaMKII-mediated HDAC4 phosphorylation.

Abstract The predominant isoform of β-adrenoceptor (β-AR) in skeletal muscle is β2-AR and
that in the cardiac muscle is β1-AR. We have reported that Epac1 (exchange protein directly
activated by cAMP 1), a new protein kinase A-independent cAMP sensor, does not affect cardiac
hypertrophy in response to pressure overload or chronic isoproterenol (isoprenaline) infusion.
However, the role of Epac1 in skeletal muscle hypertrophy remains poorly understood. We thus
examined the effect of disruption of Epac1, the major Epac isoform in skeletal muscle, on masseter
muscle hypertrophy induced by chronic β2-AR stimulation with clenbuterol (CB) in Epac1-null
mice (Epac1KO). The masseter muscle weight/tibial length ratio was similar in wild-type (WT)
and Epac1KO at baseline and was significantly increased in WT after CB infusion, but this increase
was suppressed in Epac1KO. CB treatment significantly increased the proportion of myosin heavy
chain (MHC) IIb at the expense of that of MHC IId/x in both WT and Epac1KO, indicating that
Epac1 did not mediate the CB-induced MHC isoform transition towards the faster isoform. The
mechanism of suppression of CB-mediated hypertrophy in Epac1KO is considered to involve
decreased activation of Akt signalling. In addition, CB-induced histone deacetylase 4 (HDAC4)
phosphorylation on serine 246 mediated by calmodulin kinase II (CaMKII), which plays a role in
skeletal muscle hypertrophy, was suppressed in Epac1KO. Our findings suggest that Epac1 plays
a role in β2-AR-mediated masseter muscle hypertrophy, probably through activation of both Akt
signalling and CaMKII/HDAC4 signalling.
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Introduction

For many decades, it was believed that the major target
of cyclic AMP (cAMP) signaling is protein kinase A
(PKA). Recently, exchange protein directly activated by
cAMP (Epac) was identified as a new PKA-independent
sensor. Epac has two isoforms (Epac1 and Epac2). Epac1 is
ubiquitously expressed, including in skeletal muscle, and
has a single cAMP-binding site, whereas Epac2 contains
a second cAMP-binding site and is localized to brain and
endocrine tissue (de Rooij et al. 1998; Kawasaki et al. 1998).
We have recently demonstrated that Epac1 does not affect
the development of cardiac hypertrophy in response to
pressure-overload or chronic isoproterenol infusion, using
Epac1-deficient mice (Epac1KO) (Okumura et al. 2014).
However, the role of Epac1 in skeletal muscle hypertrophy
remains poorly understood.

Although all three β-adrenergic receptor (β1-, β2-, and
β3-AR) are expressed in the cytoplasmic membrane of
skeletal muscle, β2-subtype is predominant, while β1-AR
accounts for less than 10%, together with small
populations of α-AR and β3-AR (Kim et al. 1991). In
contrast to skeletal muscle, the predominant receptor
subtype expressed in heart is β1-AR, together with
approximately 20% β2-AR (Woo and Xiao, 2012). All
adrenoceptors belong to the guanine nucleotide-binding
G protein-coupled receptor family. The G protein-adenylyl
cyclase-cAMP is the best characterized of the β2-AR
signaling pathways and is generally thought to be
responsible for β2-AR-mediated hypertrophy and increase
of muscle strength with slow-to-fast myosin heavy chain
(MHC) isoform transition in skeletal muscle (Ohnuki
et al. 2013a). The hypertrophic response of skeletal
muscle following treatment with a chronic β2-agonist
such as clenbuterol (CB) is associated with an increase
of protein synthesis, a decrease of protein degradation,
or a combination of both mechanisms (Lynch and Ryall,
2008).

Unlike β1-AR, which couples only to Gsα, β2-AR also
couples to pertussis toxin-sensitive Giα protein in skeletal
muscle (Gosmanov et al. 2002). β2-AR-Giα signaling
not only inhibits PKA activity, but also stimulates the
Gβγ-mediated phosphoinositol 3-kinase (PI3K)-Akt and

extracellular signaling regulated kinase 1/2 (ERK1/2)
signaling pathway (Zhu et al. 2001; Shi et al. 2007). It
was recently reported by us that Akt phosphorylation and
subsequent activation of mammalian target of rapamycin
(mTOR) are involved in masseter muscle hypertrophy
and ERK1/2 phosphorylation exerts an opposing effects
on mechanical-overload-induced masseter muscle hyper-
trophy (Umeki et al. 2013). It was recently reported that
β-AR signaling activated Epac1 signaling in rat skeletal
muscle and β-AR-induced Epac1 activation potentiated
insulin-stimulated Akt phosphorylation on serine 473,
as well as phosphorylation of its downstream factors
70-kDa ribosomal S6 kinase 1 (S6K1) on threonine 389
(Brennesvik et al. 2005). However, the role of Epac1 in
skeletal muscle hypertrophy has not been examined yet.
We thus hypothesized that Epac1, a major skeletal muscle
isoform, might play a role in masseter muscle hypertrophy
and MHC isoform transition by linking cAMP signaling
and Akt signaling or ERK signaling, and we tested this
hypothesis using Epac1KO (Okumura et al. 2014).

Methods

Mice and experimental protocols

We have previously reported the generation of Epac1KO
(ACC. No. CDB0542K: http://www.cdb.riken.jp/arg/
mutant%20mice%20list.htm) (Suzuki et al. 2010).
All experiments were performed on C57BL/6 and
CBA mixed-background homozygous Epac1KO
(6.8 ± 0.3-month-old, n = 12) and their wild-type
(WT) littermates (6.4 ± 0.4-month-old, n = 12).
This study was approved by the Animal Care and Use
Committees of Yokohama City University School of
Medicine and Tsurumi University.

CB (Sigma, St. Louis, MO, USA) was dissolved in
saline to prepare a 0.6 mg ml−1 stock solution and the
appropriate volume of this solution to provide the desired
dose (2 mg kg−1) was added to 0.2 ml of saline to pre-
pare the solution for intraperitoneal (I.P.) injection (Pearen
et al. 2009; Goodman et al. 2011). CB was administered
I.P. once daily for 3 weeks, and control mice received
an identical volume of saline only (Wong et al. 1998).

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society
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(Fig. 1A). In order to minimize the adverse effects
associated with repeated I.P. administrations such as
infection, inflammation, pain, and adhesions within
the abdominal cavity, we followed the recommended
protocols for the intraperitoneal injection of mice (Turner
et al. 2011a, 2011b; Machholz et al. 2012). Briefly, we
used the recommended gauge and length of needle
(22 gauge, 1 inch), scrubbed the injection site gently
with 2% chlorhexidine-moistened cotton wool, prepared
CB with the recommended volume of saline (maximum
10 ml kg−1), and changed the site of injection every time.
In addition, body weight, food and water intake were
monitored for all animals throughout the 3 weeks of the
experimental period.

The dose of CB used in this study has been reported
to increase skeletal mass efficiently without affecting body

weight (Ryall et al. 2002). After the completion of each
treatment, mice were anaesthetized with isoflurane and
the left and right masseter muscles were each excised and
weighed, frozen in liquid nitrogen, and stored at −80ºC
for later analysis. The muscle mass (mg) and the ratio of
muscle mass to tibial length (mm) were used as indexes
of muscle growth. After tissue extraction, the mice were
killed by cervical dislocation (Goodman et al. 2011).

Western blotting

The right masseter muscle excised from the mice (Fig. 1A)
was homogenized in a Polytron (Kinematica AG, Lucerne,
Switzerland) in ice-cold RIPA buffer (Thermo Fisher
Scientific, Waltham, MA, USA: 25 mM Tris-HCl (pH 7.6),
150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1%
SDS) without addition of inhibitors (Yu et al. 2011), and
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Figure 1. Experimental procedure and cAMP/PKA signaling in Epac1KO
A, clenbuterol (CB) was administered once daily for 3 weeks via intraperitoneal injection (I.P.) at a dose of 2 mg/kg,
dissolved in saline. Age-matched control mice (CTRL) received an identical volume of saline only. B-D, cAMP/PKA
signaling in masseter muscle of Epac1KO was investigated by examining the expression of PKA-catalytic units
phosphorylated at threonine (Thr) 198 (B), cAMP response element binding protein (CREB) phosphorylated on
serine (Ser) 133 (C), and total PKA-catalytic units (D), using total homogenate prepared from the masseter muscle
of Epac1KO and WT. No significant difference was observed between WT and Epac1KO at baseline (n = 6 each,
P = NS (not significant) vs. WT by unpaired t test). The amount of expression in WT treated with saline was taken
as 100% in each determination and representative immunoblotting results are shown for phosphorylated and
total PKA-catalytic unit, phosphorylated and total CREB, and PKA-catalytic units and GAPDH.
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the homogenate was centrifuged at 13000 x g for 10 min
at 4°C. The supernatant was collected and the protein
concentration was measured using a DC protein assay kit
(Bio-Rad, Hercules, CA, USA). Equal amounts of protein
(5 μg) were subjected to 12.5% SDS-polyacrylamide gel
electrophoresis and blotted onto 0.2 mm PVDF membrane
(Millipore, Billerica, MA, USA).

Western blotting was conducted with commercially
available antibodies (Okumura et al. 2003a; Okumura
et al. 2003b; Okumura et al. 2008; Okumura et al.
2009; Bai et al. 2012). The primary antibodies against
CREB (#9197), phospho-CREB (Ser-133, #9198),
Akt (#9272), phospho-Akt (Ser-473, #9271), S6K1
(#9202), phospho-S6K1 (Thr-389, #9205), 4E-BP1
(#9644), phospho-4E-BP1 (Thr-37/46, #2855), GSK-3β

(#12456) phospho-GSK-3β (Ser-19, #5558),
CaMKII (#3362), phospho-CaMKII (Thr-286, #3361),
HDAC4 (#7628), phospho-HDAC4 (Ser-246, #3443),
ERK1/2 (#4695), phospho-ERK1/2 (Thr-202/Tyr-
204, #4370) were purchased from Cell Signaling
Technology (Boston, MA, USA) and the
primary antibodies against PKA-catalytic subunit
(sc-903), phospho-PKA-catalytic subunit (Thr-198,
sc-32968), GAPDH (sc-25778), NFATc1 (sc-13033),
phospho-NFATc1 (Ser-259, sc-32979), NFATc3 (sc-8321),
phospho-NFATc3 (Ser-265, sc-32982) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA)
(Lunde et al. 2011). Horseradish peroxidase-conjugated
anti-rabbit IgG (GB Healthcare, NA934) was used as
a secondary antibody. The primary and secondary
antibodies were diluted in Tris-buffered saline (pH 7.6)
with 0.1% Tween 20 and 5% bovine serum albumin. The
blots were visualized with enhanced chemiluminescence
solution (ECL Prime Western Blotting Detection Reagent,
GE Healthcare, Piscataway, NJ, USA) and scanned with a
densitometer (LAS-1000, Fuji Photo Film, Tokyo, Japan).

Diameter and cross-sectional area of muscle fibres

The left masseter muscle, excised as a whole (Fig. 1A),
was embedded in Tissue-Tek OCT compound (Sakura
Finetec, Torrance, CA, USA) in a slightly stretched state so
as to maintain a length close to the resting length (L0), and
stored it at -80°C until sectioning, as reported (Bruusgaard
et al. 2012). Cross sections (10 μm thick) were cut from the
middle portion of the left masseter muscle with a cryostat
(CM1900, Leica Microsystems, Nussloch, Germany) at
−20ºC. The section were air-dried and fixed with 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (pH
7.5). The sections were then stained with hematoxylin and
eosin (HE) and observed under a light microscope (BX61,
Olympus Co., Tokyo, Japan). Micrographs were taken
with a digital camera (DP-72, Olympus Co.) connected
to a personal computer. The cross-sectional size of muscle

fibres was evaluated by measuring the minimal diameter of
muscle fibres (in order to correct for obliquely cut muscle
fibres) and the cross-sectional area (CSA) (Kiliaridis et al.
1988; Okumura et al. 2003b). The minimal diameter and
CSA of 100 muscle fibres in the superficial portion were
measured with image analysis software (Image J 1.45) and
averaged to obtain the mean values in each mouse.

MHC composition

MHC isoform composition in masseter muscle was
analysed by means of SDS-PAGE, followed by silver
staining of the bands of each MHC isoform (Silver Staining
Kit, GE Healthcare, Uppsala, Sweden). The stained bands
were scanned with a densitometer (LAS-1000, Fuji Photo
Film, Tokyo, Japan). To determine the MHC composition,
the relative proportion of each MHC isoform was
calculated as a percentage of total MHC content using the
integrated dye density of the bands (Ohnuki et al. 1999;
Ohnuki and Saeki, 2008; Ohnuki et al. 2009; Ohnuki et al.
2013b).

Histochemistry

Myofibrillar actomyosin ATPase (mATPase) staining with
pre-incubation at pH 4.6 or pH 10.6, as well as
NADH-tetrazodium reductase (NADH-TR) staining, was
performed as described previously (Hamalainen and Pette,
1993; Sartorius et al. 1998). mATPase staining with
pre-incubation at pH 4.6 enables distinction of type IIA
fibre (light) and type IID/X (dark) or type IIB fibres (dark)
and mATPase staining with pre-incubation at pH 10.6
enables distinction of type IIB fibres (light) and type IIA
(dark) or type IID/X fibres (dark). NADH-TR staining
visualizes the oxidative capacity of muscle fibres.

Statistical analysis

Data are expressed as means ± SEM. The statistical
significance of difference was determined using student’s
unpaired t test (Fig. 1B–D) or a two-way ANOVA
(genotype and treatment main effects, and interaction
effect) where appropriate (Figs 2A–C, E–F, 3B, 4B, 5,
and 6). Tukey’s post hoc test was used to examine
simple treatment main effects and to identify significant
differences between Control and CB-treated groups in
WT or Epac1KO (Figs 2A–C, E–F, 3B, 4B, 5, and 6). The
criterion of significance was taken as P < 0.05.

Results

PKA signalling was not altered in Epac1KO

We first examined whether or not cAMP/PKA signalling in
masseter muscle of Epac1KO was altered by examining the
expression of PKA signalling proteins in total homogenates

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society
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Figure 2. Effects of CB on body weight, masseter mass and histological analysis
Body weight (A), masseter muscle mass (B), masseter muscle mass to tibial length ratio (C), cross sections of
masseter muscle (D), fibre diameter(E) and fibre cross-sectional area (CSA) (F) of masseter muscle prepared from
CB-treated (CB) and age-matched control (CTRL) WT and Epac1KO. A, no significant difference in body weight
was observed between the control (CTRL) and CB-treated group in either WT (CTRL vs. CB: 27 ± 1.6 vs. 29 ± 1.2 g,
P = NS by Tukey’s post hoc test, n = 6) or Epac1KO (CTRL vs. CB: 31 ± 1.5 vs. 32 ± 1.9 g, P = NS by Tukey’s
post hoc test, n = 6). B and C, both the masseter muscle mass and the masseter muscle mass to tibial length
ratio were significantly increased by the CB treatment in WT (masseter muscle mass: CTRL vs. CB: 106 ± 4.4 vs.
133 ± 10.5 mg; masseter muscle mass/tibial length (mg/mm): CTRL vs. CB: 6.1 ± 0.2 vs. 7.5 ± 0.5, ∗P <0.05
by Tukey’s post hoc test, n = 6), but these increases were suppressed in Epac1KO (masseter muscle: CTRL vs. CB:
110 ± 4.9 vs. 104 ± 2.4 mg; masseter muscle mass/tibial length (mg/mm): CTRL vs. CB: 6.4 ± 0.3 vs. 5.9 ± 0.1,
P = NS by Tukey’s post hoc test, n = 6). D–F, typical cross-sections of HE staining (D), fibre diameter (E), and fibre
cross sectional area (CSA) (F) of masseter muscle in control and CB-treated WT and Epac1KO. Fibre diameter was
significantly increased by CB treatment in WT (from 32 ± 0.8 to 40 ± 1.3 mm, ∗∗P < 0.01 by Tukey’s post hoc
test, n = 6), but no increase was observed in Epac1KO (from 32 ± 0.8 to 33 ± 1.0 mm, P = NS by Tukey’s post
hoc test, n = 6) (E). Fibre CSA was also similar in WT and Epac1KO at baseline (WT vs. Epac1KO: 1762 ± 80 vs.
1800 ± 107 μm2, P = NS by Tukey’s post hoc test, n = 6) (F). It was significantly increased by CB treatment in
WT (from 1762 ± 80 to 2284 ± 80 μm2, ∗∗P < 0.01 by Tukey’s post hoc test, n = 6), while this increase was
suppressed in Epac1KO (from 1800 ± 107 to 1866 ± 92 μm2, P = NS by Tukey’s post hoc test, n = 6).

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society
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prepared from masseter muscles of Epac1KO and WT
controls (Altarejos and Montminy, 2011). PKA-catalytic
units phosphorylated at threonine 198 (WT vs. Epac1KO:
100 ± 15 vs. 88 ± 12%, P = NS (not significant) by
unpaired t test, n = 6 each) (Fig. 1B), cAMP response
element binding protein (CREB) phosphorylated on
serine 133 (WT vs. Epac1KO: 100 ± 21 vs. 86 ± 7%,
P = NS by unpaired t test, n = 6 each) (Fig. 1C), and
total PKA-catalytic units (WT vs. Epac1KO: 100 ± 4 vs.
103 ± 15%, P = NS by unpaired t test, n = 6 each)
(Fig. 1D). Thus, we found no significant difference
between Epac1KO and WT control. These data indicated
that cAMP/PKA signalling was not altered in the masseter
muscle of Epac1KO.

CB-induced masseter muscle hypertrophy was
inhibited in Epac1KO

Body weight, masseter muscle mass, and masseter muscle
mass to tibial length ratio were examined in 3-week
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Figure 3. Effects of CB on MHC composition in masseter
muscle
Typical SDS-PAGE profiles of MHC isoforms of masseter muscle and
soleus muscle (A) and the average MHC compositions of masseter
muscle (B) prepared from CB-treated (CB) and age-matched control
(CTRL) in WT and Epac1KO. The relative proportion of each MHC
isoform was expressed as a percentage of total MHC content (% of
total MHC). In both WT and Epac1KO, the proportion of MHC-IId/x
was significantly decreased (WT: from 57 ± 3.7 to 41 ± 4.0%,
∗P < 0.05 by Tukey’s post hoc test, n = 6, Epac1KO: from 67 ± 4.4
to 45 ± 5.5%, ∗∗P < 0.01 by Tukey’s post hoc test, n = 6), while
that of MHC IIb was significantly increased (WT: from 43 ± 3.7 to
59 ± 4.0%, ∗P < 0.05 by Tukey’s post hoc test, n = 6, Epac1KO:
from 33 ± 4.4 to 55 ± 5.5%, ∗∗P < 0.01 by Tukey’s post hoc test,
n = 6) after CB treatment (B).

CB-treated and age-matched control WT and Epac1KO
mice (Fig. 2). Body weight (Fig. 2A, genotype and
treatment main effects, and interaction effect, P = NS
by two-way ANOVA) was similar in the control and
CB-treated groups of WT (Control vs. CB: 27 ± 1.6 vs.
29 ± 1.2 g, P = NS by Tukey’s test, n = 6) as well as
Epac1KO (Control vs. CB: 31 ± 1.5 vs. 32 ± 1.9 g, P = NS
by Tukey’s test, n = 6). However, the masseter muscle
mass (Fig. 2B, significant interaction effect, P < 0.05
by two-way ANOVA) and the masseter muscle mass
to tibial length ratio (Fig. 2C, significant interaction
effect, P < 0.05 by two-way ANOVA) were significantly
increased by CB treatment in WT (masseter muscle mass:
Control vs. CB: 106 ± 4.4 vs. 133 ± 10.5 mg; masseter
muscle mass/tibial length ratio (mg/mm): Control vs. CB:
6.1 ± 0.2 vs. 7.5 ± 0.5, P <0.05 by Tukey’s test, n = 6).
These increases were suppressed in Epac1KO (masseter
muscle mass: Control vs. CB: 110 ± 4.9 vs. 104 ± 2.4 mg;
masseter muscle/tibial length ratio (mg/mm): Control vs.
CB: 6.4 ± 0.3 vs. 5.9 ± 0.1, P = NS by Tukey’s test, n = 6).

Histological analysis showed no abnormal organization
of masseter muscle (such as fibrosis) in either WT or
Epac1KO (Fig. 2D) and the fibre diameter (Fig. 2E,
significant interaction effect, P < 0.01 by two-way
ANOVA) was similar in WT and Epac1KO at baseline
(WT vs. Epac1KO: 32 ± 0.8 vs. 32 ± 0.8 μm, P = NS by
Tukey’s test, n = 6). However, it was significantly increased
by CB treatment in WT (from 32 ± 0.8 to 40 ± 1.3 μm,
P < 0.01 by Tukey’s test, n = 6), while this increase was
suppressed in Epac1KO (from 32 ± 0.8 to 33 ± 1.0 μm,
P = NS by Tukey’s test, n = 6), as was the case for masseter
muscle mass.

Fibre CSA (Fig. 2F, significant interaction effect,
P < 0.01 by two-way ANOVA) was also similar in WT
and Epac1KO at baseline (WT vs. Epac1KO: 1762 ± 80 vs.
1800 ± 107 μm2, P = NS by Tukey’s test, n = 6). It
was significantly increased by CB treatment in WT (from
1762 ± 80 to 2284 ± 80 μm2, P < 0.01 by Tukey’s test,
n = 6), while this increase was suppressed in Epac1KO
(from 1800 ± 107 to 1866 ± 92 μm2, P = NS by Tukey’s
test, n = 6), as was the case for masseter muscle mass as
well as fibre diameter.

These data indicate that Epac1 plays an important role
in the development of masseter muscle hypertrophy in
response to β2-AR stimulation with CB.

CB-induced MHC isoform transition was not altered in
Epac1KO

The average MHC isoform compositions in masseter
muscle obtained from CB-treated and age-matched
control WT and Epac1KO mice were examined by
SDS-PAGE analysis (Fig. 3). The masseter muscle is
composed primarily of MHC-IId/x and MHC-IIb, which

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society
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harness anaerobic metabolism to generate ATP, whereas
soleus muscle is composed primarily of MHC-I and
MHC-IIa, which utilize oxidative phosphorylation as their
energy source, with only a little MHC-IIb (Fig. 3A). CB
treatment promoted MHC isoform transition towards

faster isoforms in both WT and Epac1KO (Fig. 3B,
significant treatment main effect in MHC-IId/x and
MHC-IIb, P < 0.01 by two-way ANOVA), i.e. the
proportion of MHC-IId/x was significantly decreased
(WT: from 57 ± 3.7 to 41 ± 4.0%, P < 0.05 by Tukey’s

Figure 4. Effects of CB on fibre type composition in masseter muscle
A, typical cross sections of histochemical staining for mATPase with pre-incubation at pH 4.6 (upper), or with
pre-incubation at pH 10.4 (middle), and NADH-TR staining (lower) of masseter muscle in control and CB-treated
WT (left) and Epac1KO (right). The oxidative capacity of muscle fibres, as presented by NADH-TR staining, showed
the following tendency: IIA (dark) > IID/X > IIB (light). Key: A, type IIA; B, type IIB; D, type IID/X. B, CB treatment
did not alter the proportion of type IIA fibre (IIA) in both WT (from 1.0 ± 0.4 to 0.5 ± 0.2%, P = NS by Tukey’s
post hoc test, n = 6) and Epac1KO (from 0.6 ± 0.3 to 0.7 ± 0.3%, P = NS by Tukey’s post hoc test, n = 6).
The proportion of type IID/X fibre (IID/X) was significantly decreased in both WT (from 67 ± 3.8 to 49 ± 2.4%,
∗∗P < 0.01 by Tukey’s post hoc test, n = 6) and Epac1KO (from 64 ± 2.4 to 50 ± 3.6%, ∗P < 0.05 by Tukey’s post
hoc test, n = 6) after the CB treatment. The proportion of type IIB fibre (IIB) was significantly increased in both
WT (from 32 ± 3.9 to 50 ± 2.4%, ∗∗P < 0.01 by Tukey’s post hoc test, n = 6) and Epac1KO (from 36 ± 2.2 to
49 ± 3.7%, ∗P < 0.05 by Tukey’s post hoc test, n = 6) after the CB treatment.
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test, n = 6; Epac1KO: from 67 ± 4.4 to 45 ± 5.5%,
P < 0.01 by Tukey’s test, n = 6), while that of MHC-IIb was
significantly increased (WT: from 43 ± 3.7 to 59 ± 4.0%,
P < 0.05 by Tukey’s test, n = 6; Epac1KO: from 33 ± 4.4
to 55 ± 5.5%, P < 0.01 by Tukey’s test, n = 6).
These data indicated that Epac1 did not influence the
slow-to-fast MHC isoform transition in the masseter
muscle in response to CB treatment.

In order to confirm the results of SDS-PAGE
analysis, we also performed the histochemical staining

for mATPase with acid pre-incubation at pH 4.6
(Fig. 4A, upper), which enables the distinction of
type IIA fibre (containing MHC-IIa) (light) and type
IID/X fibre (containing MHC-IId/x) (dark) or type IIB
fibre (containing MHC-IIb) (dark), as well as staining
for mATPase with alkaline pre-incubation at pH 10.4
(Fig. 4A, middle), which enables distinction of type IIB
fibre (light) and type IID/X fibre (dark) or type IIA fibre
(dark), in addition to NADH-TR staining (Farber et al.
1954) (Fig. 4A, lower). The proportion of type IIA fibre

Figure 5. Activities of Akt or ERK1/2 signalling in WT and Epac1KO in response to chronic CB treatment
A–D, the activities of molecules involved in Akt signalling were examined by measuring phosphorylated and total
Akt (A), GSK-3β (B) , S6K1 (C), and 4E-BP1 (D) in masseter muscle of WT and Epac1KO after chronic CB treatment
(2 mg kg−1 day−1I.P.) for 3 weeks. Significant activation of these molecules was observed in WT (∗P < 0.05 by
Tukey’s post hoc test, n = 5–6), but not in Epac1KO (P = NS by Tukey’s post hoc test, n = 5–6). E, phosphorylation of
ERK1/2 was not different between control (CTRL) and CB-treated group in WT (from 100 ± 12 to 79 ± 8%, P = NS
by Tukey’s post hoc test, n = 5), but it was significantly increased by approximately two-fold by CB treatment in
Epac1KO (from 126 ± 21 to 236 ± 42%, ∗P < 0.05 by Tukey’s post hoc test, n = 5–6). The amount of expression
in WT treated with saline was taken as 100% in each determination and representative immunoblotting results
are shown for phosphorylated and total Akt, GSK-3β, S6K1, 4E-BP1, EPK1/2.
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(Fig. 4B, genotype and treatment main effects, and inter-
action effect in IIA, P = NS by two-way ANOVA) was small
( ̴ 1%) and similar between control and CB-treated mice in
both WT (1.0 ± 0.4 vs. 0.5 ± 0.2%, P = NS by Tukey’s test,
n = 6) and Epac1KO (0.6 ± 0.3 vs. 0.7 ± 0.3%, P = NS
by Tukey’s test, n = 6). These results indicate that the
masseter muscle was primarily composed of type IID/X
fibre and type IIB fibre, in agreements with the SDS-PAGE

analysis (Fig. 3). CB treatment significantly decreased
the proportion of type IID/X fibre (Fig. 4B, significant
treatment main effect in IID/X, P < 0.01 by two-way
ANOVA) in both WT (from 67 ± 3.8 to 49 ± 2.4%,
P < 0.01 by Tukey’s test, n = 6) and Epac1KO (from
64 ± 2.4 to 50 ± 3.6%, P < 0.05 by Tukey’s test, n = 6),
but it significantly increased the proportion of type IIB
fibre (Fig. 4B, significant treatment main effect in IIB,

Figure 6. Activities of CaMKII/HDAC4 or calcineurin/NFAT signaling in WT and Epac1KO in response to
chronic CB treatment
A-B, phosphorylated and total CaMKII (A) and HDAC4 (B) in masseter muscle of WT and Epac1KO were examined
after chronic CB treatment (2 mg kg−1 day−1I.P.) for 3 weeks. Phosphorylation of both CaMKII and HDAC4 was
significantly increased in WT (∗P < 0.05 by Tukey’s post hoc test, n = 5–6), but the increases were suppressed in
Epac1KO (P = NS, n = 5–6 by Tukey’s post hoc test). C-D, phosphorylated and total NFATc1 (C) and NFATc3 (D) in
masseter muscle of WT and Epac1KO were examined after CB treatment for 3 weeks. Phosphorylation of NFATc1
and NFATc3 tended to be decreased, though not significantly, in both WT and Epac1KO (P = NS by Tukey’s post
hoc test, n = 6)
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P < 0.01 by two-way ANOVA) in both WT (from 32 ± 3.9
to 50 ± 2.4%, P < 0.01 by Tukey’s test, n = 6) and
Epac1KO (from 36 ± 2.2 to 49 ± 3.7%, P < 0.05 by Tukey’s
test, n = 6). The results of NADH-TR staining showed
that the oxidative capacity of muscle fibres followed the
pattern IIA (dark) > IID/X > IIB (light), as shown pre-
viously (Fig. 4A, lower) (Hamalainen and Pette, 1993;
Sartorius et al. 1998). These data indicated that Epac1
did not influence the slow-to-fast MHC isoform trans-
ition in the masseter muscle in response to CB treatment,
in accordance with the SDS-PAGE findings.

CB-mediated Akt pathway activation was attenuated
in Epac1KO

Activation of β2-AR was shown to activate Akt via the
Giα-Gβγ-PI3K pathway in cardiac myocytes (Zhu et al.
2001). Recently, we reported that Akt/mTOR is involved
in both development of hypertrophy and fast-to-slow
MHC isoform transition in masseter muscle in response to
mechanical overload stress (Umeki et al. 2013). However,
the role of Epac1 in β2-AR-mediated masseter muscle
hypertrophy and activation of the Akt/mTOR pathway
remains poorly understood.

Thus, we first examined the Akt phosphorylation
on serine 473 (Fig. 5A, significant interaction effect,
P < 0.05 by two-way ANOVA) and confirmed that it was
significantly increased in WT, but not in Epac1KO (WT
vs. Epac1KO: from 100 ± 9.4 to 161 ± 19%, P < 0.05 by
Tukey’s test, n = 5 vs. from 96 ± 21 to 90 ± 7.7%, P = NS
by Tukey’s test, n = 5–6).

We also examined the phosphorylation of Akt down-
stream target, glycogen synthase kinase-3β (GSK-3β)
(Fig. 5B, significant interaction effect, P < 0.01 by two-way
ANOVA), because GSK-3β activity is negatively regulated
by Akt activity (Hardt and Sadoshima, 2002; Okumura
et al. 2007). The phosphorylation level of GSK-3β at serine
9 was significantly increased in masseter muscle of WT
(from 100 ± 23 to 206 ± 38%, P < 0.05 by Tukey’s test,
n = 5–6), but this increase was suppressed in Epac1KO
(from 127 ± 10 to 83 ± 18%, P = NS by Tukey’s test,
n = 5–6).

We next examined activation of the Akt/mTOR pathway
in terms of phosphorylation of S6K1 on threonine
389 (Fig. 5C, significant interaction effect, P < 0.05
by two-way ANOVA) and eukaryotic initiation factor
4E-binding protein 1 (4E-BP1) on threonine 37/46
(Fig. 5D, significant interaction effect, P<0.05 by two-way
ANOVA). We found that these phosphorylations were
significantly increased by CB treatment in masseter muscle
of WT (S6K1: from 100 ± 16 to 159 ± 14%; 4E-BP1:
from 100 ± 18 to 184 ± 18, P < 0.05 by Tukey’s
test, n = 5–6), but these increases were suppressed in
Epac1KO (S6K1: from 124 ± 16 to 107 ± 12%; 4E-BP1:

from 121 ± 19 to 138 ± 19%, P = NS by Tukey’s
test, n = 5). These data indicated that CB-mediated
activation of Epac1/Akt/mTOR signalling might play an
important role in the development of masseter muscle
hypertrophy.

ERK pathway was attenuated in Epac1KO

We also examined the phosphorylation of p44/42
mitogen-activated protein kinase (also known as ERK1/2)
on threonine 202/tyrosine 204, because β2-AR activation
has been shown to phosphorylate ERK1/2 via the Giα-Gβγ

pathway in skeletal muscle (Zhu et al. 2001) (Fig. 5E,
significant interaction effect, P < 0.05 by two-way
ANOVA). Also, ERK1/2 phosphorylation was reported to
be necessary for regulating the mass of skeletal muscle by
us and another group (Penna et al. 2010a; Umeki et al.
2013).

Phosphorylation of ERK1/2 in masseter muscle was
similar between the control and CB-treated groups in
WT (Control vs. CB: 100 ± 12 vs. 79 ± 8%, P = NS by
Tukey’s test, n = 5), but CB induced a significant increase
of phosphorylation by approximately 2-fold in Epac1KO
(Control vs. CB: 126 ± 21 vs. 236 ± 42%, P < 0.05 by
Tukey’s test, n = 5) (Fig. 5E). These data indicate that
Epac1 decreased the CB-mediated activation of ERK1/2
signalling in masseter muscle.

CaMKII/HDAC4 pathway was attenuated in Epac1KO

Phosphorylation of histone deacetylase 4 (HDAC4) on
serine 265/266 mediated by PKA leads to induction
of skeletal muscle atrophy, whereas phosphorylation on
serine 246 mediated by Epac-activated calmodulin kinase
II (CaMKII) leads to induction of skeletal muscle hyper-
trophy (Liu and Schneider, 2013).

We thus examined the phosphorylation of CaMKII
on threonine 286 (Fig. 6A, significant interaction effect,
P < 0.01 by two-way ANOVA) and HDAC4 on serine
246 (Fig. 6B, significant interaction effect, P < 0.05 by
two-way ANOVA) in CB-treated masseter muscle of WT
and Epac1KO. These phosphorylations were significantly
increased in WT (CaMKII: from 100 ± 20 to 192 ± 18%,
n = 6, P < 0.05 by Tukey’s test; HDAC4: from 100 ± 16
to 176 ± 6.6%, n = 5–6, P < 0.05 by Tukey’s test), but
the increases were suppressed in Epac1KO (CaMKII: from
156 ± 18 to 99 ± 28%, P = NS by Tukey’s test, n = 6;
HDAC4: from 130 ± 7.2 to 125 ± 27%, P = NS by
Tukey’s test, n = 5). These data suggest that Epac1 plays an
important role in development of masseter muscle hyper-
trophy through the regulation of CaMKII/HDAC4 activity,
in addition to activation of Akt/mTOR signalling.
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Calcineurin-NFAT signalling was not altered in
Epac1KO

Calcineurin is a calcium/calmodulin-regulated protein
phosphatase that acts on the transcription factors of
the nuclear factor of activated T cells (NFAT) family,
causing them to be translocated to the nucleus, where
they induce transcriptional activation. We have pre-
viously demonstrated that calcineurin-NFAT signalling
has a role in preservation of masseter muscle mass (Arai
et al. 2005). Therefore, we examined the role of Epac1
in calcineurin-NFAT signalling activation in response to
chronic CB treatment. We found that phosphorylation of
NFATc1 on serine 259 (Fig. 6C, genotype and treatment
main effects, and interaction effects, P = NS by two-way
ANOVA) and NFATc3 on serine 265 (Fig. 6D, genotype
and treatment main effects, and interaction effects, P = NS
by two-way ANOVA) tended to be decreased, though not
significantly, in both WT and Epac1KO (NFATc1: WT:
from 100 ± 12 to 77 ± 13%, Epac1KO: from 105 ± 9.1
to 77 ± 18%. NFATc3: WT: from 100 ± 16 to 97 ± 7.9%,
Epac1KO: from 119 ± 11 to 91 ± 19%, P = NS by Tukey’s
test, n = 6) (Lunde et al. 2011). These data are consistent
with the idea that Epac1 did not influence the activation
of calcineurin-NFAT signalling in masseter muscle before
or after CB treatment.

Discussion

Most skeletal muscle growth-promoting agonists,
such as CB and salbutamol, are highly selective
for β2-AR, and their action is thought to occur
through Gsα-AC-cAMP-PKA signalling via β2-AR with
slow-to-fast MHC isoform transition (Li et al. 2012;

Ohnuki et al. 2013a). Recently, it was reported that
β2-AR couples not only to Gsα, but also to Giα in
skeletal muscle, leading to stimulation of Gβγ-mediated
Akt signalling as well as ERK1/2 signalling (Fig. 7) (Zhu
et al. 2001; Gosmanov et al. 2002; Shi et al. 2007). We
have recently demonstrated that both CB, a lipophilic
β2-AR agonist, and salbutamol, a hydrophilic β2-AR
agonist, similarly induce masseter muscle hypertrophy
with slow-to-fast MHC isoform transition, indicating that
hypertrophy might be mediated through direct muscle
β2-AR stimulation, not through CNS β2-AR stimulation
(Ohnuki et al. 2013a). However, the relationship between
cAMP signalling and Akt or ERK1/2 signalling in skeletal
muscle hypertrophy as well as MHC isoform transition
remains poorly understood.

We hypothesized that Epac1, which was recently
identified as a PKA-independent cAMP sensor and a major
skeletal muscle isoform, might play an important role in
masseter muscle hypertrophy and MHC isoform trans-
ition by linking cAMP signalling and Akt signalling or
ERK signalling, and we aimed to test this hypothesis using
Epac1-null mice (Okumura et al. 2014).

We first found that development of CB-mediated
masseter muscle hypertrophy was suppressed in Epac1KO
without any change of the slow-to-fast MHC isoform
transition. Importantly, phosphorylation of Akt on serine
473 and its downstream molecules S6K1 on serine 389 and
4E-BP1 on threonine 37/46, and, in parallel, GSK-3β on
serine 9 by CB treatment were all inhibited in Epac1KO
without affecting the MHC isoform transition towards
faster isoforms. These data indicated that CB-mediated
masseter muscle hypertrophy might develop as a result
of activation of cAMP/Epac1/Akt signalling, rather than
cAMP/PKA signalling, because the cAMP/PKA signalling
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β2-AR 
CB 

cAMP 

Epac1 Akt 

mTOR GSK-3β  

S6K1 4E-BP1 

Masseter hypertrophy 

CaMKII 

HDAC4 

MEF2 

ERK1/2 

Gαi 

Figure 7. Schematic summary of the proposed role
of Epac1 in masseter muscle hypertrophy
This scheme illustrates the proposed relationship
between Epac1 and CB-mediated masseter muscle
hypertrophy, mediated by activation of both Akt and
CaMKII/HDAC4 signalings. Solid black lines represent
findings in this study and solid grey lines represent
findings reported previously (Kawasaki et al., 1998, de
Rooij et al., 1998, Zhu et al., 2001, Liu et al., 2013).
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in masseter muscle was intact in both WT and Epac1KO
(Fig. 1B), as demonstrated previously in heart (Okumura
et al. 2014). Conversely, Epac1 did not affect the MHC
isoform transition toward faster isoforms induced by CB
treatment in masseter muscle.

We recently demonstrated that phosphorylation of
ERK1/2 on threonine 202/tyrosine 204 was reduced more
in hypertrophied masseter muscle exposed to mechanical
overload and the effect was attenuated by rapamycin,
a selective mTOR inhibitor (Umeki et al. 2013). Our
current data showed that ERK1/2 phosphorylation in
masseter muscle was not different between WT and
Epac1KO at baseline. However, it was significantly
increased by approximately two-fold in masseter muscle of
Epac1KO in response to CB treatment, though it remained
unchanged in the hypertrophied masseter muscle of WT.
Importantly, ERK activation was recently reported to be
a critical contributor to muscle atrophy (Penna et al.
2010a). We thus anticipated that CB-mediated ERK1/2
phosphorylation in Epac1KO might be induced through
the opposing effect of PI3-Akt signalling on ERK1/2
signalling, and up-regulation of ERK activity might be
associated with the less effective CB-mediated hypertrophy
in Epac1KO (Rommel et al. 1999; Penna et al. 2010b).

HDAC4 moves between cytoplasm and nuclei in
cells prepared from flexor digitorum brevis muscle
of CD-1 mice (Liu and Schneider, 2013). HDAC4
phosphorylation at serine 265/266 mediated by PKA
induces nuclear influx, leading to inhibition of myocyte
enhancer factor 2 (MEF2) activity, while phosphorylation
at serine 246 mediated by CaMKII induces nuclear
efflux, leading to activation of MEF2, which has a role
in muscle hypertrophy (Fig. 7) (Potthoff et al. 2007;
Cardinale et al. 2010). Importantly, Epac mediates the
CaMKII-mediated HDAC4 phosphorylation on serine
246 (Liu and Schneider, 2013). We thus examined
the phosphorylation of CaMKII on threonine 286
and HDAC4 on serine 246 in masseter muscle and found
that these phosphorylations were significantly increased
by CB treatment in masseter muscle of WT, but not in
Epac1KO.

Taken together, the present finding indicate a causal
relationship between Epac1 and CB-mediated masseter
muscle hypertrophy and further suggest that this
relationship might be mediated by the activation of both
Akt signalling and CaMKII/HDAC4 signalling. As markers
of the activation of Akt signalling, we examined the
phosphorylation status of Akt itself and its downstream
targets such as S6K1, 4E-BP1, and GSK-3β. Also, as
markers of the activation of CaMKII/HDAC signalling,
we examined the phosphorylation status of CaMKII
and HDAC4. Phosphorylation of these markers was
significantly increased in the masseter muscle of WT
after CB infusion, but these increases were suppressed in
Epac1KO.

Further studies will be required to determine whether
activations of these signalling pathways were induced via
stimulation of β2-AR expressed in myofibres or vessel
because direct myofibre β2-AR stimulation was reported
to increase protein synthesis and to decrease protein
degradation, resulting in a net increase in myofibrillar
protein content through activation of the Akt pathway
or CaMKII/HDAC4 pathway (Choo et al. 1992; Joassard
et al. 2013a; Joassard et al. 2013b; Liu and Schneider,
2013). Also, vascular β2-AR stimulation in the masseter
muscle was reported to evoke vasodilatation in the skeletal
muscle and to induce endothelial nitric oxide synthase
expression through the activation of the Akt and/or
HDAC pathway (Rossig et al. 2002; Lee, 2002 Osuka
et al. 2009; Ishii et al. 2010; Banquet et al. 2011; Bharti
et al. 2012). Importantly, myocardial blood flow is pivotal
for the development and maintenance of hypertrophied
myocardium (Sano et al. 2007). In order to clarify the
mechanisms involved at the molecular level, in vitro
experiments using cultured skeletal muscle fibres and/or
endothelial cells isolated from WT and Epac1KO might
be a fruitful approach Liu and (Schneider, 2013; Liu
et al. 2014), and we are planning studies along this
line.

In view of the current finding that disruption of Epac1
inhibited the development of CB-mediated masseter
muscle hypertrophy, we consider that pharmacological
activation of Epac1 might be an alternative approach for
the treatment of masticatory dysfunction due to masseter
muscle wasting and weakness.
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