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Abstract. To examine the effects of the Akt/mammalian target of rapamycin (mTOR) pathway
on masseter muscle hypertrophy and myosin heavy chain (MHC) transition in response to
mechanical overload, we analyzed the effects of bite-opening (BO) on the hypertrophy and
MHC composition of masseter muscle of BO-rats treated or not treated with rapamycin (RAPA),
a selective mTOR inhibitor. The masseter muscle weight in BO-rats was significantly greater than
that in controls, and this increase was attenuated by RAPA treatment. Expression of slow-twitch
MHC isoforms was significantly increased in BO-rats with/without RAPA treatment, compared
with controls, but the magnitude of the increase was much smaller in RAPA-treated BO-rats.
Phosphorylation of p44/42 MAPK (ERK1/2), which preserves fast-twitch MHC isoforms in
skeletal muscle, was significantly decreased in BO-rats, but the decrease was abrogated by RAPA
treatment. Calcineurin signaling is known to be important for masseter muscle hypertrophy and
fast-to-slow MHC isoform transition, but expression of known calcineurin activity modulators was
unaffected by RAPA treatment. Taken together, these results indicate that the Akt/mTOR pathway
is involved in both development of masseter muscle hypertrophy and fast-to-slow MHC isoform
transition in response to mechanical overload with inhibition of the ERK1/2 pathway and operates
independently of the calcineurin pathway.
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Introduction

energy metabolism. Muscle fibers can be classified as
type I (slow-twitch) and type II (fast-twitch) on the basis

Mechanical overload induced by an increase in
occlusal vertical dimension, produced by the use of
interocclusal appliances (bite-opening: BO), is widely
used to relieve masseter muscle spasm (1 — 3). Although
BO treatment is recognized to be effective, its patho-
physiological and molecular basis remains poorly
understood.

Adult skeletal muscle is composed of muscle fibers
that differ in their speed of contraction and predominant

*Corresponding author. okumura-s@tsurumi-u.ac.jp
Published online in J-STAGE on July 30, 2013
doi: 10.1254/jphs.12195FP

278

of their predominant myosin heavy chain (MHC) iso-
forms. Generally, MHC-I and MHC-IIa fibers utilize
oxidative phosphorylation as their energy source,
whereas MHC-IIx/d and MHC-IIb fibers harness anaerobic
metabolism to generate ATP (4). The relative frequency
of each fiber type defines the overall functional capabilities
of a muscle. In response to mechanical overload or
neuromuscular activity, however, muscles modify their
functional characteristics by changing the fiber subtype
(5). With minor exceptions in certain pathological condi-
tions, muscle fibers switch to their “nearest neighbor type”
following an obligatory pathway: [«<>1la<>11d/x<>1Ib (5).

Calcineurin signaling is known to be important for the
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development of hypertrophy and for fast-to-slow MHC
isoform transition after physiological stimulation of
skeletal muscle (6). We have previously demonstrated
that mechanical load on the masseter muscle also induces
hypertrophy and fast-to-slow MHC isoform transition in
BO-rats, and we showed that the calcineurin pathway
plays an important role in this process by pharmacologi-
cal inhibition of calcineurin with cyclosporin A (7, 8).

The Akt pathway also plays a role in the regulation
of skeletal muscle hypertrophy and atrophy. Skeletal
muscle hypertrophy is mediated through the activation of
Akt and its downstream target mTOR (mammalian target
of rapamycin), that is, the Akt/mTOR pathway, while
skeletal muscle atrophy is mediated through the activa-
tion of Akt and its downstream target forkhead box
subfamily O (Foxo), that is, the Akt/Foxo pathway (9).
However, the role of the Akt/mTOR pathway in the
development of masseter muscle hypertrophy and its
influence on MHC isoform transition in response to
mechanical overload have not been examined.

The p44/42 mitogen-activated protein kinase (MAPK)
pathway, also known as the extracellular signaling regu-
lated kinase 1/2 (ERK1/2) pathway, regulates cellular
proliferation and differentiation and therefore may influ-
ence MHC isoform transition in masseter muscle, but
its role remains poorly understood (10). Phosphorylation
of ERK1/2 has been reported to play an important role
in expression of slow-twitch fibers in skeletal muscle,
while it has been reported to be necessary to preserve
the expression of fast-twitch fibers with a concomitant
repression of slow-twitch fibers in skeletal muscle
(10 —12). The ERK1/2 pathway is also important for
regulating skeletal muscle mass, as well as the Akt/mTOR
pathway and the calcineurin pathway, but the relation-
ships among these pathways remains poorly understood
(10).

We thus examined the role of the Akt/mTOR pathway
in the development of hypertrophy and in the fast-to-
slow MHC isoform transition in masseter muscle of BO-
rats treated or not treated with rapamycin (RAPA), a
selective mTOR inhibitor. The BO-rats have a gap of
about 3 mm between the edges of the maxillary and
mandibular incisors, produced by cementing a suitable
appliance onto the incisors, and this causes mechanical
overload in the masseter muscle similar to that seen in
the case of splint therapy in humans (13), although the
possibility cannot be ruled out that there might be some
adverse changes specific to the rat model. We also
examined the phosphorylation of ERK1/2 and expression
of known calcineurin modulators, such as modulatory
calcineurin-interacting protein 1 (MCIP1), and down-
stream molecules of the Akt/Foxo pathway, such as
atrogin-1 and muscle Ring Finger-1 (MuRF1) (14 — 16),

in order to see whether or not Akt/mTOR inhibition
by RAPA also affects the ERK1/2 pathway and the
calcineurin pathway.

Materials and Methods

Experimental animals

Animals were treated in accordance with institutional
guidelines, and the experimental protocol was approved
by the Animal Care and Use Committee of Tsurumi
University. Twenty-eight Wistar rats, aged 8 weeks and
weighing 243.9 = 10.2 g, were divided into four groups:
normal control group (Control), BO without RAPA treat-
ment group (BO), RAPA treatment group (RAPA), and
BO with RAPA treatment group (BO + RAPA). As in
our earlier study, the bite was opened by cementing a
suitable appliance onto the mandibular incisors under
anesthesia with pentobarbital sodium (30 mg-kg '-body
weight '; Abbott Laboratories, Chicago, IL, USA);
further pentobarbital sodium was administered (10 — 20
mg-kg "-body weight™") if necessary (8, 17). The BO
space between the edges of the maxillary and mandibular
incisors was about 3 mm. BO-rats with a 3-mm space do
not show a decrease of weight because, although they
find it difficult to take the usual pellet food, they can take
powered food. Also, the 3-mm increment of occlusal
vertical dimension in BO-rats stretches the masseter
muscle longitudinally by approximately 12%, which is
within the physiological range (less than approximately
40% increase over its original length) during jaw-opening
in rats (13, 18). The RAPA and BO + RAPA groups
were treated with RAPA (LKT Laboratories, Inc., St.
Paul, MN, USA) intraperitoneally (1.2 mg/kg dissolved
in 10% ethanol and 2% carboxymethylcellulose) once
daily for 14 days (19 — 21). Control and BO groups were
injected intraperitoneally once daily for 14 days with
vehicle containing 10% ethanol and 2% carboxymethyl-
cellulose. The animals in each group were fed a powder
diet ad libitum because BO-rats had difficulty in taking
the usual pelleted diet and caloric restriction has been
reported to affect the Akt/mTOR pathway in skeletal
muscle (22).

After the completion of each treatment, all animals
were killed by exsanguination under anesthesia with a
fatal overdose of pentobarbital sodium (50 mg-kg™'-body
weight™"). They were not fasted at the time of sacrifice.

The left and right masseter muscles were each excised
and weighed; muscle mass was used as an index of
muscle growth (23, 24). The central portion of the left
superficial masseter muscle was divided into two pieces,
which were rapidly frozen in liquid nitrogen and stored
at —85°C for real-time quantitative PCR and SDS-PAGE
analysis. The central portion of the right superficial
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masseter muscle was fixed in 4% (w/v) paraformalde-
hyde in phosphate-buffered saline (PBS) for 2 h at
4°C, and the fixed specimens were washed with PBS
and then stored in 40% (w/v) sucrose in PBS at 4°C for
immunohistochemical staining.

Histology

The specimens were embedded in Tissue-Tek OCT
compound (Miles Laboratories, Elkhart, IN, USA) and
frozen in ethanol at —100°C. Cross sections (10-um-thick)
were cut from the middle portion of the specimens with
a cryostat at —20°C and immunohistochemical staining
was performed with monoclonal antibodies against
skeletal fast (MY-32; Sigma, St. Louis, MO, USA) and
slow (NOQ?7.5.4D, Sigma) myosin. The immunoreaction
was visualized with a Vectastain Universal Elite ABC kit
(PK-6200; Vector Laboratories, Burlingame, CA, USA)
and AEC Substrate Kit (SK-4200, Vector Laboratories),
and observed under a light microscope (Nikon, Tokyo).
The cross-sectional size of muscle fibers was evaluated
by measuring the minimal diameter of muscle fibers to
correct for obliquely cut muscle fibers (25). In total, 293
to 506 fibers obtained from 5 or 6 rats in each group were
measured on micrographs of the immunostained sections
taken with a digital camera (AxioCam; Carl Zeiss Japan,
Tokyo) connected to the light microscope.

Real-time quantitative PCR

Total RNA was isolated from individual samples taken
from superficial masseter in each group according to the
manufacturer’s instructions (FastRNATM Kit-GREEN;
BIO 101, Vista, CA, USA). Real-time quantitative
PCR was performed with oligonucleotide primer sets
[neonatal MHC (MHC-Neo), MHC-I, MHC-IIa, MHC-
IId/x, MHC-IIb, S16, peroxisome-proliferator-activated
receptor-y coactivator-la (PGC-1a), MCIP1, atrogin-1,
and MuRF1] based on published sequences (8).

Silver staining

MHC isoform composition in masseter muscle was
analyzed with SDS-PAGE in masseter muscle, followed
by silver staining of the bands of each MHC isoform
(Silver Staining Kit; GE Healthcare, Uppsala, Sweden)
and densitometric scanning as performed previously (13).

Western blotting

Western blotting was conducted with commercially
available antibodies. The primary antibodies used in this
study were purchased from Cell Signaling Technology
(Boston, MA, USA) (26 — 29).

Statistical analyses
Data were expressed as means + S.E.M. The statistical

significance of differences in masseter muscle mass,
MHC mRNA levels, MHC protein levels, and fiber
diameter among the four groups was determined by one-
way ANOVA followed by Tukey’s test. The criterion
of significance was taken as P < 0.05.

Results

Inhibition of the Akt/mTOR pathway with RAPA inhibited
hypertrophy of masseter muscle in BO-rats

Body weights in the RAPA alone (263 +3.7 g) and
BO + RAPA (223 +5.4 g) groups were significantly
smaller than that in normal controls (Control: 303 + 6.9,
P <0.05 vs. Control, n = 6 — 9), whereas BO-rats showed
no significant difference from the controls (BO: 274 +
8.0 g, P =not significant (NS) vs. Control, n=5-9)
(Fig. 1A).

BO-mediated mechanical overload resulted in masseter
muscle hypertrophy (increase in mass from 1002 + 21 to
1095 + 24 mg, P < 0.01 vs. Control, n =5 —9), in agree-
ment with previous findings (13). We then examined
the effect of RAPA on the masseter muscle in BO-rats.
RAPA alone slightly but significantly decreased the
weight of masseter muscle (879 + 24 mg, P <0.01 vs.
Control, n = 6). More importantly, RAPA also inhibited
the development of masseter muscle hypertrophy in
BO-rats (BO + RAPA: 927+ 13 mg, P <0.01 vs. BO,
n = 6) (Fig. 1B).

We also performed immunohistochemical staining
of masseter muscle with anti-monoclonal fast-myosin
antibody to evaluate the fiber diameter. The fibers of
masseter muscle were not stained with anti-slow myosin
antibody (data not shown), as previously confirmed by
SDS-PAGE analysis (13). The fiber diameter of the
BO-rats was significantly increased, compared to that of
the normal controls (Control vs. BO: 31.1+0.4 vs.
35.1+£0.8 um, P<0.01, 293 — 329 fibers from each of
5 or 6 rats), but no abnormal organization of masseter
muscle, such as fibrosis or muscle rupture, was observed
(Fig. 1: C and D). RAPA significantly decreased the fiber
diameter, compared with the control group (22.9 +1.9
um, P<0.01 vs. Control, 329 — 343 fibers from each of
5 or 6 rats). In accordance with the change of muscle
weight, the fiber diameter of RAPA-treated BO-rats
was significantly smaller than that of BO-rats not treated
with RAPA (BO vs. BO + RAPA: 35.1 £ 0.8 vs. 29.8
1.1 ym, P<0.01 vs. BO, 293-506 fibers from each of
6 rats). These data indicate that RAPA inhibited the
development of masseter muscle hypertrophy in BO-rats.
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Fig. 1.

RAPA inhibited BO-induced hypertrophy of masseter muscle. A) Body weights in the RAPA alone (263 + 3.7 g) and

BO + RAPA (223 + 5.4 g) groups were significantly smaller than that in normal controls (Control: 303 +£6.9 g, **P <0.05 vs.
Control, n =6 —9), while BO-rat showed no such difference (BO: 274 + 8.0 g, P = NS vs. Control, n =5 —9). B) The weight of
masseter muscle in BO-rats was significantly greater than that in normal controls (Control vs. BO: 1002 + 21 vs. 1095 + 24 mg,
*P < 0.05 vs. Control, n =5 — 9). RAPA alone significantly decreased the weight of masseter muscle at baseline (RAPA: 879 + 24
mg, **P < 0.01 vs. Control, n = 6) and also inhibited BO-induced masseter muscle hypertrophy (927 + 13 mg, “P < 0.01 vs. BO,
n=6). C) Representative images of immunohistochemical staining of masseter muscle with anti-monoclonal fast-myosin
antibody. Scale bar: 100 gm. D) Fiber diameter in BO-rats was significantly greater than that of the controls (Control vs. BO:
31.1+0.4 vs. 35.1 £0.8 um, **P <0.01 vs. Control, 293 — 329 fibers from each of 5 or 6 rats). RAPA significantly decreased
the fiber diameter at baseline (RAPA: 22.9+ 1.9 um, **P < 0.01 vs. Control, 329 — 343 fibers from each of 5 or 6 rats) and
also inhibited the BO-mediated increase of the fiber diameter (BO + RAPA: 29.8 £ 1.1 um, #P < 0.01 vs. BO, 293 — 506 fibers

from each of 6 rats).

Inhibition of the Akt/mTOR pathway with RAPA attenuated
fast-to-slow MHC isoform transition in masseter muscle
of BO-rats

We recently showed that BO-mediated mechanical
overload—induced hypertrophy of masseter muscle is
accompanied with fast-to-slow MHC isoform transition
(7, 13). We therefore examined the effect of RAPA on
the composition of MHC mRNA isoforms in masseter
muscle of BO-rats by real-time quantitative PCR. The
mRNA expression levels of MHC-Neo (Fig. 2A), MHC-I
(Fig. 2B), and MHC-Ila (Fig. 2C) were significantly
increased in masseter muscle of BO-rats with or without
RAPA treatment, compared with those of the control
group (P <0.01 vs. Control, n=4 —6), but the magni-
tudes of the increases in the BO + RAPA group were
significantly smaller than those in the BO group (P < 0.05
or 0.01 vs. BO,n=4-06).

The mRNA expression of MHC-IId/x was signifi-
cantly increased by 1.6-fold in masseter muscle of BO-
rats without RAPA treatment (P < 0.01, n = 6), compared
with the control group, but that increase was abolished
by RAPA (P = NS vs. Control, n = 6) (Fig. 2D).

The mRNA expression of MHC-IIb was significantly
decreased by approximately 60% in masseter muscle
of BO-rats without RAPA treatment versus the control
group. However, RAPA treatment abrogated this
decrease of MHC-IIb expression in masseter muscle
of BO-rats (P = NS vs. Control, n = 6) (Fig. 2E).

We also analyzed the MHC composition at the protein
level using SDS-PAGE, followed by silver staining and
densitometric scanning of each MHC isoform (Fig. 3).
Protein expressions of MHC-Ila was significantly increased
in masseter muscle of BO-rats with or without RAPA
treatment, compared with the control group (P < 0.05 or
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Fig. 2. RAPA attenuated fast-to-slow MHC isoform transition in masseter muscle of BO-rats at the mRNA level. A — C) mRNA
expression levels of MHC-Neo (A), MHC-I (B), and MHC-Ila (C) were significantly increased in masseter muscle of BO-rats
treated (BO + RAPA) or not treated (BO) with RAPA, compared with the normal controls (¥*P < 0.05 and **P < 0.01 vs. Control,
n =4 - 6). The expression increase in the BO + RAPA group was significantly smaller than that in the BO group (*P < 0.05 and
%P <0.01 vs. BO,n =4 - 6). D) mRNA expression of MHC-IId/x was significantly increased in masseter muscle of the BO group
(**P < 0.01, n = 6) versus the control group, but this increase was abolished in the BO + RAPA group (P = NS vs. Control, n = 6).
E) mRNA expressions of MHC-IIb was significantly decreased in masseter muscle of the BO group versus the control group
(**P <0.01,n=5), but the decrease was not significant in the BO + RAPA group (P = NS vs. Control, n = 6).

0.01 vs. Control, n=3 —15), but the magnitude of the
increase in the BO + RAPA group was significantly
smaller than that in the BO-rats without RAPA treatment
(P <0.05 vs. BO, n=4-5) (Fig. 3A). Protein expres-
sion of MHC-IId/x was significantly increased by 1.2-
fold in masseter muscle of BO-rats without RAPA
treatment, compared with the control group (P <0.01,
n=4-06), but that increase was abolished by RAPA
(P = NS vs. Control, n = 5) (Fig. 3B). Protein expression
of MHC-IIb was significantly decreased by approxi-
mately 60% in masseter muscle of BO-rats without
RAPA treatment versus the control group, but RAPA
treatment abrogated this decrease (P = NS vs. Control,
n=4-15) (Fig. 3C). Expression of MHC-Neo and MHC-I
was barely detectable (Fig. 3D), in agreement with pre-
vious findings (13).

These results indicated that inhibition of the Akt/
mTOR pathway with RAPA attenuated the fast-to-slow
MHC isoform transition in masseter muscle of BO-rats
at both the mRNA and protein levels.

Effects of RAPA on phosphorylation of Akt/mTOR down-
stream targets and ERK1/2 in BO-rats

In order to investigate the molecular signaling
associated with the phenotypes induced in masseter
muscle by mechanical overload and RAPA, we per-
formed western blot analysis to examine the phosphory-
lation of Akt/mTOR downstream targets using total
homogenate prepared from masseter muscle dissected at
3 — 7 days after the BO operation because phosphoryla-
tion of the Akt/mTOR downstream targets was easily
detectable, rather than that at 14 days after the BO
operation.

Two well-documented targets of Akt/mTOR are 70-
kDa ribosomal S6 kinase 1 (S6K1) and eukaryotic
initiation factor 4E-binding protein 1 (4E-BP1) (30).
Phosphorylations of S6K1 on threonine 389 and 4E-BP1
on threonine 37/46 were significantly increased by
2.6-fold (P <0.06, n =5 - 6) and 1.7-fold, respectively,
in masseter muscle of BO-rats, compared with the
control group (P <0.05, n=3-15), but these increases
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Fig. 3. RAPA attenuated fast-to-slow MHC isoform transition in masseter muscle of BO-rats at the protein level. A) Protein
expression levels of MHC-Ila were significantly increased in masseter muscle of BO-rats treated (BO + RAPA) or not treated
(BO) with RAPA, compared with the normal controls (*P < 0.05 and **P < 0.01 vs. Control, n =3 — 5). The expression increase
in the BO + RAPA group was significantly smaller than that in the BO group (“P < 0.05 vs. BO, n = 4 — 5). B) Protein expression
of MHC-IId/x was significantly increased in masseter muscle of the BO-rats, compared with the control group (**P <0.01,
n=4-0), but this increase was abolished in the BO + RAPA group (P =NS vs. Control, n=15). C) Protein expressions of
MHC-IIb was significantly decreased in masseter muscle of the BO group versus the control group (**P <0.01, n=15), but the
decrease was not significant in the BO + RAPA group (P =NS vs. Control, n = 6). D) Representative silver staining of MHC
isoform in the masseter muscle. Expression of MHC-I and MHC-Neo was barely detectable.

were significantly attenuated by RAPA (P <0.01)
(Fig. 4A, 4B, and 4D).

We also examined the phosphorylation of ERK1/2
on threonine 202 / tyrosine 204 because this has been
reported to be important for regulating skeletal muscle
mass and MHC isoform transition (10 — 12). The phos-
phorylation of ERK1/2 was significantly decreased in BO-
rats, compared with the control group (P < 0.01,n=15), but
that decrease was abrogated by RAPA (Fig. 4: C and D).

Inhibition of the Akt/mTOR pathway with RAPA attenuated
upregulation of PGC-1a in masseter muscle of BO-rats
We next examined the expression of PGC-1a, a tran-
scriptional co-activator that is expressed preferentially
in MHC-I, in masseter muscle of BO-rats treated or
not treated with RAPA (31, 32). Expression of PGC-1a
in the BO group was significantly increased by approxi-
mately two-fold compared to that in the control group
(P<0.01 vs. Control, n=4-7) (Fig. 5A), while the

increase in the BO + RAPA group was approximately
1.4-fold, which was significantly smaller than that in the
BO group (P < 0.05 vs. BO, n = 6). These results indicate
that inhibition of the Akt/mTOR pathway by RAPA
attenuated the upregulation of PGC-1a mRNA expres-
sion in masseter muscle of BO-rats.

Inhibition of the Akt/mTOR pathway with RAPA did not
alter upregulation of MCIP1 mRNA in masseter muscle
of BO-rats

In order to examine the effects of RAPA treatment
on the calcineurin pathway, we examined the expression
of MCIP1 mRNA, which is regulated by calcineurin
activity, in masseter muscle of the BO-rats treated or not
treated with RAPA (14).

MCIP1 mRNA expression was significantly increased
by 1.4-fold in masseter muscle of BO-rats, compared
with the control group (P < 0.05 vs. Control) (Fig. 5B)
and this increase was unaffected by RAPA treatment
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Fig. 4. Effects of Akt/mTOR inhibition with RAPA on phosphorylation of S6K1, 4E-BP1, and ERK1/2 in BO-rats. A) S6K1
phosphorylated on threonine 359 was significantly increased in BO-rats (Control vs. BO: 100% + 27% vs. 264% =+ 57%, *P < 0.05
vs. Control, n = 5 — 6), but that increase was abolished by RAPA in BO-rats (65% + 18%, P < 0.01 vs. BO, n= 5 — 6). The ratio
of phosphorylated/total protein expression of S6K1 in the control group was taken as 100% in each determination. T-S6K1, total
S6K1; P-S6K1 (Thr389), S6K1 phosphorylated on threonine 389. B) 4E-BP1 phosphorylated on threonine 37/46 was significantly
increased in BO-rats (Control vs. BO: 100% + 11% vs. 171% £ 9%, **P < 0.01, n =3 — 5), but that increase was abolished by the
treatment of RAPA in BO-rats (100% = 1%, *P < 0.01 vs. BO, n=3). The ratio of phosphorylated/total protein expression of
4E-BP1 in the control group was taken as 100% in each determination. T-4E-BP1, total 4E-BP1; P-4E-BP1 (Thr37/46), 4E-BP1
phosphorylated on threonine 37/46. C) ERK1/2 phosphorylated on threonine 202 / tyrosine 204 was significantly decreased in
BO-rats (Control vs. BO: 100% + 6% vs. 26% =+ 2%, **P <0.01, n=15), but the decrease was abolished by the treatment of
RAPA (76% = 1%, “P < 0.05 vs. BO, n =4 — 5). The ratio of phosphorylated/total protein expression of ERK1/2 in the control
group was taken as 100% in each determination. T-ERK, total ERK; P-ERK (Thr202/Tyr204), phosphorylated ERK on
threonine 202 / tyrosine 204. D) Representative immunoblotting results for phosphorylated forms and total proteins: S6K1 on
threonine 359 (upper), 4E-BP1 on threonine 37/46 (middle), and ERK1/2 on threonine 202 / tyrosine 204 (lower).

(P=NS vs. BO, n=7). These results indicated that Discussion
inhibition of the Akt/mTOR pathway with RAPA did

not influence the calcineurin pathway via modulation In this study, we examined the influence of the

of MCIP1 upregulation in masseter muscle of BO-rats.

Inhibition of the Akt/mTOR pathway with RAPA did not
affect mRNA expression of atrogin-1 and MuRF1

In order to examine the effects of RAPA treatment on
the Akt/Foxo pathway, we examined the expression of
atrogin-1 and MuRF1, which are downstream molecules
of the Akt/Foxo pathway, in masseter muscle of the four
groups. However, we found no difference among them
(P =NS vs. Control, n = 7) (Fig. 5: C and D). These data
indicated that RAPA has no effect on atrogin-1 and
MuRF1 expression.

Akt/mTOR pathway on the hypertrophy and fast-to-
slow MHC isoform transition in masseter muscle of
BO-rats by means of pharmacological inhibition with
RAPA. Our results indicate that the Akt/mTOR pathway
plays a significant role not only in the development of
hypertrophy, but also in the fast-to-slow MHC isoform
transition in this model, in addition to the calcineurin
pathway, which we had previously demonstrated to be
important in BO-rats by means of pharmacological inhi-
bition with cyclosporine A (8).

However, the two pathways might be independent
because the magnitude of the MCIP1 mRNA increase,



Akt/mTOR Pathway in Masseter Muscle 285

PGC-1a
A 250
Kk
200
o #i
=]
150
>
[
2 100 |
K
[}
© 50 L
0 1 1
Cont BO RAPA  BO+RAPA
Atrogin-1 g NS NS

120
100 | 1T L
s
o 80 r
=
©
> 60 |
(3
2
® 40
Q
4

20 |

0 1 1 1

Cont BO RAPA  BO+RAPA

B ,, _MCIP1
*
— *
Ri1s0 |
[
=
g
3 100 -
>
B
o
2 s0
0 1 1 1
Cont BO RAPA  BO+RAPA
MuRF1 NS
120
NS NS
100 [ —I- L
S
o 80
3
[}
> 60
[}
2
£ a0 |
&
20 +
o 1 1 1
Cont BO RAPA BO+RAPA

Fig. 5. Effects of Akt/mTOR inhibition with RAPA on expression of PGC-1a, MCIP1, Atrogin-1, and MuRF1 in BO-rats. A)
Expression of PGC-la in masseter muscle of the BO group was significantly greater by approximately 2-fold than that of
the control group (**P <0.01, n=4), but the increase in the BO + RAPA group was smaller (1.4-fold) and was significantly
attenuated compared with the BO group (“P < 0.05 vs. BO, n = 6). B) Expression of MCIP1 was significantly greater in masseter
muscle of the BO group and the BO + RAPA group, compared with the control group (*P <0.05 vs. Control, n=7), and
the magnitude of increase was similar in the two groups. C — D) Expression levels of atrogin-1 and MuRF1 were similar among

the four groups (P = NS vs. Control, n = 7).

which is regulated via the calcineurin pathway, was
similar in BO and BO + RAPA groups. Importantly, the
calcineurin pathway was demonstrated to be involved in
the transition from MHC-I1a to MHC-I without affecting
the transitions among MHC-I1b, MHC-I1d/x, and MHC-
Ila (8), whereas the Akt/mTOR pathway has been
shown to influence the transitions among all MHC iso-
forms, indicating that the Akt/mTOR pathway regulates
masseter muscle hypertrophy and fast-to-slow MHC iso-
form transition, independently of the calcineurin pathway.
We also examined the activation (phosphorylation)
of the ERK1/2 pathway because this has been reported to
be necessary to preserve the fast-twitch fiber phenotype,
with concomitant repression of the slow-twitch fiber
phenotype in mouse C2C12 myoblasts in vitro and in
skeletal muscle (11, 12). The ERK1/2 pathway and
Akt/mTOR pathway are both known to be important
for regulating skeletal muscle mass, but the relationship
between the two pathways remains poorly understood
(33 -35). We thus examined the phosphorylation of
ERK1/2 on threonine 202 / tyrosine 204 and found that
it was significantly decreased in BO-rats, while the

decrease was abrogated by the inhibition of the Akt/
mTOR pathway with RAPA. These results indicate that
the ERK1/2 pathway may contribute to the fast-to-slow
MHC-I transition in BO-rats at least in part through the
Akt/mTOR pathway.

It has been shown that mechanical overload—mediated
hypertrophy induces reexpression of the neonatal MHC
isoform in heart (36). Interestingly, we observed reex-
pression of MHC-Neo together with downregulation of
MHC-IIb in masseter muscle of BO-rats, that is, the
opposite change to that seen during postnatal develop-
ment, and this phenomenon was attenuated by RAPA.
The physiological significance of the induction of MHC-
Neo in masseter muscle is presently unknown, but our
current findings indicate that the MHC isoform transition
from the MHC-Neo to adult type MHC isoforms (I, Ila,
I1d/x, 1Ib) at birth may be associated with activation of
the Akt/mTOR pathway.

Slow-twitch MHC isoform contains a high level of
mitochondria and oxidative metabolism is its chief
energy source. In contrast, fast-twitch MHC isoforms such
as MHC-IIb generate energy mainly through glycolysis.
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studies.

The proportion of MHC-I was increased in masseter
muscle of BO-rats. PGC-1a is a dominant regulator of
mitochondrial content and increases mitochondrial bio-
genesis through upregulation of mitochondrial enzymes
such as cytochrome c oxidase I (31, 32). We thus exam-
ined the mRNA expression of PGC-1a and found that
it was significantly increased in both the BO and
BO + RAPA groups, but the magnitude of the increase
was much greater in the BO group. This is consistent
with the decreased upregulation of MHC-I mRNA in
the BO + RAPA group, compared with the BO group.

MCIP1, which is highly expressed in skeletal muscle,
is induced by calcineurin and it inhibits calcineurin
activity, thereby establishing a negative feedback loop.
Consequently, altered upregulation of MCIP1 in response
to mechanical overload may be related to a decrease of
calcineurin activity (16). We therefore examined the
mRNA expression of MCIP1 and found that it was
similarly increased in masseter muscle of BO-rats treated
or not treated with RAPA, suggesting that the calcineurin
pathway was not affected by inhibition of the Akt/mTOR
pathway through modulation of MCIP1 upregulation
in BO-rats.

Foxo and mTOR are major downstream targets of
Akt and activation of the Akt/Foxo pathway leads to
inhibition of calcineurin activity (16). We therefore
examined the involvement of the Akt/Foxo pathway by
measuring mRNA expression of downstream molecules
of Foxo, that is, E3 ubiquitin ligase atrogin-1 and
MuRF1, which are involved in ubiquitin-mediated
proteolysis of calcineurin in cardiac muscle (15, 16, 26,
27). There was no difference among the four groups,
suggesting that the calcineurin pathway would not have
been affected through modulation of the Akt/Foxo path-
way in our experimental model.

Taken together, our experimental results indicate that
the Akt/mTOR pathway plays an important role both
in the development of hypertrophy and in fast-to-slow
MHC isoform transition, independently of the calcineurin
pathway (Fig. 6). Therefore, pharmacological activation
of the Akt/mTOR pathway may provide a means to
improve rhythmic movement and contractility by in-
creasing the fast twitch fibers in masseter muscle for the
treatment of masticatory dysfunction due to masseter
muscle wasting and weakness.
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