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Introduction

Abstract

Resistance training with eccentric contraction has been shown to augment
muscle hypertrophy more than other contraction modes do (i.e., concentric
and isometric contraction). However, the molecular mechanisms involved
remain unclear. The purpose of this study was to investigate the effect of mus-
cle contraction mode on mammalian target of rapamycin complex 1
(mTORC1) signaling using a standardized force-time integral (load
(weight) x contraction time). Male Sprague—Dawley rats were randomly
assigned to three groups: eccentric contraction, concentric contraction, and
isometric contraction. The right gastrocnemius muscle was exercised via per-
cutaneous electrical stimulation-induced maximal contraction. In experiment
1, different modes of muscle contraction were exerted using the same number
of reps in all groups, while in experiment 2, muscle contractions were exerted
using a standardized force-time integral. Muscle samples were obtained imme-
diately and 3 h after exercise. Phosphorylation of molecules associated with
mTORCI activity was assessed using western blot analysis. In experiment I,
the force-time integral was significantly different among contraction modes
with a higher force-time integral for eccentric contraction compared to that
for other contraction modes (P < 0.05). In addition, the force-time integral
was higher for concentric contraction compared to that for isometric contrac-
tion (P < 0.05). Similarly, p70S6K phosphorylation level was higher for eccen-
tric contraction than for other modes of contraction (P < 0.05), and
concentric contraction was higher than isometric contraction (P < 0.05) 3 h
after exercise. In experiment 2, under the same force-time integral, p70S6K
(Thr389) and 4E-BP1 phosphorylation levels were similar among contraction
modes 3 h after exercise. Our results suggest that mTORCI activity is not
determined by differences in muscle contraction mode itself. Instead,
mTORCI activity is determined by differences in the force-time integral dur-
ing muscle contraction.

greater extent than muscle protein breakdown does.

Skeletal muscle is an essential tissue for motion. The mag-
nitude of the muscle power output is dependent on skele-
tal muscle mass (Bamman et al. 2000). Therefore, skeletal
muscle mass is an important factor augmenting the exer-
tion of muscle power. Skeletal muscle mass is regulated
by the net balance of muscle protein synthesis and muscle
protein breakdown. An acute bout of resistance exercise
increases the amount of muscle protein synthesis to a
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Thereby, the net balance of protein metabolism improves
significantly for up to 48 h after exercise (Phillips et al.
1997). Repeated bouts of exercise can induce muscle pro-
tein accumulation, and subsequently hypertrophy (Adams
and Haddad 1996).

Mammalian target of rapamycin complex 1 (mTORCI1)
is a kinase complex that consists of mTOR, PRAS40,
GBL, Raptor, and Deptor. Activation of mTORCI
increases ribosomal protein S6 kinase beta-1 (p70S6K)
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and/or eukaryotic translation initiation factor 4E-binding
protein 1 (4E-BP1) phosphorylation, which is the addi-
tion of phosphate to specific amino acid residue of pro-
tein kinase and activation with no effect on protein
abundance (Bolster et al. 2003; Kubica et al. 2005). Phos-
phorylated p70S6K upregulates ribosomal protein S6
activity that is a component of the 40S ribosomal subunit
(Chung et al. 1992). Phosphorylation of 4E-BP1 leads to
eukaryotic initiation factor 4F formation (eIF4F), which
binds to the 5’ cap of the mRNA and recruiting 40S ribo-
somal subunit. This series of processes increases mRNA
translation, and subsequently protein synthesis (Gingras
et al. 1999). A change in the phosphorylation level of
p70S6K and 4E-BP1 is highly correlated with the muscle
protein synthesis rate after resistance exercise (Burd et al.
2010a,b). Thus, resistance exercise-induced increases in
muscle protein synthesis can be predicted by p70S6K and
4E-BP1 phosphorylation levels. Recent investigations have
suggested that extracellular signal-regulated kinase 1/2
(ERK1/2) of mitogen-activated protein kinase (MAPK)
signaling activates mTORCI via tuberous sclerosis com-
plex 2 (TSC2) inhibition or regulatory-associated protein
of mTOR (Raptor) phosphorylation (Ma et al. 2007;
Miyazaki et al. 2011; Frey et al. 2013). In addition, pro-
tein kinase B (Akt) also regulates mTORCI activity
through mTOR and several kinases (Inoki et al. 2002;
Chiang and Abraham 2005). Previous studies have
reported that ERK1/2 and Akt are phosphorylated by
resistance exercise and mechanical loading (Nader and
Esser 2001; Bolster et al. 2003; Miyazaki et al. 2011); thus,
these kinases contribute to mechanical stress-induced
mTORCI activation (Hornberger et al. 2004; You et al.
2012). A detailed review on mTORCI activation and its
relation to the regulation of muscle protein metabolism is
published elsewhere (Goodman 2014).

It is well known that muscle contraction is carried out
by eccentric contraction (lengthening), concentric con-
traction (shortening), or isometric contraction. Previous
studies have shown that eccentric contraction increases
mTORC1 activation to a greater extent than other con-
traction modes does. Animal experiments have also
demonstrated that eccentric contraction induces higher
p70S6K phosphorylation levels than concentric and iso-
metric contraction does (Nader and Esser 2001; Burry
et al. 2007). In addition, human studies have reported
that p70S6K phosphorylation is higher in eccentric con-
traction than in concentric contraction after resistance
(Eliasson et al. 2006; Rahbek et al. 2014).
Together, these studies have shown that eccentric contrac-
tion consistently induces higher mTORCI activation com-
pared to that induced by other contraction modes.

It is well known that the force-time integral (area
under the real-time contact force curve, or load

exercise
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(weight) x contraction time) also affects the magnitude
of mTORCI activation. Terzis et al. (2010) have reported
that the level of mTORCI activation relates to the num-
ber of sets during resistance exercise in humans. Similarly,
three sets of resistance exercises produce higher p70S6K
phosphorylation and subsequent muscle protein synthesis
than does one set of resistance exercise (Burd et al.
2010a). Resistance exercise-induced increases in muscle
protein synthesis also depend on exercise intensity (repe-
tition maximum) (Kumar et al. 2009). However, exercise
at 30% of a 1 repetition maximum (I1RM) compared with
90% of a 1RM has been shown to exert a larger exercise
volume (force-time integral), a greater increase in p70S6K
phosphorylation level, and greater muscle protein synthe-
sis than does 90% at a 1RM in the human study (Burd
et al. 2010b). These findings indicate that exercise volume
load is a critical determining factor in mTORCI1 activity
and muscle protein synthesis levels after resistance exer-
cise. Previous studies assessing the effect of different con-
traction modes on mTORCI activity using similar
contraction times (same total number of reps) have shown
that eccentric contraction also induces higher exercise vol-
ume loads compared with other contraction modes (Elias-
son et al. 2006; Rahbek et al. 2014). Hence, eccentric
contraction-induced higher mTORCI activation may also
be triggered by the magnitude of the exercise volume load.
Previous experiments have suggested that divergence in
muscle contraction modes also differentially affects
mTORC1 upstream regulators such as ERK1/2 and Akt.
Franchi et al. (2014) have reported that ERK1/2 activation
is higher in eccentric contraction compared to concentric
contraction in humans. Additionally, animal studies have
shown that eccentric contraction induces higher Akt phos-
phorylation compared to concentric contraction (Nader
and Esser 2001). Therefore, contraction mode-induced dif-
ferences in mTORCI activity may be regulated by a differ-
ence in mTORCI upstream-regulator activation. However,
there are no current studies assessing the effect of different
contraction modes on mTORCI and upstream-regulator
activity during resistance exercise with a matched force-
time integral. Additionally, the mechanism of the effect of
different muscle contraction modes on the level of
mTORCI1 activity is poorly understood. Therefore, the
purpose of this study was to investigate the effect of differ-
ent contraction modes on mTORC1 signaling with consid-
eration of force-time integral using an in vivo model.

Materials and Methods

Animals and experimental procedure

The study protocol was approved by the Ethics Commit-
tee for Animal Experiments at Ritsumeikan University,
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Table 1. Animal characteristics.

Contraction Mode and mTORC1 Activity

CON EC

CcC IC

Body weight, g
Gastrocnemius muscle wet weight, g
Experiment 1

371.7 £ 8.8

378.1 £ 84 380.7 £ 8.3

0h 2.05 + 0.02 2.18 + 0.03* 2.36 + 0.03*'% 2.21 + 0.04%

3h 2.1 4+ 0.03 2.18 + 0.03 2.24 + 0.04 1.96 + 0.04
Experiment 2

0h 2.08 + 0.02 2.37 + 0.06* 2.39 + 0.06* 2.38 + 0.1%

3h 1.97 + 0.08 2.04 + 0.08 2.16 + 0.09 1.99 + 0.03

Values are means =+ SE.

CON, control muscle; EC, eccentric contraction; CC, concentric contraction; IC, isometric contraction.

P < 0.05 vs. CON.
P < 0.05 vs. EC.
P < 0.05 vs. CC.

Japan. Sixty Sprague-Dawley rats, aged 10 weeks, were
purchased from CREA Japan (Tokyo, Japan). All animals
were housed for 1 week in an environment maintained at
22-24°C with a 12 h-12 h light-dark cycle and received
food and water ad libitum. The rats were ran-
domly assigned to three experimental groups (n =5/
group/time point) designated as: eccentric contraction
(EC; weight, 371.7 & 8.8 g), concentric contraction (CC;
weight, 378.1 £+ 8.4 g), and isometric contraction (IC;
weight, 380.7 & 8.3 g). Subsequently, the rats were exer-
cised after a 12 h overnight fast. The rats were killed
immediately or 3 h after an acute bout of exercise, and
the gastrocnemius muscle was removed immediately
(within 5 min). Time points for muscle sampling were
determined based on those used in previous studies. Sam-
pling immediately after exercise was chosen in order to
assess the upstream-regulatory factors of mMTORCI activity,
while sampling 3 h after exercise was selected in order to
evaluate the activation of mMTORCI1 (Nader and Esser 2001;
Ogasawara et al. 2014). After the wet weight of the muscle
was measured (Table 1), the tissues were rapidly frozen in
liquid nitrogen and stored at —80°C until analysis.

Resistance exercise protocols

Under inhaled isoflurane anesthesia (with 2% concentra-
tion used for maintenance of anesthesia; Shinano Seisa-
kusho, Tokyo, Japan), the right lower leg of each rat was
shaved and cleaned with alcohol wipes. The rats were
then positioned with their right foot on a footplate in
the prone posture. The triceps surae muscle was stimu-
lated percutaneously with disposable electrodes (Vitrode
V, Ag/AgCl; Nihon Kohden, Tokyo, Japan), which were
cut to measure 10 mm X 5 mm and connected to an
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electrical stimulator and an isolator. The right gastrocne-
mius muscle was exercised (3 sec stimulation x 10 con-
tractions, with a 7-sec interval between contractions, per
set, with 3-min rest intervals). The nonexercised left gas-
trocnemius muscle served as the internal control (CON).
We previously reported that the percutaneous electrical
stimulation of the gastrocnemius muscle increases
mTORCI activation with concomitant increase in muscle
protein synthesis (Ogasawara et al. 2014; Kido et al.
2016). Moreover, 18 exercise sessions induced muscle
hypertrophy (Ogasawara et al. 2013a). Therefore, we
choose to study the gastrocnemius muscle in this study.
The voltage (~30 V) and stimulation frequency (100 Hz)
were adjusted to produce maximal isometric tension.
The differential contraction mode was achieved by
changing the ankle joint angle (IC, at 90°; EC, 60°-105°;
CC, 105°-60°; joint angular velocity was set at 15°/sec in
both EC and CC groups). Output torque was collected
(torque meter: Unipulse Corporation, Tokyo, Japan; and
A/D converter: CONTEC, Tokyo, Japan) continuously
with a sampling rate of 500 Hz and analyzed using
Microsoft Excel 2011. The mean force-time integral was
calculated using 50,000 points (500 Hz x 100 sec) of
output torque integration per set. Subsequently, values
were integrated for each set. First, as a pilot study, all
groups were exercised using the same exercise time (five
sets) to confirm that our instruments worked similarly
as in previous studies (Experiment 1). Subsequently, the
groups were exercised using a matched force-time inte-
gral (Experiment 2). The number of sets was modified
among the contraction modes (EC, three sets; CC, four
sets; IC, five sets) in order to standardize the groups to
an equivalent force-time integral to five sets of isometric
contraction (~4100 Nm/sec).
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Western blot analysis

Western blot analysis was performed as reported previ-
ously (Kido et al. 2016). Briefly, muscle samples were
homogenized in a homogenization buffer containing
100 mmol/L Tris-HCl (pH 7.8), 1% NP-40, 0.1% SDS,
0.1% sodium deoxycholate, 1 mmol/L EDTA, and
150 mmol/L NaCl, with a protease and phosphatase inhi-
bitor cocktail (Thermo Fisher Scientific, Waltham, MA)
using a pestle homogenizer. Homogenates were cen-
trifuged at 10,000 g for 10 min at 4°C. The supernatant
was removed, and the protein concentration for each
sample was determined using the Protein Assay Rapid kit
(Wako, Osaka, Japan). The samples were diluted in a 3x
sample buffer (1.0% vol/vol B-mercaptoethanol, 4.0% wt/
vol SDS, 0.16 mol/L Tris-HCI, pH 6.8, 43% vol/vol glyc-
erol, and 0.2% wt/vol bromophenol blue) and boiled at
95°C for 5 min. Using 5-20% SDS-polyacrylamide gels,
20 ng of protein was separated by electrophoresis and
subsequently transferred to polyvinylidene difluoride
membranes. After the transfer, the membranes were
washed in Tris-buffered saline containing 0.1% Tween 20
(TBST), and membranes were then blocked with 5% skim
milk in TBST for 1 h at room temperature. After block-
ing, the membranes were washed and incubated overnight
at 4°C with primary antibodies, including p-ERK1/2,
total-ERK1/2, p-Akt (Thr308), p-Akt (Ser473), total Akt,
p-mTOR (Ser2448), total-mTOR, p-p70S6K (Thr389),
total p70S6K, p-Ribosomal protein S6 (rpS6; Ser240/244),
total ribosomal protein S6 (Cell Signaling Technology,
Danvers, MA), p-TSC2 (Ser664; Abcam, Cambridge, UK),
and total TSC2 (Cell Signaling Technology). The mem-
branes were then washed again in TBST and incubated
for 1 h at room temperature with the appropriate sec-
ondary antibodies. Chemiluminescent reagents (Luminata
Forte Western HRP substrate; Merck Millipore, Darm-
stadt, Germany) were used to facilitate the detection of
protein bands. Images were scanned using a chemilumi-
nescence detector (ImageQuant LAS 4000; GE Healthcare,
Buckinghamshire, UK). Band intensities were quantified
using Image] 1.50f (National Institute of Health,
Bethesda, MD). A standardized internal control sample
mixture was used for gel-to-gel validation. The percentage
of variation in the standardized internal control between
gels was approximately 8%. Phosphorylation levels were
determined by the expression of phosphorylated protein
divided by expression of nonphosphorylated total protein.

Statistical analysis

A one-way analysis of variance was used to evaluate
changes in the phosphorylation of signaling molecules
and mechanical parameters. Post hoc analyses were
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performed using t-tests, with a Benjamini and Hochberg
false discovery rate correction for multiple comparisons
when appropriate (JMP 10.0; SAS Cary, NC). All values
are expressed as means £ SE. The level of significance
was set at P < 0.05.

Results

Force production characteristics in different
contraction modes

Peak torque was significantly different among the three
experimental groups, with that in the EC group higher
than that in the other groups (P < 0.05 vs. CC, P < 0.05
vs. IC), and that in the CC group higher than that in the
IC group (Table 2).

Experiment 1: different contraction modes
with similar exercise times

Force-time integral

The mean force-time integral (exercise volume load) was
calculated across the five sets of muscle contraction
(Fig. 1). The mean force-time integral was significantly
different among experimental groups, with that in the EC
group higher compared with that in the other groups
(P <0.05 vs. CC, P<0.05 vs. IC). In addition, the CC
group had a higher force-time integral value compared
with that for the IC group (P < 0.05).

Upstream-regulatory factors of mTORC1

ERK1/2"0r202/Ty1204 51 osphorylation was significantly ele-
vated immediately after exercise in all groups (P < 0.05
vs. CON). However, the level of ERK1/2 phosphorylation
was similar among all groups. Phosphorylation of ERK1/2
returned to the level in the CON at 3 h after exercise
(Fig. 2). Akt"™™3% phosphorylation was significantly ele-
vated immediately after exercise in all groups (P < 0.05

Table 2. Force production characteristics in different contraction
modes.

EC CcC IC

Peak torque, Nm  0.35 + 0.01™ 0.26 +£ 0.01 0.22 + 0.01

Values are means =+ SE.

EC, eccentric contraction; CC, concentric contraction; IC, isometric
contraction.

P < 0.05 vs. CC.

#P < 0.05 vs. IC.
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Figure 1. Force-time integral in different modes of muscle
contraction. EC, eccentric contraction; CC, concentric contraction;
IC, isometric contraction. Values are means + SE. TP < 0.05 vs. CC;
#P < 0.05 vs. IC.

Immediately after 3H
EC cc 9 EC cc Ic
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Figure 2. Phosphorylated ERK1/2 Thr202/Tyr204 relative to total
protein content after different modes of muscle contraction. EC,
eccentric contraction; CC, concentric contraction; IC, isometric
contraction; CON, control muscle; Ex, exercised muscle. Values are
means + SE. *P < 0.05 vs. CON; AU, arbitrary unit.

vs. CON) and was higher in the EC group than in the IC
group (P < 0.05). The level of phosphorylated Akt
was reduced to the level of the CON at 3 h after exercise
(Fig. 3A). Phosphorylation of Akt™™”® was significantly
increased immediately after exercise in all groups
(P <0.05); however, no significant differences were
observed among contraction modes. The level of phos-
phorylated Akt**™7? returned to the level of the CON at
3 h after exercise (Fig. 3B).

Downstream of mTORC1

Phosphorylation of p70S6K™™3%  was significantly
increased immediately and 3 h after exercise in all groups

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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without any significant group differences (P < 0.05 vs.
CON) (Fig. 4). Furthermore, the magnitude of phosphory-
lation was significantly different among contraction modes
at 3 h after exercise. The magnitude of phosphorylation in
the EC group was higher than that of the other contraction
modes (P < 0.05 vs. CC, P <0.05 vs. IC), and the CC
group’s magnitude was higher compared with the IC group
at 3 h after exercise (P < 0.05) (Fig. 4). Immediately after
exercise, ribosomal protein $6°****** was significantly
phosphorylated only in the EC group (P < 0.05 vs. CON).
Subsequently, the phosphorylation of ribosomal protein S6
(rpS6)°>< 249244 yyas significantly increased 3 h after exercise
in all groups (P < 0.05 vs. CON) (Fig. 5).

Experiment 2: different contraction modes
with equivalent force-time integral

Force-time integral

As intended, there was no statistically significant differ-
ence in the mean force-time integral among the three
groups (Fig. 6).

Upstream-regulatory factors of mTORC1

Phosphorylated ~ ERK1/2™20% 17204 yas significantly
increased immediately after exercise (P < 0.05 vs. CON).
Phosphorylation of ERK1/2 returned to the level of that in
the CON by 3 h after exercise (Fig. 7). Phosphorylated
Al 308 (Fig. 8A) and AkgSer473 (Fig. 8B) were signifi-
cantly phosphorylated immediately after exercise in all
groups (P < 0.05 vs. CON). The levels of Akt™3% and
Akt>*™7 phosphorylation returned to the levels of those in
the CON at 3 h after exercise. Phosphorylation of
TSC2%"*%* (Fig. 9) and mTOR>*"***® (Fig. 10) were signifi-
cantly increased immediately and 3 h after exercise in all
groups without any significant group differences (P < 0.05
vs. CON).

Downstream of mTORC1

p70S6K ™8 wyas significantly phosphorylated immediately
and 3 h after exercise in all groups (P < 0.05 vs. CON), but
was not statistically different among the groups (Fig. 11).
Although 4E-BP1 was dephosphorylated immediately after
exercise in all groups (P < 0.05 vs. CON), the phosphoryla-
tion level was increased 3 h after exercise in all groups
(P < 0.05 vs. CON) (Fig. 12). Immediately after exercise,
level of phosphorylated rpS6°#*”*** was significantly
increased only in the IC group (P < 0.05 vs. CON). Never-
theless, rpS6 phosphorylation was observed in all groups at
3 h after exercise (P < 0.05 vs. CON) with no significant
differences among the groups (Fig. 13).
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Figure 3. Phosphorylated Akt Thr308 (A) and Ser473 (B) relative to total protein content after different modes of muscle contraction. EC,
eccentric contraction; CC, concentric contraction; IC, isometric contraction; CON, control muscle; Ex, exercised muscle. Values are means + SE.

*P < 0.05 vs. CON; #P < 0.05 vs. IC; AU, arbitrary unit.
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Figure 4. Phosphorylated p70S6K Thr389 relative to total protein
content after different modes of muscle contraction. EC, eccentric
contraction; CC, concentric contraction; IC, isometric contraction;
CON, control muscle; Ex, exercised muscle. Values are means 4 SE.
*P < 0.05 vs. CON; TP < 0.05 vs. CC; P < 0.05 vs. IC; AU,
arbitrary unit.

Discussion

We sought to investigate the mechanism by which differ-
ent contraction modes affect mTORCI activity using a
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Immediately after 3H
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Figure 5. Phosphorylated rpS6 Ser240/244 relative to total protein
content after different modes of muscle contraction. EC, eccentric
contraction; CC, concentric contraction; IC, isometric contraction;
CON, control muscle; Ex, exercised muscle. Values are means + SE.
*P < 0.05 vs. CON; AU, arbitrary unit.

matched force-time integral. In experiment 1, a difference
in the contraction mode was found to affect the force-
time integral (EC>CC>IC) when the same number of
contractions were applied. The phosphorylation level of
p70S6K was also different among the contraction modes
with EC>CC>IC. In addition, Akt phosphorylation was

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 6. Force-time integral after different modes of muscle
contraction. Values are means =+ SE.
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Figure 7. Phosphorylated ERK1/2 Thr202/Tyr204 relative to total
protein content after different modes of muscle contraction. EC,
eccentric contraction; CC, concentric contraction; IC, isometric
contraction; CON, control muscle; Ex, exercised muscle. Values are
means + SE. *P < 0.05 vs. CON; AU, arbitrary unit.

higher for EC compared to IC. In contrast, the phospho-
rylation level of ERK1/2 and Akt were similar among the
groups in experiment 2, during which the force-time inte-
gral was adjusted to be equal among the experimental
groups. TSC2 and mTOR, downstream of ERK1/2 and
Akt, p70S6K and 4E-BP1 were also phosphorylated simi-
larly among the groups in experiment 2. Therefore, differ-
did not affect the
magnitude of mTORCI activity or upstream-regulator
integral was

ence in the contraction mode

activation levels when the force-time
matched.

In this study, we assessed the effect of differences in
contraction mode on the activity of mTORC1 and
upstream regulators with consideration for the force-time

integral. In order to define the force-time integral, we
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modified a previously used percutaneous electrical muscle
contraction experimental model for animals that had been
built with the capacity to execute the three different con-
traction modes (Ogasawara et al. 2013b; Kido et al
2016). With voluntary contraction, force production is
controlled by neural activity, and a difference in contrac-
tion modes affects the muscle activation level (Tesch et al.
1990; Babault et al. 2001; Beltman et al. 2004). Accord-
ingly, precise standardization of the muscle activation
level is difficult with voluntary contraction in humans,
even with a standardized force-time integral during exer-
cise. On the other hand, electrical stimulation-induced
maximal muscle contraction is suitable for recruiting sim-
ilar neural activation regardless of muscle contraction
mode (Nakazato et al. 2010). We applied an electrical
stimulation-induced maximal muscle contraction with
matched repetitions in experiment 1. As expected, eccen-
tric contraction exerted a higher force-time integral value
compared to other contraction modes, consistent with
previous studies (Franchi et al. 2014; Rahbek et al. 2014).
Based on these results, the total number of sets for the
concentric and eccentric contraction was adjusted in
order to equalize the force-time integral among the three
types of contraction modes for experiment 2.

Mammalian target of rapamycin complex 1 activity is
regulated by several molecular signaling pathways. ERK1/
2, a MAPK, is an upstream regulator of mTORCI activity
through the phosphorylation of TSC2 and Raptor. In this
study, the phosphorylation level of ERK1/2 was similar
among the three groups in both experiments 1 and 2.
The phosphorylation level of TSC2 Ser664 (downstream
of ERK1/2) was found to be similar among the three
groups in experiment 2, while the force-time integral was
the same between groups. In contrast, a previous study
reported that eccentric contraction increases ERK1/2
phosphorylation to a greater degree compared to other
contraction modes; however, the total contraction time of
that study was less than that in this study (total contrac-
tion time, ~1.5 sec vs. 150 sec) (Martineau and Gardiner
2001). ERK1/2 phosphorylation has been shown to relate
to the force-time integral but subsequently saturates
(Aronson et al. 1997; Martineau and Gardiner 2001).
Therefore, ERK1/2 activity may have plateaued in this
study.

Akt, another upstream regulator of mTORCI, activates
mTORC1 by the phosphorylation of mTOR Ser2448 and
PRAS40 (Chiang and Abraham 2005; Wang et al. 2012).
A previous study using an animal model suggested that
differences in contraction mode may influence the Akt
phosphorylation level (Nader and Esser 2001). However,
in that study, concentric and eccentric contractions were
given by co-contracting the tibialis anterior and the
antagonistic soleus simultaneously for an identical
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Figure 8. Phosphorylated Akt Thr308 (A), Ser473 (B) relative to total protein content after different modes of muscle contraction. EC,
eccentric contraction; CC, concentric contraction; IC, isometric contraction; CON, control muscle; Ex, exercised muscle. Values are means + SE.

*P < 0.05 vs. CON; AU, arbitrary unit.
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Figure 9. Phosphorylated TSC2 Ser664 relative to total protein
content after different modes of muscle contraction. EC, eccentric
contraction; CC, concentric contraction; IC, isometric contraction;
CON, control muscle; Ex, exercised muscle. Values are means + SE.
*P < 0.05 vs. CON; AU, arbitrary unit.

contraction time. In experiment 1, the level of Akt phos-
phorylation was higher in the EC group than in the IC
group, which reflects a group difference in the force-time
integral. However, the Akt phosphorylation level was sim-
ilar among contraction modes in experiment 2, when the
force-time integral was matched among groups. Further-
more, the phosphorylation level of mTOR Ser2448, one
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Figure 10. Phosphorylated mTOR Ser2448 relative to total protein
content after different modes of muscle contraction. EC, eccentric
contraction; CC, concentric contraction; IC, isometric contraction;
CON, control muscle; Ex, exercised muscle. Values are means + SE.
*P < 0.05 vs. CON; AU, arbitrary unit.

of the downstream targets of Akt, was not different
among contraction modes under an equivalent force-time
integral in experiment 2. Therefore, our results suggest
that the level of Akt-mTOR signaling activation is deter-
mined by the magnitude of the force-time integral and
not by a difference in contraction mode. Our findings
support Russ’s previous work suggesting that Akt activity
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Figure 11. Phosphorylated p70S6K Thr389 relative to total protein
content after different modes of muscle contraction. EC, eccentric
contraction; CC, concentric contraction; IC, isometric contraction;
CON, control muscle; Ex, exercised muscle. Values are means + SE.
*P < 0.05 vs. CON; AU, arbitrary unit.
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Figure 12. Phosphorylated 4E-BP1 Thr37/46 relative to total
protein content after different modes of muscle contraction. EC,
eccentric contraction; CC, concentric contraction; IC, isometric
contraction; CON, control muscle; Ex, exercised muscle. Values are
means + SE. *P < 0.05 vs. CON; AU, arbitrary unit.

is increased with the force-time integral in situ (Russ
2008).

We found that a difference in contraction mode affects
the magnitude of p70S6K phosphorylation 3 h after exer-
cise with EC>CC>IC in experiment 1. This result supports
previous experiments regarding the effect of different mus-
cle contraction modes on mTORCI activation (Nader and
Esser 2001; Burry et al. 2007). Additionally, we examined
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Figure 13. Phosphorylated rpS6 Ser240/244 relative to total
protein content after different modes of muscle contraction. EC,
eccentric contraction; CC, concentric contraction; IC, isometric
contraction; CON, control muscle; Ex, exercised muscle. Values are
means + SE. *P < 0.05 vs. CON; AU, arbitrary unit.

the effect of different contraction modes on the level of
mTORCI activity under the condition of a standardized
force-time integral and the magnitude of p70S6K phospho-
rylation was found to be similar among the three types of
contraction mode. The phosphorylation level of 4E-BP1
(downstream of mTORCI1) was also similar among all con-
traction modes at every examined time point. Together,
these results suggest that mTORCI activity and translation
initiation are also similar among the three types of contrac-
tion mode under a similar force-time integral. However, a
previous human study reported that eccentric contraction
increases muscle protein synthesis to a greater extent com-
pared to concentric contraction, despite standardizing the
total work (kJ) used during the voluntary contraction
(Moore et al. 2005). Although the reason for this mismatch
is unclear, the way in which the muscle contraction was
derived may have affected the results. As mentioned previ-
ously, the amount of active muscle and pattern of muscle
activity differs between eccentric and concentric contrac-
tion during maximal voluntary contraction (Babault et al.
2001; Beltman et al. 2004). In this study, muscle activation
levels were matched among the contraction modes using
an electrical stimulation-induced maximal muscle contrac-
tion. Further studies are warranted to clarify the impact of
muscle activation level on subsequent mTORCI activity.

In summary, the present work demonstrates that differ-
ences in mTORCI activity among contraction modes
reflects the force-time integral as seen in the case of stan-
dardized contraction times (experiment 1). Moreover, we
found that the level of mTORCI activity was similar
among groups under the

same force-time integral
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(experiment 2). Therefore, difference in contraction
modes is not a direct factor in the regulation of mTORCI
and upstream-regulator activity. Instead, mTORCI signal-
ing activity was determined by a difference in the force-
time integral during contraction. In this study, we focused
on an acute bout of exercise and assessed the effect of dif-
ferent contraction modes on the regulation of signaling
molecules involved in mRNA translation. Our results pro-
vide useful data related to choosing the type of exercise
intervention for rehabilitation purposes, in which resis-
tance exercise with minimal mechanical stress on joints is
preferred for the patient population. However, the longi-
tudinal growth of skeletal muscle also needs other adapta-
tions, including nuclear accretion by mature satellite cells
(Fry et al. 2014). Accordingly, future studies need to
assess the effect of different muscle contraction modes on
prolonged muscle hypertrophy.

Acknowledgements

We are grateful to Dr. Naruhiro Shiozawa for building
and modifying the animal experimental instrument.

Conflict of interest

None declared.

References

Adams, G. R., and F. Haddad. 1996. The relationships among
IGF-1, DNA content, and protein accumulation during
skeletal muscle hypertrophy. J. Appl. Physiol. (1985)
81:2509-2516.

Aronson, D., S. D. Dufresne, and L. J. Goodyear. 1997.
Contractile activity stimulates the c-Jun NH2-terminal
kinase pathway in rat skeletal muscle. J. Biol. Chem.
272:25636-25640.

Babault, N., M. Pousson, Y. Ballay, and J. Van Hoecke. 2001.
Activation of human quadriceps femoris during isometric,
concentric, and eccentric contractions. J. Appl. Physiol.
(1985) 91:2628-2634.

Bamman, M. M., B. R. Newcomer, D. E. Larson-Meyer, R. L.
Weinsier, and G. R. Hunter. 2000. Evaluation of the
strength-size relationship in vivo using various muscle size
indices. Med. Sci. Sports Exerc. 32:1307-1313.

Beltman, J. G., A. J. Sargeant, W. van Mechelen, and A. de
Haan. 2004. Voluntary activation level and muscle fiber
recruitment of human quadriceps during lengthening
contractions. J. Appl. Physiol. (1985) 97:619-626.

Bolster, D. R., N. Kubica, S. J. Crozier, D. L. Williamson, P. A.
Farrell, S. R. Kimball, et al. 2003. Immediate response of
mammalian target of rapamycin (mTOR)-mediated
signalling following acute resistance exercise in rat skeletal
muscle. J. Physiol. 553:213-220.

2016 | Vol. 4 | Iss. 19 | e12976
Page 10

S. Ato et al.

Burd, N. A,, A. M. Holwerda, K. C. Selby, D. W. West, A. W.
Staples, N. E. Cain, et al. 2010a. Resistance exercise volume
affects myofibrillar protein synthesis and anabolic signalling
molecule phosphorylation in young men. J. Physiol.
588:3119-3130.

Burd, N. A, D. W. West, A. W. Staples, P. ]. Atherton, J. M.
Baker, D. R. Moore, et al. 2010b. Low-load high volume
resistance exercise stimulates muscle protein synthesis more
than high-load low volume resistance exercise in young
men. PLoS ONE 5:e12033.

Burry, M., D. Hawkins, and E. E. Spangenburg. 2007.
Lengthening contractions differentially affect p70s6k
phosphorylation compared to isometric contractions in rat
skeletal muscle. Eur. J. Appl. Physiol. 100:409-415.

Chiang, G. G., and R. T. Abraham. 2005. Phosphorylation
of mammalian target of rapamycin (mTOR) at Ser-2448
is mediated by p70S6 kinase. J. Biol. Chem. 280:25485—
25490.

Chung, J., C. J. Kuo, G. R. Crabtree, and J. Blenis. 1992.
Rapamycin-FKBP specifically blocks growth-dependent
activation of and signaling by the 70 kd S6 protein kinases.
Cell 69:1227-1236.

Eliasson, J., T. Elfegoun, J. Nilsson, R. Kohnke, B. Ekblom,
and E. Blomstrand. 2006. Maximal lengthening contractions
increase p70 S6 kinase phosphorylation in human skeletal
muscle in the absence of nutritional supply. Am. J. Physiol.
Endocrinol. Metab. 291:E1197-E1205.

Franchi, M. V., P. J. Atherton, N. D. Reeves, M. Fluck, J.
Williams, W. K. Mitchell, et al. 2014. Architectural,
functional, and molecular responses to concentric and
eccentric loading in human skeletal muscle. Acta Physiol.
(Oxf). 210:642-654.

Frey, J. W,, B. L. Jacobs, C. A. Goodman, and T. A.
Hornberger. 2013. A role for Raptor phosphorylation in the
mechanical activation of mTOR signaling. Cell. Signal.
26:313-322.

Fry, C. S., J. D. Lee, J. R. Jackson, T. J. Kirby, S. A. Stasko, H.
Liu, et al. 2014. Regulation of the muscle fiber
microenvironment by activated satellite cells during
hypertrophy. FASEB J. 28:1654-1665.

Gingras, A. C., B. Raught, and N. Sonenberg. 1999. elF4
initiation factors: effectors of mRNA recruitment to
ribosomes and regulators of translation. Annu. Rev.
Biochem. 68:913-963.

Goodman, C. A. 2014. The role of mTORCI in regulating
protein synthesis and skeletal muscle mass in response to
various mechanical stimuli. Rev. Physiol. Biochem.
Pharmacol. 166:43-95.

Hornberger, T. A., R. Stuppard, K. E. Conley, M. J. Fedele,
M. L. Fiorotto, E. R. Chin, et al. 2004. Mechanical stimuli
regulate rapamycin-sensitive signalling by a
phosphoinositide 3-kinase-, protein kinase B- and
growth factor-independent mechanism. Biochem. J.
380:795-804.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



S. Ato et al.

Inoki, K., Y. Li, T. Zhu, J. Wu, and K. L. Guan. 2002. TSC2 is
phosphorylated and inhibited by Akt and suppresses mTOR
signalling. Nat. Cell Biol. 4:648-657.

Kido, K., K. Sato, Y. Makanae, S. Ato, T. Hayashi, and S.
Fujita. 2016. Herbal supplement Kamishimotsuto augments
resistance exercise-induced mTORCI signaling in rat skeletal
muscle. Nutrition 32:108-113.

Kubica, N., D. R. Bolster, P. A. Farrell, S. R. Kimball, and L. S.
Jefferson. 2005. Resistance exercise increases muscle protein
synthesis and translation of eukaryotic initiation factor
2Bepsilon mRNA in a mammalian target of rapamycin-
dependent manner. J. Biol. Chem. 280:7570-7580.

Kumar, V., A. Selby, D. Rankin, R. Patel, P. Atherton, W.
Hildebrandt, et al. 2009. Age-related differences in the
dose-response relationship of muscle protein synthesis to
resistance exercise in young and old men. J. Physiol. 587:211—
217.

Ma, L., J. Teruya-Feldstein, P. Bonner, R. Bernardi, D. N.
Franz, D. Witte, et al. 2007. Identification of S664 TSC2
phosphorylation as a marker for extracellular signal-
regulated kinase mediated mTOR activation in tuberous
sclerosis and human cancer. Cancer Res. 67:7106—

7112.

Martineau, L. C., and P. F. Gardiner. 2001. Insight into
skeletal muscle mechanotransduction: MAPK activation is
quantitatively related to tension. J. Appl. Physiol. (1985)
91:693-702.

Miyazaki, M., J. J. McCarthy, M. J. Fedele, and K. A. Esser.
2011. Early activation of mTORCI signalling in response to
mechanical overload is independent of phosphoinositide 3-
kinase/Akt signalling. J. Physiol. 589:1831-1846.

Moore, D. R, S. M. Phillips, J. A. Babraj, K. Smith, and M. J.
Rennie. 2005. Myofibrillar and collagen protein synthesis in
human skeletal muscle in young men after maximal
shortening and lengthening contractions. Am. J. Physiol.
Endocrinol. Metab. 288:E1153-E1159.

Nader, G. A., and K. A. Esser. 2001. Intracellular signaling
specificity in skeletal muscle in response to different modes
of exercise. J. Appl. Physiol. (1985) 90:1936-1942.

Nakazato, K., E. Ochi, and T. Waga. 2010. Dietary apple
polyphenols have preventive effects against lengthening
contraction-induced muscle injuries. Mol. Nutr. Food Res.
54:364-372.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Contraction Mode and mTORC1 Activity

Ogasawara, R., K. Kobayashi, A. Tsutaki, K. Lee, T. Abe, S.
Fujita, et al. 2013a. mTOR signaling response to resistance
exercise is altered by chronic resistance training and
detraining in skeletal muscle. J. Appl. Physiol. (1985)
114:934-940.

Ogasawara, R., K. Sato, K. Higashida, K. Nakazato, and S.
Fujita. 2013b. Ursolic acid stimulates mTORCI signaling
after resistance exercise in rat skeletal muscle. Am. J.
Physiol. Endocrinol. Metab. 305:E760-E765.

Ogasawara, R., K. Sato, K. Matsutani, K. Nakazato, and S.
Fujita. 2014. The order of concurrent endurance and
resistance exercise modifies mTOR signaling and protein
synthesis in rat skeletal muscle. Am. J. Physiol. Endocrinol.
Metab. 306:E1155-E1162.

Phillips, S. M., K. D. Tipton, A. Aarsland, S. E. Wolf, and R.
R. Wolfe. 1997. Mixed muscle protein synthesis and
breakdown after resistance exercise in humans. Am. J.
Physiol. 273:E99-E107.

Rahbek, S. K., J. Farup, A. B. Moller, M. H. Vendelbo, L.
Holm, N. Jessen, et al. 2014. Effects of divergent resistance
exercise contraction mode and dietary supplementation type
on anabolic signalling, muscle protein synthesis and muscle
hypertrophy. Amino Acids. 46:2377-2392.

Russ, D. W. 2008. Active and passive tension interact to
promote Akt signaling with muscle contraction. Med. Sci.
Sports Exerc. 40:88-95.

Terzis, G., K. Spengos, H. Mascher, G. Georgiadis, P. Manta,
and E. Blomstrand. 2010. The degree of p70 S6k and S6
phosphorylation in human skeletal muscle in response to
resistance exercise depends on the training volume. Eur. J.
Appl. Physiol. 110:835-843.

Tesch, P. A., G. A. Dudley, M. R. Duvoisin, B. M. Hather, and
R. T. Harris. 1990. Force and EMG signal patterns during
repeated bouts of concentric or eccentric muscle actions.
Acta Physiol. Scand. 138:263-271.

Wang, H., Q. Zhang, Q. Wen, Y. Zheng, P. Lazarovici, H.
Jiang, et al. 2012. Proline-rich Akt substrate of 40 kDa
(PRAS40): a novel downstream target of PI3k/Akt signaling
pathway. Cell. Signal. 24:17-24.

You, J. S., J. W. Frey, and T. A. Hornberger. 2012. Mechanical
stimulation induces mTOR signaling via an ERK-
independent mechanism: implications for a direct activation
of mTOR by phosphatidic acid. PLoS ONE 7:e47258.

2016 | Vol. 4 | Iss. 19 | 12976
Page 11



