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Summary 
Although electrical muscle stimulation (EMS) of skeletal muscle 
effectively prevents muscle atrophy, its effect on the breakdown 
of muscle component proteins is unknown. In this study, we 
investigated the biological mechanisms by which EMS-induced 
muscle contraction inhibits disuse muscle atrophy progression. 
Experimental animals were divided into a control group and three 
experimental groups: immobilized (Im; immobilization 
treatment), low-frequency (LF; immobilization treatment and 
low-frequency muscle contraction exercise), and high-frequency 
(HF; immobilization treatment and high-frequency muscle 
contraction exercise). Following the experimental period, bilateral 
soleus muscles were collected and analyzed. Atrogin-1 and 
Muscle RING finger 1 (MuRF-1) mRNA expression levels were 
significantly higher for the experimental groups than for the 
control group but were significantly lower for the HF group than 
for the Im group. Peroxisome proliferator-activated receptor γ 
coactivator-1α (PGC-1α) mRNA and protein expression levels in 
the HF group were significantly higher than those in the Im 
group, with no significant differences compared to the Con 
group. Both the Forkhead box O (FoxO)/phosphorylated FoxO 
and protein kinase B (AKT)/phosphorylated AKT ratios were 
significantly lower for the Im group than for the control group 
and significantly higher for the HF group than for the Im group. 
These results, the suppression of atrogin-1 and MuRF-1 
expression for the HF group may be due to decreased nuclear 
expression of FoxO by AKT phosphorylation and suppression of 

FoxO transcriptional activity by PGC-1α. Furthermore, the number 
of muscle contractions might be important for effective EMS. 
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Introduction 
 

Disuse muscle atrophy is caused by various 
factors and leads to deterioration of physical function; the 
disease results in a restriction of activities of daily living, 
an increase in medical expenses and nursing care burden, 
and can even cause mortality [1,2]. Therefore, preventing 
disuse muscle atrophy is essential for maintaining activities 
of daily living and quality of life during medical treatment. 

Disuse muscle atrophy is caused by 
immobilization; decreased muscle protein synthesis and 
enhanced muscle protein degradation are attributable for 
this condition [3]. In particular, early degradation of 
muscle component proteins is predominant following 
immobilization [4-6]. The signaling pathway of the 
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Forkhead box O (FoxO) family regulates skeletal muscle 
atrophy [7,8]. The pathway is associated with the 
ubiquitin-proteasome system, which is involved in the 
degradation of muscle component proteins [9]. 
Specifically, FoxO translocates into the nucleus, promotes 
expression of genes ubiquitin E3 ligases, F-box 
(MAFbx)/atrogin-1 and muscle RING finger 1 (MuRF-1), 
and causes skeletal muscle atrophy [10]. FoxO regulation 
involves phosphorylation by protein kinase B (AKT) and 
peroxisome proliferator-activated receptor-γ coactivator 1α 
(PGC-1α). AKT is phosphorylated in the insulin-like 
growth factor 1 (IGF-1)-phosphoinositide 3-kinase (PI3K) 
pathway upon IGF-1 expression during muscle contractile 
exercise [10,11]. Phosphorylated AKT (p-AKT) then 
phosphorylates FoxO, resulting in its translocation to the 
cytoplasm and subsequent inactivation [12]. PGC-1α 
expression is induced through short-duration and long-term 
exercise [13,14], and represses the transcriptional activity 
of FoxO leading to the suppression of atrogin-1 and 
MuRF-1 expression and proteolysis [15-17]. By contrast, 
in immobilized skeletal muscle, a decrease in p-AKT 
reduces the amount of phosphorylated FoxO (p-FoxO) in 
the cytoplasm and markedly increases nuclear FoxO level 
[1,12,16]. PGC-1α expression reportedly decreases 
immediately after skeletal muscle immobilization [17,18]; 
decreased PGC-1α expression is associated with muscle 
atrophy owing to increased FoxO transcriptional activity 
[17-20]. Thus, changes in expression of p-AKT and PGC-
1α due to skeletal muscle immobilization may be important 
factors in regulating skeletal muscle mass. 

Skeletal muscle tissue metabolism and size of 
muscle fibers undergo changes in response to altered 
mechanical loading caused by exercise or immobilization 
[21,22]. In other words, muscle contractile activity during 
exercise can be an important means of maintaining skeletal 
muscle mass. However, exercise may be restricted due to 
injury or illness. In such cases, electrical muscle 
stimulation (EMS) is a potentially effective intervention 
strategy for suppressing skeletal muscle atrophy and 
increasing muscle mass during disuse [23,24]. Active 
contraction is important for maintaining skeletal muscles 
[25,26], and tetanic contractions at 20-50 Hz with EMS 
have been used in clinical settings to improve skeletal 
muscle mass and function [27,28]. Muscle atrophy in rat 
skeletal muscles was prevented by inducing tetanic 
contractions at 50-100 Hz [26,29]. The molecular 
mechanisms involved in the inhibitory effect of EMS on 
muscle atrophy mainly involve activation of the muscle 
component protein synthesis [22,24]. On the other hand, 

EMS mitigates muscle atrophy by inhibiting the 
degradation of muscle component proteins [30-32]. 
However, the molecular dynamics of p-AKT and PGC-1α 
regarding the FoxO-mediated degradation of these muscle 
component proteins remain unknown. 

Here, we hypothesized that in disuse muscle 
atrophy, phosphorylated AKT- and PGC-1α-mediated 
FoxO dynamics suppress muscle protein degradation 
during EMS muscle contraction. We tested the hypothesis 
by applying EMS muscle contraction to rat soleus muscle 
immediately after immobilization. 
 
Methods 
 
Animals 

Eight-week-old male Wistar rats (CLEA Japan 
Inc., Tokyo, Japan) were maintained at the Center for 
Frontier Life Sciences at Nagasaki University in 
30×40×20-cm cages (two rats/cage) and exposed to  
a 12-h light-12-h dark cycle at an ambient temperature of 
25 °C. Food and water were provided ad libitum. A total of 
39 rats (weighing 259.9±11.5 g each) were randomly 
divided into an experimental group (n=29) and a control 
group (n=10). The rats in the control group were 
maintained without treatment or intervention. The ankle 
joints of rats in the experimental group were subjected to 
the immobilization process as described in our previous 
study [33]. Specifically, rats were anesthetized, and 
a plaster cast was wrapped around both hind limbs from 
the 2-cm upper part of the patella to the hind paw to keep 
the ankle joint in full plantar flexion. The experimental 
group was further divided into immobilized (Im; n=9; 
immobilization treatment only), low-frequency (LF; n=9; 
immobilization treatment and muscle contractile exercise 
with a 2 s (do)/6 s (rest) duty cycle), and high-frequency 
(HF; n=11; immobilization treatment and muscle 
contractile exercise with a 2 s (do)/2 s (rest) duty cycle) 
groups. The experimental protocol was approved by the 
Ethics Review Committee for Animal Experimentation of 
Nagasaki University (approval no. 1903281524). All 
experimental procedures were performed under anesthesia, 
and efforts were made to minimize suffering. 
 
Protocol for electrical stimulation 

Cyclic muscle tetanus contractions were 
performed using an electrical stimulator (Homer Ion, 
Tokyo, Japan) as described previously [34]. The belt 
electrodes were wrapped around the proximal thigh, and 
the distal lower leg and bilateral lower limb skeletal 
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muscles were subjected to electrical stimulation with cast 
removal. Electrical stimulation was applied once daily for 
six days per week for two weeks. The optimal stimulus 
intensity and duration of preliminary experiments were 
determined in accordance with a previous study [34]. 
Specifically, the electrical frequency was set at 50 Hz to 
induce tetanic contractions. Stimulus intensity at 100 % 
maximum voluntary contraction (MVC) was measured, 
and 60 % MVC (most effective in preventing muscle 
weakness) was calculated. The results confirmed that 
4.7 mA corresponded to 60 % MVC. Stimulation time was 
identified by measuring plantar flexor muscle strength at  
a frequency of 50 Hz and stimulation intensity of 4.7 mA. 
The stimulation was applied until the force reached <2.9 N 
(60 % MVC). The results showed that plantar flexion 
muscle force decreased to <2.9 N 28 min and 18 min after 
the start of electrical stimulation in the LH and HF groups, 
respectively. Therefore, the stimulation times for the LH 
and HF groups were set to 20 and 15 min, respectively, as 
reference times without muscle fatigue. 
 
Tissue sampling and preparation 

The rats’ left and right soleus muscles were 
excised 12 h after the final electrical stimulation. After 
measuring the wet weight of the soleus muscle, samples 
from the muscles on the right side were embedded in 
tragacanth gum and frozen in liquid nitrogen. Serial frozen 
muscle cross-sections were mounted on glass slides for 
histological analysis. Part of the left soleus muscle was 
rapidly frozen in liquid nitrogen for western blot analysis. 
The remaining left soleus muscle was treated with 
RNAlater® (Ambion, CA, USA) immediately after 
excision for molecular biological analysis. 
 
Histological analysis 

The muscle cross-sections were stained with 
ATPase (adenosine 5′-triphosphate disodium salt hydrate, 
Merck KGaA) as described previously [35]. The diameter 
of each type of myofiber was determined using 
myofibrillar adenosine triphosphatase (myosin ATPase) 
staining. A pre-incubation solution (pH 10.8) was used to 
stain type I and II myofibers in the soleus muscle. The 
dyed cross-sections of the muscles were evaluated using an 
optical microscope. The ATPase-stained cross-sectional 
areas (CSAs) of type I and II myofibers were analyzed 
using the Scion Image software (National Institutes of 
Health, MD, USA). More than 100 myofiber measu-
rements were recorded per animal. 
 

Molecular biological analysis 
Total RNA was extracted from the soleus muscle 

using the RNeasy Fibrous Tissue Mini Kit (Qiagen, CA, 
USA). To prepare cDNA, total RNA was used as 
a template for the QuantiTect® Reverse Transcription Kit 
(Qiagen). Real-time polymerase chain reaction (RT-PCR) 
was performed using Brilliant III Ultra-Fast SYBR Green 
QPCR Master Mix (Agilent Technologies, CA, USA). The 
cDNA concentration of all samples was unified to 
25 ng/μl; 0.2 μl cDNA was applied to each well. The 
synthetic gene-specific primers used are listed in Table 1. 
The threshold cycle (Ct) was determined using the 
Mx3005P Real-Time QPCR System (Agilent 
Technologies). The mRNA expression of target genes was 
calculated using the ΔΔct method. 
 
Western blotting 

The isolated soleus muscles were subjected to 
polyacrylamide gel electrophoresis (PAGE) and western 
blotting. Some soleus muscles were minced and 
homogenized in ice-cold lysis buffer. The total protein 
concentration was determined using a BCA Protein Assay 
Kit (Thermo Scientific, Carlsbad, CA, USA) and adjusted 
to 2 mg/ml. One-dimensional SDS-PAGE was performed 
to separate the proteins by molecular weight. After 
electrophoretic separation, proteins were transferred onto 
polyvinylidene difluoride membranes. The primary 
antibodies used were FoxO1 (1:10000; ab1799450, 
Abcam), phospho-FoxO1 (Ser 319; 1:10000; PA5-37577, 
Invitrogen), AKT (1:10000; ab233755, Abcam), phospho-
AKT (S473; 1:10000; ab81283, Abcam), PGC-1α (1:2000; 
ab54481, Abcam) and β-actin (1:5000; BioVision; 
Milpitas, CA, USA). The secondary antibody used were 
horseradish peroxidase-conjugated anti-rabbit IgG 
(1:20000; Santa Cruz Biotechnology; Dallas, TX, USA) or 
anti-mouse IgG (1:20000; Thermo Scientific). The protein 
bands were detected using ECL SelectTM Western 
Blotting Detection Reagent (GE Healthcare; Little 
Chalfont, UK) and Image Quant LAS 500 
(GE Healthcare). Band densities were quantified using the 
Scion Image software (Scion, Frederick, MD, USA). 
 
Statistical analysis 

All data are presented as mean ± standard 
deviation. Differences between groups for other parameters 
were assessed using one-way Analysis of Variance, 
followed by Scheffé’s method. Differences were 
considered statistically significant at p<0.05. 
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Table 1. Sequences of primers used for real-time-polymerase chain reaction. 
 

Object 
gene 

Arrangement Gene 
Bank No. Forward Reverse 

Atrogin-1 5’-ACTAAGGAGCGCCATGGATACT-3’ 5’-GTTGAATCTTCTGGAATCCAGGAT-3’ AY059628.1 

MuRF-1 5’-TGACCAAGGAAAACAGCCACCAG-3’ 5’-TCACTCTTCTTCTCGTCCAGGATGG-3’ AY059627.1 
PGC-1α 5’-CAAGCCAAACCAACAACTTTATCTCT-3’ 5’-CACACTTAAGGTTCGCTCAATAGT-3’ NC051349.1 
β-actin 5’-GTGCTATGTTGCCCTAGACTTCG-3’ 5’-GATGCCACAGGATTCCATACCC-3’ BC063166.1 
 
PGC, peroxisome proliferator-activated receptor γ coactivator; MuRF, Muscle RING finger. 
 
 
Table 2. Body weight, muscle wet weight, and ratio of relative weight (muscle wet weight per body weight) of rats after two weeks of 
immobilization and electrical stimulation. 
 

 
Control Immobilization LF HF 

BW (g) 285.60 ± 20.77 245.00 ± 10.90* 236.80 ± 13.90* 238.60 ± 10.60* 
MWW (mg) 124.71 ± 12.80 69.23 ± 4.94* 61.14 ± 10.13* 62.15 ± 4.56* 
RWR (mg/g) 0.43 ± 0.04 0.28 ± 0.02* 0.25 ± 0.04* 0.26 ± 0.02* 

 
BW: body weight, MWW: muscle wet weight, RWR: relative weight ratio, * p<0.05 compared to the control group. 
 
 
Results 
 
Body weight, muscle wet weight, and ratio of relative weight 

Data of body weight, muscle wet weight, and 
ratio of relative weight (muscle wet weight per body 
weight) of rats after two weeks of immobilization and 
electrical stimulation are presented in Table 2. All 
parameters were significantly lower in the experimental 
groups than in the control group. 
 
Assessment of the CSAs of type I and II myofibers 

Assessment of the CSAs of type I and II 
myofibers of ATPase-stained cross-sections of the soleus 
muscle (Fig. 1a) showed that the CSA of type I myofibers 
for the control group was 2515.65±249.08 µm2 whereas 
the CSAs for the Im, LF, and HF groups, two weeks after 
immobilization, were 1295.84±221.88, 1288.59±188.02, 
and 1609.33±170.68 µm2, respectively (Fig. 1b). The 
CSA of type II myofibers was 1738.46±158.73 µm2 for 
the control group whereas the CSAs for the Im, LF, and 
HF groups, two weeks after immobilization were 
934.31±94.28, 942.41±123.07, and 1050.13±128.21 µm2, 
respectively (Fig. 1c). The CSAs of type I and II 
myofibers for the experimental groups were significantly 
lower than those for the control group. Further, the CSA 
of type Ⅰ myofibers for the HF group was significantly 
higher than the CSAs for the Im or LF groups. 
 
 

Atrogin-1 and MuRF-1 mRNA expression 
The atrogin-1 mRNA expression level for the 

control group was 0.96±0.26 whereas the levels for the 
Im, LF, and HF groups, two weeks after immobilization, 
were 2.93±1.49, 2.30±0.83, and 1.85±0.63, respectively 
(Fig. 2a). The MuRF-1 mRNA expression level was 
1.30±0.30 for the control group whereas the levels for the 
Im, LF, and HF groups, two weeks after immobilization, 
were 2.70±1.00, 2.44±0.85, and 2.01±0.68, respectively 
(Fig. 2b). The expression levels of atrogin-1 and MuRF-1 
mRNA were significantly higher for the experimental 
groups than for the control group. Further, the levels for 
the HF group were significantly lower than those for the 
Im or LF groups. 
 
PGC-1α mRNA and protein expression 

The level of PGC-1α mRNA expression was 
0.93±0.15 for the control group whereas the levels for the 
Im, LF, and HF groups, two weeks after immobilization, 
were 0.39±0.11, 0.58±0.08, and 0.99±0.24, respectively 
(Fig. 2c). The level of PGC-1α mRNA expression for the 
Im and LF groups was significantly lower than that for 
the control group. The expression of PGC-1α mRNA in 
the HF group was significantly higher than that in the 
Im group, with no significant differences compared to the 
Con group. The level of PGC-1α protein in the soleus 
muscle was quantified (Fig. 2d). The level of expression 
of PGC-1α protein was 0.34±0.13 for the control group  
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whereas the Im, LF, and HF groups, two weeks after 
immobilization, were 0.09±0.04, 0.18±0.03, and 
0.33±0.16, respectively (Fig. 2e). The PGC-1α protein 
expression for the HF group were significantly higher 
than those in Im group and no significantly differences 
with Con group. 
 
Expression of FoxO1 and p-FoxO1 proteins 

The levels of total FoxO1 and p-FoxO1 proteins 
in the soleus muscle were quantified (Fig. 3a). The total 
expression level of FoxO1 protein was 0.62±0.40 for the 
control group whereas the levels for the Im, LF, and 
HF groups, two weeks after immobilization, were 
0.62±0.32, 0.60±0.20, and 0.62±0.28, respectively 
(Fig. 3b). The level of p-FoxO1 protein expression was 
0.17±0.12 for the control group whereas the levels for the 
Im, LF, and HF groups, two weeks after immobilization, 
were 0.09±0.05, 0.11±0.03, and 0.16±0.10, respectively 
(Fig. 3c). The ratio of FoxO1/p-FoxO1 protein expression 
was 3.89±1.07 for the control group whereas the ratios 
for the Im, LF, and HF groups, two weeks  
after immobilization, were 7.37±2.03, 5.42±1.77, and 
4.32±1.29, respectively (Fig. 3d). The ratio of FoxO1/ 
p-FoxO1 protein expression for the Im group was 
significantly higher than that for the control group. 
Further, the ratio of FoxO1/p-FoxO1 protein expression 
for the HF group was significantly lower that for the 
Im group. The ratio of p-FoxO1/FoxO1 protein 
expression was 0.27±0.07 for the control group whereas 

the ratios for the Im, LF, and HF groups, two weeks after 
immobilization, were 0.14±0.03, 0.21±0.09, and 
0.25±0.09, respectively (Fig. 3e). The ratio of  
p-FoxO1/FoxO1 protein expression for the Im group was 
significantly lower than that for the control group. 
Further, the HF group showed a significantly higher ratio 
of p-FoxO1/FoxO1 protein expression than the Im group. 
 
Expression of AKT and p-AKT protein 

The levels of total AKT and p-AKT in the soleus 
muscle were quantified (Fig. 4a). The total level of 
expression of AKT protein was 0.99±0.45 for the control 
group whereas the levels for the Im, LF, and HF groups, two 
weeks after immobilization, were 0.89±0.25, 1.05±0.35, and 
0.88±0.29, respectively (Fig. 4b). The level of  
p-AKT protein expression was 1.02±0.49 for the control 
group whereas the levels for the Im, LF, and HF groups, two 
weeks after immobilization, were 0.39±0.15, 0.68±0.28,  
and 0.79±0.33, respectively (Fig. 4c). The level of  
p-AKT protein expression for the Im group was significantly 
lower than that for the control group. The ratio of  
p-AKT/AKT protein expression was 1.10±0.38 for the 
control group whereas the ratios for the Im, LF, and 
HF groups, two weeks after immobilization, were 
0.49±0.28, 0.67±0.27, and 0.92±0.29, respectively (Fig. 4d). 
The ratio of p-AKT/AKT protein expression for the 
Im group was significantly lower than that for the control 
group. Further, the HF group showed a significantly higher 
ratio of p-AKT/AKT protein expression than the Im group. 

 
 

 
 
Fig. 1. ATPase-stained cross-sectional areas (CSAs) of type I and II myofibers in the soleus muscle. (a) ATPase staining of the soleus muscle. 
White areas, type I fibers. Black areas, type II fibers. Scale bar, 50 μm. (b) CSA of type I fibers. (c) CSA of type II fibers. Open bars, control 
group (con). Light gray bars, Im group. Dark gray bars, LF group. Black bars, HF group. Data are presented as mean ± standard deviation. 
* Significant difference (p<0.05) compared with the control group. # Significant difference (p<0.05) compared with the Im group. † Significant 
difference (p<0.05) compared with the LF group. Im, immobilization; LF, low-frequency; HF, high-frequency. 
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Fig. 2. mRNA expression of atrogin-1, MuRF-1, and PGC-1α and protein expression of PGC-1α in the soleus muscle. mRNA expression 
of atrogin-1 (a), MuRF-1 (b), and PGC-1α (c) in the soleus muscle. Quantification of PGC-1α (d) and western blot detection of PGC-1α 
and β-actin (e). Open bars, control group (con). Light gray bars, Im group. Dark gray bars, LF group. Black bars, HF group. Data are 
presented as mean ± standard deviation. * Significant difference (p<0.05) compared with the control group. # Significant difference 
(p<0.05) compared with the Im group. † Significant difference (p<0.05) compared with the LF group. Im, immobilization;  
LF, low-frequency; HF, high-frequency. 
 

 
 
Fig. 3. Protein expression of Forkhead box O (FoxO1) and phosphorylated FoxO1 (p-FoxO1) in the soleus muscle. Quantification of 
total FoxO1 and p-FoxO1 (a) in the soleus muscle. Western blot detection of FoxO1 (b), p-FoxO1 (c), and β-actin. The ratios of 
FoxO1/p-FoxO1 (d), p-FoxO1/ FoxO1 (e). Open bars, control group (con). Light gray bars, Im group. Dark gray bars, LF group. Black 
bars, HF group. Data are presented as mean ± standard deviation. * Significant difference (p<0.05) compared with the control group. 
# Significant difference (p<0.05) compared with the Im group. Im, immobilization; LF, low-frequency; HF, high-frequency. 
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Fig. 4. Protein expression of protein kinase B (AKT) and phosphorylated AKT (p-AKT) and in the soleus muscle. Quantification of total 
AKT and p-AKT (a) in the soleus muscle. Western blot detection of AKT (b), p-AKT (c), and β-actin. The ratios of p-AKT/AKT (d). Open 
bars, control group (con). Light gray bars, Im group. Dark gray bars, LF group. Black bars, HF group. Data are presented as 
mean ± standard deviation. * Significant difference (p<0.05) compared with the control group. # Significant difference (p<0.05) 
compared with the Im group. Im, immobilization; LF, low-frequency; HF, high-frequency. 
 
 
Discussion 
 

The degradation of muscle component proteins 
during the early stages of disuse is an important 
contributor to the development and progression of muscle 
atrophy, and strategies to prevent this process are 
required. This study aimed to determine whether p-AKT- 
and PGC-1α-mediated FoxO dynamics suppress muscle 
component protein degradation during EMS muscle 
contraction exercise in disuse muscle atrophy. In the 
following subsections, the mechanisms underlying 
muscle atrophy due to immobility and the effects of 
electrical stimulation on muscle atrophy are discussed. 
 
Immobilization increases the breakdown of muscle 
component proteins in the soleus muscle, leading to 
progressive disuse muscle atrophy 

In the present study, immobilization caused 
a decrease in skeletal muscle mass and CSA in type I and 
type II fibers and increased the expression of atrogin-1 
and MuRF-1. Immobilization promoted the degradation 
of muscle constituent proteins via the ubiquitin-
proteasome system due to the increased expression of 
atrogin-1 and MuRF-1, causing a decrease in muscle 
mass and CSA. Previous studies using immobilized and 
hindlimb fixation models have shown that muscle mass 
and CSA are significantly reduced in the soleus muscle 

[21,36,37]. The ubiquitin-proteasome system is 
considered a major proteolytic pathway during muscle 
fiber atrophy and is involved in the accelerated 
degradation of muscle component proteins [9]. The 
E3 ubiquitin ligases atrogin-1 and MuRF-1 are expressed 
at low levels in normal skeletal muscle but are rapidly 
induced in immobilized muscle and serve as key factors 
leading to muscle atrophy [1,9]. 
 
The AKT/FoxO and PGC-1α/FoxO pathways are 
involved in the enhanced degradation of muscle 
component proteins in skeletal muscle immobilization 

In this study, expression of p-AKT and p-FoxO 
proteins as well as that of PGC-1α mRNA were reduced 
in the soleus muscles of rats in the Im group compared to 
the control group. These changes, occurring due to the 
immobilization of skeletal muscle, caused increased 
nuclear expression and transcriptional activity of FoxO, 
which led to increased expression of atrogin-1 and 
MuRF-1 and finally resulted in accelerated degradation of 
muscle component proteins. Specifically, FoxO has been 
reported to migrate to the nucleus and induce muscle 
atrophy by promoting increased expression of atrogin-1 
and MuRF1 [9]. p-AKT promotes the nuclear exclusion 
and cytoplasmic retention of FoxO and regulates its 
nuclear expression [3,8]. However, immobilization of 
skeletal muscle decreases the phosphorylation of AKT by 
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attenuating phosphorylation signals from the IGF-1/PI3K 
pathway, and promotes the degradation of muscle 
component proteins by inducing dephosphorylation of 
FoxO and increasing its nuclear expression [7]. 
Furthermore, the transcriptional activity of FoxO has 
been shown to correlate with PGC-1α. Previous reports 
have shown that, in denervation following muscle 
atrophy, FoxO transcriptional activity increases in 
response to reduced PGC-1α expression, promoting 
a decrease in skeletal muscle mass [17,20]. In addition, 
mRNA levels of PGC-1α were found to be significantly 
reduced in immobilized models whereas mRNA levels of 
atrogin-1 and MuRF1 were found to be increased [38]. 
Therefore, it can be inferred that increased nuclear 
expression of FoxO due to decreased phosphorylation of 
AKT, and increased transcriptional activity due to 
decreased expression of PGC-1α, contributed to the 
progression of disuse muscle atrophy in the Im group in 
this study by promoting the degradation of muscle 
component proteins of the ubiquitin-proteasome system. 
 
High-frequency muscle contraction exercise induced by 
electrical stimulation prevents the decrease of CSA of 
immobilized soleus muscle 

The present study showed no significant 
differences in CSA between the LF and Im groups. In 
contrast, atrophy of the type I CSA muscle was lower for 
the HF group compared to that for the Im or LF groups. 
Because the number of muscle contraction exercises per 
day was 150 and 225 for the LF and HF group, 
respectively, it was inferred that the high-frequency of 
muscle contraction exercises by electrical stimulation 
suppressed the decrease in the CSA of the immobilized 
soleus muscle. Previous studies have reported that EMS 
attenuates disuse atrophy in the soleus muscle [39,40] and 
that the efficiency of EMS depends on the frequency and 
intensity of stimulation as well as the duration and 
number of contractions [40]. Further, the number of 
muscle contractions per day affects the optimal 
maintenance of muscle mass, with a minimum of 
200 contractions per day being required [41]. 
 
EMS with a high frequency of muscle contraction 
exercise promotes phosphorylation of AKT and 
expression of PGC-1α 

In the present study, the HF group expressed 
more p-AKT than the Im group, which mitigated the 
reduction in p-FoxO expression. This was presumed to 
indicate reduced nuclear FoxO expression. The beneficial 

effects of EMS on muscle atrophy are attributed to the 
molecular responses occurring in skeletal muscles [2]. 
Electrical stimulation of the skeletal muscle promotes 
AKT phosphorylation [42]. p-AKT phosphorylates FoxO, 
which translocates to the cytoplasm leading to a reduced 
expression in the nucleus [12,42]. In this study, PGC-1α 
mRNA and protein expression was significantly lower in 
the Im and LF groups compared with the Con group. 
However, both expressions of PGC-1α in the HF group 
were significantly higher than those in the Im group, with 
no significant differences with Con group. These results 
indicate that muscle contraction exercise in the HF group 
prevented the decrease in PGC-1α expression caused by 
immobilization. It has been previously shown that 
repeated muscle contraction exercise induces  
PGC-1α expression [13,14]. Furthermore, local 
overexpression of PGC-1α suppresses the transcriptional 
activity of FoxO in disuse muscle atrophy [18] and 
suppresses the expression of Atrogin-1 and MuRF-1 [17]. 
Based on the above, we speculate that frequent 
electrically-stimulated muscle contraction exercise 
inhibits the progression of disuse muscle atrophy by 
enhancing AKT phosphorylation and PGC-1α expression 
and suppressing the increase in nuclear transcriptional 
activity of FoxO associated with immobilization. 
 
Limitations 
 

This study has several limitations. First, it 
remains to be determined whether the EMS stimulation 
conditions used in this study were the most effective. 
Further investigation is needed because electrical 
stimulation conditions may vary in effectiveness with 
different frequencies, intensities, duty cycles, duration, 
and daytime sessions. In addition, the present study 
showed efficacy only in type I CSA but could not explain 
this phenomenon. Therefore, a detailed validation based 
on muscle fiber type is required. Furthermore, data on the 
causal relationship between cellular and molecular events 
needs to be comprehensive. Future studies using 
antagonists or inhibitors are warranted to address these 
limitations. 
 
Conclusions 
 

Suppression of nuclear expression of FoxO 
associated with AKT phosphorylation and the 
transcriptional activity of FoxO via PGC-1α may halt the 
progression of disuse muscle atrophy. Furthermore, the 
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number of muscle contractions might be important for 
effective EMS. 
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