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The present study investigated whether treadmill exercise with bone 
marrow stromal cells (BMSCs) transplantation increase expression lev-
el of protein synthesis-related molecules in the soleus muscle after spi-
nal cord injury (SCI). The spinal cord contusion injury was performed at 
the T9–10 level using the impactor (10 g× 25 mm). BMSCs were cultured 
from femur and tibia of 4-week-old rats and then transplanted directly 
into the lesion 1-week post injury. The rats in exercise group were walk-
ing on treadmill device for 6 days per a week during 6 weeks. Prepared 
soleus muscles were used for examining mechanisms of protein syn-
thesis after SCI. Myostatin induction level was increased by SCI, but 
BMSCs engrafting after SCI decreased compared to SCI group. Combi-
nation of treadmill exercise with BMSCs showed more potent decre-
ment on myostatin expression. Protein kinase B (Akt) and mammalian 
target of rapamycin (mTOR) levels were significantly increased in SCI 

and BMSCs transplantation group compared to SCI group. Combination 
of treadmill exercise with BMSCs further facilitated expression levels of 
Akt and mTOR. Insulin-like growth factor-I (IGF-I) and phosphorylated 
cyclic adenosine monophosphate response element-binding protein 
(p-CREB) induction levels were more increased in SCI and BMSC trans-
plantation group compared to SCI group. Combination of treadmill exer-
cise with BMSCs further increased expression levels of IGF-I and 
p-CREB, although statistical significance was not appeared. Combining 
treadmill exercise with BMSCs transplantation might accelerate protein 
synthesis and hypertrophy in the soleus muscle after SCI through acti-
vation of IGF-I/mTOR signaling pathway.
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INTRODUCTION

After spinal cord injury (SCI), astrocytes and olygodencrocytes 
around the injury area secrete inhibitory substrates to prevent the 
regeneration, leading to reactive astrocyte formation, glial scar, 
axonal dieback, demyelination in the injured spinal cord (DePaul 
et al., 2017; Thompson and Sakiyama-Elbert, 2018). For the suc-
cess of spinal cord regeneration, cell transplantation therapy using 
neural stem cells, Schwann cells, fibroblasts, and bone marrow 
stromal cells (BMSCs) has been attempted (Ide et al., 2010; Ou-

dega and Xu, 2006). 
In particular, BMSCs do not have side effect and ethical prob-

lem because they are extracted from the patient’s bone marrow. 
Engrafting BMSCs could improve neuroplasticity and motor 
functional recovery of the injured spinal cord through up-regula-
tion of brain-derived neurotropic factor (BDNF)-tyrosine kinase B 
receptor signaling pathway (Tu et al., 2018). BDNF and nerve 
growth factor in the central and peripheral nervous system are ac-
tivated by regular low- and middle-intensity exercise (Jung et al., 
2016; Tian et al., 2018). In the field of spinal cord regeneration, 
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voluntary physical activity increased locomotor functions after SCI 
through activation of neurotrophic factors into the injury site (Seo 
et al., 2013; Wheaton et al., 2013). 

Decreased physical activity by SCI up-regulates the expression 
of the atrophy-related proteins and down-regulates the ability to 
use oxygen in the skeletal muscle, and then leads to loss of func-
tional capacity (Ibitoye et al., 2016). For inhibition of skeletal 
muscle atrophy by SCI, cell transplantation therapy and physical 
activity have been applied in spinal cord injured rats and patients. 

Regenerative mechanism of the injured spinal cord by cell en-
grafting or exercise has been well documented, but the synergistic 
effect of combined cell transplantation and exercise on prevention 
of the muscle atrophy after SCI is still unclear. Therefore, the pres-
ent study investigated whether treadmill exercise combined with 
BMSCs transplantation increased activation of protein synthesis- 
related signaling pathway, myostatin, protein kinase B (Akt), mam-
malian target of rapamycin (mTOR), insulin-like growth factor-I 
(IGF-I), phosphorylated cyclic adenosine monophosphate response 
element-binding protein (p-CREB), in the soleus muscle after SCI.

MATERIALS AND METHODS

Animals and treatments
Forty adult male Sprague-Dawley rats (180±10 g, 6 weeks old) 

were maintained in an animal room with a regulated temperature. 
The experimental procedures were performed in accordance with 
the animal care guidelines of the National Institute of Health and 
the Korean Academy of Medical Sciences. The animals were ran-
domly divided into four groups (n=10 in each group): control 
group, SCI group, SCI and BMSCs transplantation group, and 
SCI and BMSCs transplantation with treadmill exercise group.

Spinal cord contusion injury
Spinal cord contusion injury was induced according to the pre-

viously described method (Kim et al., 2017). The rats were anes-
thetized with Zoletil 50 (10 mg/kg, intraperitoneally; Vibac Lab-
oratories, Carros, France). A laminectomy was performed to ex-
pose the spinal cord at thoracic level T9–10 without disrupting 
the dura. A contusion injury was created using the New York 
University Impactor System (NYU impactor, New York, NY, 
USA) by dropping a 10-g impactor from 2.5-cm height onto the 
exposed dura. 

BMSCs culture and transplantation
BMSCs were obtained by perfusion through femur and tibia of 

4-week-old rats, as the previously described method (Kim et al., 
2018; Shin et al., 2016). Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium with 20% fetal calf serum. Seven days later, 
cultured BMSC at a density of 5×106 in 50-μL phosphate-buff-
ered saline (PBS) was injected into the cavity of the injured spinal 
cord using a micro syringe with a 30-gauge needle. 

Treadmill exercise protocol
The rats in the exercise group were conducted daily by having 

the rats run at a speed of 8 m/min on a horizontal platform for 30 
min once a day, 6 days a week for 6 weeks. 

Western blot analysis 
The animals were fully anesthetized using Zoletil 50 (10 mg/ kg, 

intraperitoneally) and then the soleus muscle was dissected. West-
ern blot analysis was performed to investigate expression levels of 
atrophy- and hypertrophy-related proteins in the soleus muscle af-
ter SCI according to the previously described method (Kim et al., 
2018). Bilateral soleus muscles located under the gastrocnemius 
were prepared and washed with ice-cold PBS. All samples were 
sonicated in 1,000 mL of Triton lysis buffer. Protein separation 
was performed using a 10% polyacrylamide with 0.05% bis- 
acrylamide. Proteins were then transferred to nitrocellulose and 
the blots were probed with anti-myostatin mouse monoclonal an-
tibody (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, 
USA), anti-Akt rabbit polyclonal antibody (1:1,000, Cell Signal-
ing Technology, Danvers, MA, USA), anti-p-CREB rabbit poly-
clonal antibody (1:1,000, Cell Signaling Technology), anti-mTOR 
rabbit polyclonal antibody (1:500, Cell Signaling Technology), 
anti-IGF-I rabbit monoclonal antibody (1:1,000, Santa Cruz Bio-
technology), and anti-β-actin mouse monoclonal antibody 
(1:3,000, Santa Cruz Biotechnology). Peroxidase anti-rabbit IgG 
(1:5,000, Vector Laboratories, Burlingame, CA, USA) and peroxi-
dase anti-mouse IgG (1:5,000, Vector Laboratories) were used as 
the secondary antibodies. Immunoreactivity was detected by en-
hanced chemiluminescence (Santa Cruz Biotechnology).

Data analysis
The detected bands were calculated densitometrically using 

Molecular Analyst, version 1.4.1 (Bio-Rad, Hercules, CA, USA). 
Statistical analysis was performed using one-way analysis of vari-
ance followed by Duncan post hoc test, and the results were ex-
pressed as the mean±standard error of the mean. Significance was 
set as P<0.05.
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RESULTS

Changes of myostatin expression level
The expression level of myostatin in soleus muscle of the in-

jured spinal cord is presented in Fig. 1. Myostatin induction level 
was increased by SCI, but BMSCs engrafting after SCI decreased 
compared to SCI group. In particular, combination of treadmill 
exercise with BMSCs showed more potent decrement on myosta-
tin expression, suggesting that treadmill exercise combined with 
BMSCs helps to reduce skeletal muscle atrophy of the injured spi-
nal cord.

Changes of Akt and mTOR levels
The expression levels of Akt and mTOR in the injured spinal 

cord are presented in Fig. 2. Both Akt and mTOR levels were 
significantly increased in SCI and BMSCs transplantation group 
compared to SCI group. Combination of treadmill exercise with 
BMSCs further facilitated expression levels of Akt and mTOR, 
suggesting that treadmill exercise combined with BMSCs helps 
to activate hypertrophy-related protein synthesis in the skeletal 
muscle after SCI.

Changes of IGF-I and p-CREB levels
The expression levels of IGF-I and p-CREB in the injured spi-

nal cord are presented in Fig. 3. IGF-I and p-CREB induction 

levels were more increased in SCI and BMSC transplantation 
group compared to SCI group. Combination of treadmill exercise 
with BMSCs further increased expression levels of IGF-I and 

Myostatin

β-actin

A B C D

Fig. 1. Myostatin expression in the soleus muscle. Upper panel: Representa-
tive expressions of myostatin and β-actin. Lower panel: Relative myostatin ex-
pression. A, control group; B, spinal cord injury (SCI) group; C, SCI and bone 
marrow stromal cells (BMSCs) transplantation group; D, SCI and BMSCs 
transplantation with treadmill exercise group. *P< 0.05 compared to control 
group. #P< 0.05 compared to SCI group. †P< 0.05 compared to SCI and BMSCs 
transplantation group. 

1.5

1.0

0.5

0
A B C D

#

†

Re
la

tiv
e 

M
yo

st
at

in
 p

ro
te

in
 e

xp
re

ss
io

n 
(O

.D
.)

*

Fig. 2. Protein kinase B (Akt) and mammalian target of rapamycin (mTOR) expressions in the soleus muscle. Upper panel: Representative expressions of Akt, mTOR, 
and β-actin. Lower panel: Relative Akt and mTOR expressions. A, control group; B, spinal cord injury (SCI) group; C, SCI and bone marrow stromal cells (BMSCs) 
transplantation group; D, SCI and BMSCs transplantation with treadmill exercise group. *P< 0.05 compared to control group. #P< 0.05 compared to SCI group. 
†P< 0.05 compared to SCI and BMSCs transplantation group. 
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p-CREB, although statistical significance was not appeared.  

DISCUSSION

To restore locomotor capacity after SCI, many researchers focused 
on restoring the lost neuronal cell and axonal sprouting around 
the spared spinal tissue, applying cell transplantation technique 
and regular exercise (Ide et al., 2010; Kim et al., 2017; Seo et al., 
2013). But recent studies have emphasized that spinal cord regen-
eration can be successfully achieved when minimizing skeletal 
muscle atrophy with positive histological changes in the spinal 
nerves (Giangregorio and McCartney, 2006). Following SCI, cross 
sectional area of skeletal muscle decreases by 30% to 50%, result-
ing from disuse and immobilization (Gorgey and Shepherd, 2010). 
The loss of muscle mass is induced by activation of myostatin 
(growth differentiation factor-8), which is an extracellular cyto-
kine to inhibit muscle cell growth and differentiation. 

In the present study, we examined expression level of myostatin 
in the soleus muscle after SCI and combination of treadmill exer-
cise with BMSCs engrafting significantly decreased myostain 
compared to other groups.   

Myostatin is an extracellular cytokine mostly expressed in skel-
etal muscles and known to play a crucial role in the negative reg-
ulation of muscle mass. Myostatin initiates several different sig-
naling cascades resulting in the upregulation of the atrogenes and 

downregulation of the important for myogenesis genes (Elkina et 
al., 2011). Serum myostatin level in patients with SCI is statisti-
cally higher than those in healthy people (Invernizzi et al., 2015). 
Long et al. (2019) reported that blocking extracellular activation 
of myostatin provides a critical approach to increase protein syn-
thesis in the skeletal muscle after SCI. For this reason, we thought 
that regular physical activity combined with BMSCs transplanta-
tion might be new therapeutic way to decrease muscle atrophy 
through activating skeletal muscle metabolism after SCI. 

As mentioned above, these secondary changes of muscular sys-
tem after SCI can increase the risk of metabolic disorders, such as 
osteoporosis, obesity, and diabetes (Chen and Stein, 2003). Several 
researchers studying on spinal cord regeneration have interested in 
the skeletal muscle hypertrophy in order to improve quality of life 
(Gorgey and Shepherd, 2010). IGF-1, belongs to IGF ligand, is 
highly correlated with the growth, development and hypertrophy 
of skeletal muscle (Velloso, 2008). Elkina et al. (2011) represent 
that IGF-I is inhibited when myostatin is overexpressed, and the 
absence of IGF-I increased apoptosis via upregulation of myosta-
tin in C2C12 cells (Amirouche et al., 2009) as well as in muscle 
hypertrophy, IGF-I has been considered as a key protein to induce 
phosphatidyl inositol 3-kinase (PI3K), Akt, and mTOR signaling 
pathway. Retamales et al. (2015) suggested that myoblast differ-
entiation and increase of cross-sectional area in skeletal muscle 
were facilitated by activating induce IGF-1/PI3K/Akt and mTOR 

Fig. 3. Insulin-like growth factor-I (IGF-I) and phosphorylated cyclic adenosine monophosphate response element-binding protein (p-CREB) expressions in the soleus 
muscle. Upper panel: Representative expressions of IGF-I, p-CREB, and β-actin. Lower panel: Relative IGF-I and p-CREB expressions. A, control group; B, spinal cord 
injury (SCI) group; C, SCI and bone marrow stromal cells (BMSCs) transplantation group; D, SCI and BMSCs transplantation with treadmill exercise group. *P< 0.05 
compared to control group. #P< 0.05 compared to SCI group. 
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signaling pathway. 
In our study, we found that combination of treadmill exercise 

with BMSCs engrafting significantly up-regulated expression lev-
els of IGF-I, Akt, and mTOR in soleus muscle after SCI. We 
speculate that exercise-mediated functional crosstalk between 
IGF-I downstream molecules and myostatin can suppress the 
apoptosis of satellite cells and atrophy in the muscle. Therefore, 
the present findings demonstrated the possibility that combining 
treadmill exercise with BMSCs transplantation might accelerate 
protein synthesis and hypertrophy in the soleus muscle after SCI 
through activation of IGF-I/mTOR signaling pathway.
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