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ABSTRACT 

Nerve injury commonly contributes to irreversible functional impairment, reconstruction of the function of muscle is 
big challenge. In denervated skeletal muscle, therapid expression of MyoD mRNA and protein also occurs during early 
postdenervation, which suggested that the function of denervation-induced MyoD may be to prevent denervation-in- 
duced skeletal muscle atrophy. However, the detail mechanism is not clear. Therefore, in this study, we established a 
stable-transfected MyoD L6 cell line. After the operation for cutting the rats’ tibial nerve, the MyoD-L6 cells were in- 
jected in the gastrocnemius, the function of the gastronemius was monitored. It was found that injected the MyoD-L6 
cells could attenuate the muscle atrophy and dysfunction. Therefore, overexpression of MyoD could serve as a new 
therapy strategy to cure denervation-induced dysfunction of skeletal muscle. 
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1. Introduction 

Nerve injury contributes to irreversible functional im- 
pairment, for example, destroying the nerve controlling 
skeletal muscle will result in skeletal muscle atrophy and 
dysfunction, which will seriously affect patients’ lives 
[1,2]. To find a feasible solution, the research work in the 
world main focus on three fields: firstly, shortening the 
distance the nerve growth; Secondly, promoting nerve 
growth; On the other hand, attenuating the denervated 
skeletal muscle atrophy [1,3-6]. In clinical work, we 
commonly observed that nerve injury lead to the dys- 
function of skeletal muscle because the muscle has al- 
ready became to fibering before the nerve regeneration 
[7]. Therefore, if an effective solution to attenuate skele- 
tal muscle atrophy until the injury nerve regeneration, it 
will abolish the dysfunction of skeletal muscle resulted 
by denervation. 

MyoD is a member of the basic-helix-loop-helix fam- 
ily of proteins and acts as a transcriptional factor in sev- 
eral skeletal muscle-specific genes [8-10]. In normal 
embryonic development MyoD is upregulated at the time 
when the hypaxial musculature begins to form, but its 
role in the denervated skeletal muscle remains to be 
elucidated. It was reported that MyoD-/- myogenic cells 
are committed to myoblast and proliferation. It was ob-  

served that MyoD in vivo is expressed in adult skeletal 
muscle in response to diverse stimuli, such as overload, 
injury, andexercise. Especially in the early stage of nerve 
injury, the increasing expression of MyoD was observed, 
which suggested that MyoD plays a role in the plasticity 
of skeletal muscles. In denervated skeletal muscle, therapid 
expression of MyoD mRNA and protein also occurs dur- 
ing early postdenervation. Several studies suggested that 
the function of denervation-induced MyoD may be to 
prevent denervation-induced muscle atrophy [7,11-14]. 
However, rare information that MyoD prevents skeletal 
muscle atrophy could be obtained, and the molecular 
mechanism is not clear. 

Therefore, our goal in this study is to investigate the 
effect of overexpression of MyoD skeletal muscle on 
attenuating denervation-induced muscle atrophy, and wish 
this will provide a new therapy to cure denervation-in- 
duced dysfunction of skeletal muscle. 

2. Materials and Methods 

2.1. Rat Muscle Cell Line and Cell Culture 

Rat skeletal muscle L6 cells were obtained from ATCC 
and cultured in MEM supplemented with 10% FBS, 10 
mM HEPES buffer, 2 mM L-Glutamine, 50 U/ml peni- 
cillin and 50 mg/ml streptomycin at 37˚C in a humidi- 
fied atmosphere with 5% CO2. Upon reaching confluence,  
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differentiation was induced by media containing 2% (v/v) 
fetal bovine serum for 7 days. 

2.2. Total RNA Extraction and Real-Time  
Quantitative RT-PCR Analysis 

Total RNA from cells or rat skeletal muscle was prepared 
using TRIZOL, according to the manufacture’s instruct- 
tions. Total RNA 1 g was reverse transcribed into 
cDNA in a 20 l reaction. Briefly, the RNA solution was 
incubated at 70˚C for 5 min and then chilled on ice, fol- 
lowing all samples were incubated at 37˚C for 1 h in 20 
ul of 10 mM TRIS (pH 8.4), 50 mM KCl, 2 mM MgCl, 1 
mM DTT, 5 units of ribonuclease inhibitor, 0.5 mM 
dNTP, 100 pmol of oligo-d(T) 18 and 200 units of M- 
MLV reverse transcriptase (Promega Company, USA). 
The reaction was terminated by heating for 5 min at 95˚C. 
Reverse transcribed products were used for quantitative 
real-time PCR amplification. 

The primers used for SYBR Green real-time RT-PCR 
are as follows: MyoD, sense,  
5’-GACGAAGTCTGGTTGTTGTTGC-3’; antisense, 
5’-GCTAGGGACTGTGAGGAAAGGA-3’; β-actin, sense, 
5’-GAAATCGTGCGTGACATTA-3’; antisense,  
5’-TAGGAGCCAGGGCAGTAA-3’. These primers were 
purchased from Sangon company (Sangon, Shanghai, 
China). The reactions were set up with 10 l SYBR 
Green PCR Master Mix (Takara, Shuzo, Kyoto, Japan), 
1.0 l 10 mol primer mixture, and 2 μl cDNA template. 
Real time PCR conditions were as follows: 95˚C for 15 
seconds followed by 30 cycles of 54˚C (MyoD) or 57˚C 
β-actin) for 30 seconds and 72˚C for 30 seconds. Water 
was used as a negative control. Relative gene expression 
was determined by the fluorescence intensity ratio of the 
target genes to β-actin. 

2.3. Western Blot Analyses 

All the muscle samples collected were lysed in lysis 
buffer (0.5% Nonidet P(NP)-40, 10 mM Tris, pH 7.4, 
150 mM NaCl, 1 mM ethylene diamine tetra-acetic acid 
[EDTA], 1 mM Na3VO4 containing protease inhibitors (1 
mM phenylmethylsulfonyl fluoride [PMSF]). Proteins 
were loaded on a 10% or 12% SDS-PAGE, followed 
they were transferred to polyvinylidene fluoride (PVDF) 
membranes and blocked in 5% non-fat milk in 10 mM 
Tris, pH 7.5, 100 mM NaCl, 0.1% (w/v) Tween-20 for 2 
hrs. Anti-human MyoD and β-actin rabbit polyclonal 
antibody were diluted at 1:1000 and incubated at 4˚C 
overnight, followed by 1hr incubation with the appropri- 
ate secondary antibody. The blots were further developed 
using the chemiluminiscence reagent. 

2.4. Plasmid Construction and Transfection 

The MyoD gene was amplified and the PCR product was  

collected and purified, then was inserted into the EcoRI- 
BamHI site of pLVX to generate the pMyoD-LVX plas- 
mid. The primers were designed as follows: sense, 5’- 
CCGGAATTCATGGAGCTACTATCGCCGCCAC-3’, 
which including EcoR I restriction enzyme cutting site; 
antisense, 
5’-CGCGGATCCTCAGAGCACCTGGTAAATCGGA-
TTG-3’, which including BamHI restriction enzyme cut- 
ting site. The integrity of the cDNA was confirmed by 
sequencing. 8 μg pMyoD- LVX and 8 μg empty vector 
were transfected into L6 cells using Lipofectamine 2000 

(Invitrogen) according to the instructions provided by the 
manufacturer.  

2.5. Production of Lentiviral Particles 

In order to prepare lentiviral particles expressing the 
MyoD gene, HEK-293T cells were transfected with 
pMyoD-LVX plus lentiviral packaging vectors. Briefly, 
the cells were seeded in a 6-well plate at a concentration 
of 1.0 × 106 cells per well. After 24 h, the culture me- 
dium was aspirated and replaced with Opti-MEM. Sub- 
sequently, 2 μg pMyoD- LVX and the Mission Lentiviral 
Packaging Mix (Sigma) were transfected into cells by 
Lipofectamine 2000 (Invitrogen) according to the manu- 
facturer’s instructions. On the following day, the culture 
was replaced with complete medium (DMEM with 10% 
FBS). After another 48 h, the culture supernatants con- 
taining the lentiviral particles were harvested for use. 

2.6. Establishment of MyoD-Overexpressing L6 
Cell Lines 

The L6 cells were transduced with the Lenti-MyoD len- 
tiviral particles. On the third day after transduction, 
puromycin (Sigma-Aldrich) was added into the culture 
medium to a final concentration of 2 μg/ml. During the 
selection period, the drug was kept at the same concen- 
tration at each replacement of culture medium. Approxi- 
mately 2 weeks was required for the live cells to be 
eliminated in the mock transduction group. After that, the 
selected cultures were expanded and cryopreserved. The 
MyoD mRNA was determined by real time PCR. 

2.7. Animal Treatment 

30 rats about 200 g/each were used to determine the ef-
fect of overexpression of MyoD on denervated rat skele-
tal muscle atrophy and dysfunction. To construct dener-
vation model, 30 rats were cut tibial nerve after anesthe-
sia. Four weeks latter, these rats were devided into 5 
groups and four groups were injected in extensor digito-
rum longus at several differential places with the cells 
transfected with Lentivurus-MyoD-L6, Lentivurus-MyoD, 
Lentivurus-L6, and Lentivurus, respectively. Four weeks 
latter, the denervation group, Lentivurus-MyoD-L6 and 
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Lentivurus-MyoD groups were performed dialyneury, the 
wet weight of gastrocnemius and contraction forces were 
determined. 

2.8. Statistical Analyses 

The results of real time PCR, wet weight of gastrocne- 
mius and contraction forces were analyzed with Student’s 
test. A two-sided test with P values of less than 0.05 was 
considered statistically significant. 

3. Results 

3.1. MyoD Overexpressed in Stable-Transfected 
MyoD L6 Cells 

To investigate the role MyoD on the function repair of 
skeletal muscle, the stable-transfected MyoD L6 cells 
were established by Lentivirus transduction. The real 
time PCR was performed to determine the relative ex- 
pression of MyoD mRNA after transfection. As showed 
in Figure 1, the L6 cells stable-transfected MyoD showed 
significant increase MyoD mRNA, compared with the 
control cells. 

3.2. Transfection of MyoD Induced MyoD  
Expression in Denervated Rats 

The rats were performed the operation to cut the tibial 
nerve after anesthesia, 4 weeks later, stable-transfect 
MyoD L6 cells (MyoD-L6), Lenti-MyoD lentiviral parti- 
cles (MyoD), L6 cells (L6) and leti-empty vector parti- 
cles (vector) were injected in the denervated skeletal 
muscles, respectively. The MyoD mRNA and protein 
were examined after another 4 weeks or 6 weeks, it was 
observed that mRNA potently increased in MyoD-L6 
group (Figures 2(a) and (b)), however, similar expres- 
sion pattern in protein level was not observed after inject- 
tion for 4 weeks (Figure 3(a)). Consistent increase MyoD 
protein in MyoD-L6 group was observed after injection 
for 6 weeks (Figure 3(b)). 

 

 

Figure 1. MyoD mRNA increase in stable-transfect MyoD 
L6 cells. Real time PCR was performed to examine MyoD 
mRNA expression in L6 cells, stable-transfect empty vector 
L6 cells and stable-transfect MyoD L6 cells, each experi- 
ment repeat three times. Beta action serves as a loading 
control. 

 
(a) 

 
(b) 

Figure 2. The MyoD mRNA expression in denervated rats 
gastrocnemius muscle. The denervated rats were injected 
with stable-transfect MyoD L6 cells (MyoD-L6), Lenti- 
MyoD lentiviral particles (MyoD), L6 cells (L6) and leti- 
empty vector particles (vector), respectively. MyoD mRNA 
were determined in 4 weeks or 6 weeks after injection by 
real time PCR, each experiment was repeat three times. 

 

 
(a) 

 
(b) 

Figure 3. The MyoD protein expression in denervated rats 
gastrocnemius muscle. The denervated rats were injected 
with stable-transfect MyoD L6 cells (MyoD-L6), Lenti- 
MyoD lentiviral particles (MyoD), L6 cells (L6) and leti- 
empty vector particles (vector), respectively. MyoD mRNA 
were determined in 4 weeks or 6 weeks after injection by 
Western blot, each experiment was repeat three times. 
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3.3. Overexpression MyoD Attenuated  
Denervated Skeletal Muscle Atrophy 

From the Figure 4, we can see that the wet weight of 
denervated skeletal muscle in MyoD-L6 group was more 
weight than other goups after performing denervation 
operation for 4 weeks or 6 weeks. The rats were injected 
with stable-transfect MyoD L6 cells (MyoD-L6), Lenti- 
MyoD lentiviral particles (MyoD), L6 cells (L6) and leti- 
empty vector particles (vector) after denervation, respect- 
tively, after 4 weeks of injection, the weight of skeletal 
muscles were examined in different time. It was found 
that the wet weight of denervated skeletal muscle in 
MyoD-L6 group was more weight than other groups 
(Figure 4), which indicated that overexpressed MyoD 
retard denervated skeletal muscle atrophy. Meanwhile, 
after 4 weeks of nerve repair, we found that overexpres- 
sion of MyoD significantly regarded the atrophy after 
nerve repair for 12 weeks (Figure 7). 

3.4. Overexpression MyoD Attenuated  
Denervated Skeletal Muscle Dysfunction  
after Reconstruction of Nerve 

To investigate the role of MyoD on function repair after 
reconstruction of nerve, the contraction forces were de- 
termined. As we observed that in Figures 5, 6, 8 and 9,  

 

 
(a) 

 
(b) 

Figure 4. The single myotility of denervated rats gastrocne- 
mius muscle. The denervated rats were injected with sta- 
ble-transfect MyoD L6 cells (MyoD-L6), Lenti-MyoD lenti- 
viral particles (MyoD), L6 cells (L6) and leti-empty vector 
particles (vector), respectively. The single motility was de- 
termined in 4 weeks or 6 weeks after injection, the relative 
single motility was shown as the single motility of the gas- 
trocnemius muscle underwent denervation compared with 
that of gastrocnemius muscle not underwent denervation. 

 
(a) 

 
(b) 

Figure 5. The max stiffness contraction force of denervated 
rats gastrocnemius muscle. The denervated rats were in- 
jected with stable-transfect MyoD L6 cells (MyoD-L6), 
Lenti-MyoD lentiviral particles (MyoD), L6 cells (L6) and 
leti-empty vector particles (vector), respectively. The max 
stiffness contraction force was determined in 4 weeks or 6 
weeks after injection, the relative max stiffness contraction 
force was shown as the max stiffness contraction force of 
the gastrocnemius muscle underwent denervation com- 
pared with that of gastrocnemius muscle not underwent 
denervation. 

 
the single contraction forces and siffness contraction 
force in MyoD-L6 group were stronger than other groups 
after reconstruction of nerve, which suggested that over- 
expression MyoD attenuate denervated skeletal muscle 
dysfunction after reconstruction of nerve. 

4. Discussion 

Effective nerve repair could recover denervated skeletal 
muscle function in some extent, commonly, skeletal mus- 
cle have already been fibrosis and lose its function before 
the nerve repair. Thus, retarding denervated skeletal 
muscle atrophy until the nerve repair is a feasible solu- 
tion to cure the muscle hurt results from denervation. 
However, attenuating muscle atrophy is a challenge and 
detail mechanism remains to be clarified. 

It was reported that skeletal muscle satellite cells are 
tissue-specific stem cells that are responsible for skeletal 
muscle growth and proliferation. In response to some 
injury, satellite cells re-enter the cell cycle, activate ex- 
pression of muscle regulatory factors, such as MyoD and 
Myf-5, and execute the myogenic program, finally, re- 
storing muscle structure and function [15-18]. Several  
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(a) 

 
(b) 

Figure 6. The wet weight of denervated rats gastrocnemius 
muscle. The denervated rats were injected with stable- 
transfect MyoD L6 cells (MyoD-L6), Lenti-MyoD lentiviral 
particles (MyoD), L6 cells (L6) and leti-empty vector parti- 
cles (vector), respectively. The wet weight was determined 
in 4 weeks or 6 weeks after injection, the relative wet weight 
was shown as the wet weight of the gastrocnemius muscle 
underwent denervation compared with that of gastrocne- 
mius muscle not underwent denervation. 

 

 

Figure 7. Overexpression of MyoD regards denervated rats 
gastrocnemius muscle’s atrophy after nerve repair. The 
denervated rats were injected with stable-transfect MyoD 
L6 cells (MyoD-L6), Lenti-MyoD lentiviral particles (MyoD), 
respectively. After transfection 4 weeks latter, the nerve was 
repaired, the wet weight of gastrocnemius muscle was ex- 
amined in 8 weeks, 12 weeks and 16 weeks after nerve re- 
pairing, respectively. 

 

Figure 8. Overexpression of MyoD regards denervated rats 
gastrocnemius muscle’s loseness of single myotility after 
nerve repair. The denervated rats were injected with sta- 
ble-transfect MyoD L6 cells (MyoD-L6), Lenti-MyoD lenti- 
viral particles (MyoD), respectively. After transfection 4 
weeks latter, the nerve was repaired, the single myotility of 
gastrocnemius muscle was examined in 8 weeks, 12 weeks 
and 16 weeks after nerve repairing, respectively. 

 

 

Figure 9. Overexpression of MyoD regards denervated rats 
gastrocnemius muscle’s loseness of max stiffness contrac- 
tion force after nerve repair. The denervated rats were in- 
jected with stable-transfect MyoD L6 cells (MyoD-L6), Lenti- 
MyoD lentiviral particles (MyoD), respectively. After trans- 
fection 4 weeks latter, the nerve was repaired, the max stiff- 
ness contraction force of gastrocnemius muscle was exam- 
ined in 8 weeks, 12 weeks and 16 weeks after nerve repair- 
ing, respectively. 

 
study indicated that skeletal muscle satellite cell in- 
creased and MyoD overexpressed at the early stage of 
nerve hurt [15,18-20], these evidence suggested that sat- 
ellite cells could transform to adult skeletal muscle to 
protect the muscle from dysfunction. 

In current study, we established a stable-transfect MyoD 
L6 cells, and investigated the role of MyoD on retarding 
skeletal muscle atrophy. Compared with the rats with 
denervation, the groups combinational denervation with 
MyoD L6 cells transfection, or the group combinational 
denervation with MyoD transfection, the expressions of 
MyoD mRNA and protein significantly increased after 
injecting these cells for 4 or 6 weeks. Most importantly, 
the wet weight of denervated skeletal muscle in these 
groups overexpressed MyoD was potently more weight 
than the single denevation group, which indicated that 
overexpressed MyoD retards denervated skeletal muscle 
atrophy. On the other hand, we investigated the contrac- 
tion forces of these rats after nerve repair, that is to say 
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determine the denervated skeletal muscle function after 
reconstruct the never system. We found that the rats 
overexpressed MyoD have more strong contraction forces. 
Regeneration of adult skeletal muscle is an asynchronous 
process requiring the activation, proliferation and fusion 
of satellite cells, to form new muscle fibres. Previous 
study indicated that activated satellite cells, which ex- 
press either Myf5 or MyoD, do not accumulate selec- 
tively on fast or slow muscle fibres. But the activated 
satellite cells with overexpressed MyoD may increase the 
cell number of adult skeletal muscle though it did not 
affect the muscle fibres form. It was also reported that 
Primary MyoD-/- myogenic cells exhibited a stellate 
morphology distinct from the compact morphology of 
wild-type myoblasts, and expressed c-met, a receptor 
tyrosine kinase expressed in satellite cells. However, 
MyoD-/- myogenic cells did not express desmin, an in- 
termediate filament protein typically expressed in cul- 
tured myoblasts in vitro and myogenic precursor cells in 
vivo, which indicated that deficit of MyoD could form 
adult muscle. Base on our study and other research, we 
could safely to say that overexpressed MyoD facilitate 
denavated skeletal muscle function repair. 

In summary, it was found that increase MyoD mole- 
cule could retard denervated rat skeletal muscle atrophy 
and dysfunction, which may provide a new therapy 
strategy for the patients who suffers skeletal muscle dys- 
function resulted from denervation. 
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