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Abstract 

Skeletal muscle atrophy is a common clinical feature among patients with severe burns. Previous studies 
have shown that miRNAs play critical roles in the regulation of stress-induced skeletal muscle atrophy. 
Our previous study showed that burn-induced skeletal muscle atrophy is mediated by miR-628. In this 
study, compared with sham rats, rats subjected to burn injury exhibited skeletal muscle atrophy, as well 
as significantly decreased insulin receptor substrate 1 (IRS1) protein expression and significantly 
increased skeletal muscle cell apoptosis. An miRNA array showed that the levels of miR-628, a potential 
regulator of IRS1 protein translation, were also clearly elevated. Second, L6 myocyte cell apoptosis 
increased after induction of miR-628 expression, and IRS1 and p-Akt protein expression decreased 
significantly. Expression of the cell apoptosis-related proteins FoxO3a and cleaved caspase 3 also 
increased after induction of miR-628 expression. Finally, forced miR-628 expression in normal rats 
resulted in increased cell apoptosis and skeletal muscle atrophy, as well as changes in IRS1/Akt/FoxO3a 
signaling pathway activity consistent with the changes in protein expression described above. Inhibiting 
cell apoptosis with Z-VAD-FMK resulted in alleviation of burn-induced skeletal muscle atrophy. In 
general, our results indicate that miR-628 mediates burn-induced skeletal muscle atrophy by regulating 
the IRS1/Akt/FoxO3a signaling pathway. 
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Introduction 
The main factor underlying skeletal muscle 

atrophy is excessive protein degradation. It is one of 
the most common clinical features of patients with 
cancer-related cachexia [1, 2], sepsis [3], severe burns 
[4], and chronic kidney disease [5]. Burn-induced 
skeletal muscle atrophy is a complicated process that 
results in prolonged hospital days and delayed 
wound healing [6]. Previous studies have shown that 
it may last at least 9-12 months after complete wound 
healing [7]. Thus, skeletal muscle atrophy plays a 
critical role in the recoveries and prognoses of burn 
patients.  

Ubiquitin proteasome-mediated protein 
degradation plays an important role in muscle 
skeletal atrophy [8]. Damaged and misfolded proteins 

are bound by ubiquitin. With the assistance of E2 and 
E3 ligases, proteasomes capture poly-ubiquitinated 
proteins and trigger their degradation. Muscle RING 
finger 1 (MuRF1) and muscle atrophy F-box (MAFbx) 
are muscle-specific E3 ligases [9]. Clinical and animal 
model studies have shown that MuRF1 and MAFbx 
expression levels are significantly increased during 
skeletal muscle atrophy [10]. MG132, a proteasome 
inhibitor, suppresses MuRF1 and MAFbx expression 
and significantly alleviates skeletal muscle atrophy 
[11].  

Skeletal muscle cell apoptosis is also observed 
during skeletal muscle atrophy, and increased skeletal 
muscle cell apoptosis contributes to muscle atrophy 
[12, 13]. Inflammatory factors, such as tumor necrosis 
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factor α (TNF-α), are pivotal inducers of skeletal 
muscle cell apoptosis. TNF-α induces C2C12 myotube 
apoptosis and atrophy [14] and also inactivates the 
PI-3K/Akt signaling pathway and induces L6 
myotube atrophy [15]. Previous studies have shown 
that PI-3K/Akt activation is impaired after burn 
injury and that insulin receptor substrate 1 (IRS1) is an 
upstream regulator of the PI-3K/Akt signaling 
pathway [16]. IRS1 is also a critical mediator of cell 
apoptosis. IRS1 deficiency promotes cell apoptosis 
[17], and IRS1 overexpression contributes to cell 
survival [18]. Therefore, the IRS1/PI-3K/Akt 
signaling pathway plays a pivotal role in regulating 
cell apoptosis and skeletal muscle atrophy. 

The transcription factor forkhead box protein O 
(FoxO) is a downstream effector of Akt, which 
regulates cell apoptosis and skeletal muscle atrophy. 
FoxO is phosphorylated by Akt in the cell cytoplasm 
and degraded, whereas dephosphorylated FoxO 
translocates into the nucleus and triggers 
apoptosis-related gene expression [19]. Akt 
inactivation results in FoxO transactivation and 
eventually skeletal muscle atrophy [20]. FoxO3a, a 
member of the FoxO family, plays a critical role in 
regulating skeletal muscle atrophy. Dexamethasone 
(Dex) activates the AMPK/FoxO3 signaling pathway 
and induces skeletal muscle atrophy [21]. The protein 
deacetylase SIRT1 helps suppress muscle atrophy and 
promotes muscle growth by blocking FoxO3 
activation [22]. Aberrant FoxO activation plays a 
pivotal role in skeletal muscle atrophy. 

miRNAs, small noncoding RNAs, are important 
regulators of skeletal muscle development. miR-128a 
inhibits myoblast cell proliferation by repressing IRS1 
protein expression, and reducing miR-128a levels 
induces myofiber hypertrophy [23]. miR-182 
attenuates atrophy-related gene expression by 
targeting FoxO3, thereby alleviating skeletal muscle 
atrophy [24]. The muscle-specific miRNAs miR-1 and 
miR-206 are also critical regulators of skeletal muscle 
atrophy. In Dex-induced muscle atrophy, miR-1 
overexpression suppresses HSP70 protein expression 
and reduces Akt phosphorylation, which enhances 
FoxO3 activation [25]. miR-206 promotes skeletal 
muscle satellite cell proliferation and differentiation 
by inhibiting Pax 7 expression [26], and miR-206 plays 
a critical role in halting amyotrophic lateral sclerosis 
progression [27]. These findings indicate that miRNAs 
are potential therapeutic targets in the treatment of 
skeletal muscle atrophy.  

Previous reports have shown that miR-628 is 
upregulated in an NF-κB-dependent manner upon 
lipopolysaccharide (LPS) induction. miR-628 also 
plays a role in mediating Toll-like receptor signaling 
via feedback inhibition [28]. In this study, we found 

that miR-628 levels were significantly increased in rat 
tibialis anterior muscles after burn injury, which we 
attributed to FoxO3a activation secondary to IRS1 
suppression, as forced miR-628 expression 
suppressed IRS1 protein expression, activated FoxO3a 
and promoted skeletal muscle cell apoptosis and 
muscle atrophy.  

Materials and methods 
Plasmids and reagents 

Mature rat miR-628 (AUGCUGACAUAUUUAC
GAGAGG) was cloned into a 
pcDNA6.2-GW/EmGFP-miR vector (GenePharma 
Co., Ltd., Shanghai, China) using a BLOCK-iT Pol II 
miR RNAi Expression Vector Kit (Life Technologies, 
Grand Island, NY, USA). The rat IRS1 mRNA 3’-UTR 
sequence (1069 base pairs) was cloned into a pGL3 
luciferase assay vector (IRS1 3’-UTR luciferase 
reporter). Antibodies against IRS1, Akt, p-Akt S473, 
FoxO3a, p-FoxO3a S253, MuRF-1, MAFbx and cleaved 
caspase 3 were purchased from Cell Signaling 
Technologies (Beverly, MA, USA). β-Actin antibodies 
were purchased from Sigma-Aldrich (St Louis, MO, 
USA). The pan-caspase inhibitor Z-VAD-FMK was 
purchased from Abcam (Cambridge, MA, USA). 

Animal model 
This study was conducted in accordance with 

the National Institutes of Health Guidelines for the 
Care and Use of Laboratory Animals and was 
approved by the Animal Care and Use Committee of 
the First Affiliated Hospital of PLA General Hospital. 
And the rats were pair-fed in all the animal 
experiments. A thirty percent total body surface area 
(TBSA) and full-thickness burn model was 
established, and anesthetics and analgesics were used 
as described in our previous reports [29, 30]. After 
burn injury, 1 ml of PBS or Z-VAD-FMK (3.5 
mg/kg·body weight) was immediately injected 
intraperitoneally.  

A pcDNA6.2-GW/EmGFP-miR-628 vector was 
used to induce miR-628 expression. Normal SD rats 
were randomly divided into two groups, and 1 ml of 
miR-628 expression vector (250 μg/kg·body weight) 
or vehicle (250 μg/kg·body weight) was injected via 
the tail vein.  

Cell culture and transfection 
L6 myoblasts and 293T cells were cultured in 

Dulbecco’s modified Eagle medium (DMEM) 
containing 10% fetal bovine serum, 1% 
penicillin/streptomycin, and 2 mM glutamine (Life 
Technologies, Grand Island, NY, USA) and incubated 
at 37℃ with 5% CO2. Cells were seeded into 6-well 
plates after reaching 70~80% confluence. miR-628 or 
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vehicle was transiently transfected into L6 myoblasts, 
and an IRS1 3’-UTR luciferase reporter was 
cotransfected into 293T cells with miR-628 or vehicle 
using Lipofectamine 2000 reagent (Life Technologies, 
Grand Island, NY, USA), in accordance with the 
manufacturer’s instructions. Transfectants were 
collected for further analysis at the indicated times. 

Luciferase assay 
293T cells were seeded into 6-well plates after 

reaching 70~80% confluence, and an IRS1 3’-UTR 
luciferase reporter was cotransfected into the cells 
with miR-628 or vehicle. After 24 h, transfectants were 
collected, and cell pellets were lysed using luciferase 
substrate (Promega, San Luis Obispo, CA, USA). 
Luciferase levels were measured using a Microplate 
Luminometer LB 96V, according to the 
manufacturer’s instructions (Promega, San Luis 
Obispo, CA, USA). 

Flow cytometry assay 
After 48 h of transfection, L6 myoblasts were 

trypsinized and collected by centrifugation at 1500 
r.p.m. for 5 min. The cell pellets were washed twice 
with ice-cold phosphate-buffered saline and then 
fixed in ice-cold 70% ethanol at -20℃ overnight. The 
cells were washed with phosphate-buffered saline, 
and cell apoptosis was analyzed via flow cytometry 
(Beckman, Indianapolis, IN, USA) after the cells were 
stained for 15 min with propidium iodide (PI) buffer 
(0.1% Triton X-100, 0.2 mg/ml RNase A, 0.05 mg/ml 
propidium iodide). 

Real-time polymerase chain reaction (PCR) 
Total RNA was extracted from tibialis anterior 

muscle samples or L6 myoblasts using Trizol reagent 
(Life Technologies, Grand Island, NY, USA), 
according to the manufacturer’s instructions. A 
SuperScript III First-Strand Synthesis system (Life 
Technologies, Grand Island, NY, USA) was employed 
for first-strand cDNA synthesis with oligdT(20) 
primers. Specific primers (Sangon Biotech, Shanghai, 
China) were used for PCR amplification. The 
sequences of the primers used in this study were as 
follows: rat IRS1 (forward: 5’-AAGCAGCACCCTCA
AGACTG-3’ and reverse: 5’-AGGTCTTTCATTCTGC
CTGTGA-3’) and rat GAPDH (forward: 
5’-ATGGAGAAGGCTGGGGCTC-3’ and reverse: 
5’-CCTTCCACGATGCCAAAGTT-3’). Data were 
analyzed using the 2-△△T method. 

Real-time PCR for miR-628 
Tibialis anterior muscle samples or L6 myoblast 

transfectants were collected, and total RNA was 
extracted using an miRNeasy Mini Kit (Qiagen, 
Valencia, CA, USA). A miScript II RT kit (Qiagen, 

Valencia, CA, USA) was employed for first-strand 
cDNA synthesis, and miR-628 expression was 
subsequently detected using an miScript SYBR Green 
PCR system (Qiagen, Valencia, CA, USA) with a ViiA 
7TM Real-time PCR System (Applied Biosystems, 
Foster City, CA, USA). The following primers were 
used in this study: miR-628 (forward: 
5’-GGGGGATGCTGACATATTTAC-3’ and reverse: 
5’-CAGTGCGTGTCGTGGAGT-3’) and U6 (forward: 
5’-GCTTCGGCAGCACATATACTAAAAT-3’ and 
reverse: 5’-CGCTTCACGAATTTGCGTGTCAT-3’). 
Initial activation was performed at 95℃ for 10 min, 
followed by 40 cycles of denaturation at 95℃ for 10 sec 
and annealing and extension at 60℃ for 60 sec. Data 
were analyzed using the 2-△△T method. 

Frozen-section analysis 
Rat tibialis anterior muscle tissues injected with 

miR-628 or vehicle were collected at the indicated 
times and immediately embedded in optimum cutting 
temperature compound. Subsequently, 
approximately 5-μm-thick sections were cut at -20℃. 
These sections were transferred to microscope slides 
and observed via fluorescence microscopy. Images 
were taken using an inverted fluorescent microscope 
(Leica, Wetzlar, Germany). 

Western blotting 
Total proteins were extracted from tissue or cell 

samples using RIPA buffer (MACGENE Biotech, 
Beijing, China), and a BCA protein assay kit was used 
for protein quantification. Sixty micrograms of total 
protein from each sample was separated by 
SDS-PAGE, followed by 5% dry milk blocking and 
labeling with specific primary antibodies and 
HRP-conjugated secondary antibodies. Bands were 
subsequently detected using ECL western blotting 
substrate, and quantitative analysis was carried out 
using AlphaEaseFC 4.0 software. 

TUNEL analysis 
After being collected at the indicated times, the 

tibialis anterior muscle samples were fixed with 4% 
paraformaldehyde. After dehydration, the tissues 
were embedded in paraffin. Tissue sections were 
subsequently subjected to TUNEL staining using an 
In Situ Cell Death Detection Kit (Roche Applied 
Science, Indianapolis, IN, USA). Relative apoptosis 
ratios were calculated using Image Pro Plus 6.0 
software. 

Statistical analysis 
Student’s t-test was used to determine statistical 

significance. Data are expressed as the mean ± SD. 
Differences were considered significant at p≤0.05. 
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Results 
Burn injury induced skeletal muscle atrophy 
and suppressed IRS1 expression 

Skeletal muscle atrophy is a common clinical 
feature among burn patients. To elucidate the 
molecular mechanisms underlying burn-induced 
skeletal muscle atrophy, we established a 30% TBSA 
burn model, as described in the “Material and 
methods” section. Tibialis anterior muscle samples 
were collected from sham and burn rats. Absolute 
data regarding body weights and muscle mass are 
shown in Table S1 as supplementary data. Tibialis 
anterior weight/body weight ratios were calculated. 
As shown in Fig. 1A, these ratios were significantly 
decreased in burn rats compared with sham rats at the 
indicated times, indicating that skeletal muscle 
atrophy was successfully introduced in this animal 
model. Previous reports showed that downregulating 
IRS1 expression activates FoxO and promotes muscle 
atrophy [31]; therefore, we detected IRS1 protein 
expression in the tibialis anterior muscles of sham and 
burn rats. Compared with the sham rats, the burn rats 

exhibited significantly decreased IRS1 protein 
expression (Fig. 1B). Our previous study also 
demonstrated that Akt phosphorylation was 
decreased after burn injury [29], as increased levels of 
FoxO3a activation were also detected. After burn 
injury, FoxO3a phosphorylation at Ser 253, which 
promotes FoxO3a protein degradation, was 
significantly decreased (Fig. 1B), and total FoxO3a 
protein expression was significantly increased (Fig. 
1B), indicating that burn injury results in FoxO3a 
activation, which may promote skeletal muscle 
atrophy. Subsequent quantification analysis indicated 
that IRS1 protein expression was decreased by 
approximately 40% and FoxO3a level was 
significantly increased after burn injury in burn rats 
compared with sham rats (Fig. 1C, left panel) and that 
the p-FoxO3a/FoxO3a ratio was also significantly 
decreased (Fig. 1C, right panel). However, IRS1 
mRNA expression levels were comparable in the 
tibialis anterior muscles of sham and burn rats (Fig. 
1D), indicating that burn injury-induced impairments 
in IRS1 protein expression were introduced not at the 
transcription level but at the post-transcription level.  

 

 
Figure 1. Burn-injury induced skeletal muscle atrophy and repressed IRS1 expression. The 30% TBSA burn injury model was established as described in the 
“Materials and methods” section. At 3 d or 7 d after injury, tibialis anterior muscle samples were collected from sham and burn rats (n=5 in each group), and tibialis anterior 
muscle weights and body weights were measured. Then, the tibialis anterior muscle weight/body weight ratio was calculated. The ratio was significantly decreased after burn 
injury, and the asterisk (*) indicates a significant difference (p<0.05) (A). IRS1, FoxO3a and p-FoxO3a at S253 expression in the tibialis anterior muscles of sham and burn rats at 
3 d after injury was detected via western blotting. The protein expression levels of IRS1 and p-FoxO3a at S253 were decreased, and the total protein expression level of FoxO3a 
was increased in the burn group (B). Quantitative analysis of protein expression in sham and burn rats was performed. Burn injury significantly reduced IRS1 protein expression 
and the p-FoxO3a/FoxO3a ratio. The asterisk (*) indicates a significant difference (p<0.05) (C). The levels of IRS1 mRNA expression in the tibialis anterior muscles of sham and 
burn rats at 3 d after injury were also analyzed using real-time PCR. The levels of IRS1 mRNA expression in sham and burn rats were comparable (D).  
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miR-628 might be associated with IRS1 protein 
expression regulation 

Protein translation and degradation are two 
methods of post-transcription regulation, and 
miRNAs play a critical role in regulating protein 
translation. Our previous report indicated that the 
expression levels of many miRNAs were altered in the 
tibialis anterior muscles of burn rats and that the 
expression of miR-628 was significantly increased 
after burn injury [32]. miR-628 expression levels in the 
tibialis anterior muscles of sham and burn rats were 
determined using an miRNA array and are shown in 
Fig. 2A. These results indicate that burn injury 
induced miR-628 expression. RT-PCR was used to 
measure miR-628 expression levels in the tibialis 
anterior muscle and showed that the levels of miR-628 
expression were 6-fold higher in burn rats than in 
sham rats (Fig. 2B). Subsequent experiments focused 
on whether miR-628 regulates IRS1 protein 
translation. First, TargetScan software analysis 
indicated that miR-628 binds to the 3’-UTR of IRS1 
(Fig. 2C), indicating that miR-628 regulates IRS1 
protein translation. Second, a luciferase reporter 
containing the IRS1 3’-UTR was constructed and 
co-transfected into 293T cells with vehicle or miR-628. 
Twenty-four hours later, the cells were collected, and 

luciferase levels were detected. As shown in Fig. 2D, 
miR-628 expression significantly decreased luciferase 
activity, which indicated that miR-628 directly binds 
to the 3’UTR of IRS1 mRNA and suppresses its 
translation. 

Skeletal muscle cell apoptosis caused atrophy 
Skeletal muscle atrophy was partially attributed 

to incensed skeletal muscle cell apoptosis [15, 33]. We 
detected tibialis anterior muscle cell apoptosis at the 
indicated times after injury using TUNEL staining. 
Compared with the sham rats, the burn rats exhibited 
significantly enhanced skeletal muscle cell apoptosis 
(Fig. 3A). Quantitative analysis indicated that 1 d after 
burn injury, skeletal muscle cell apoptosis was 
significantly increased in the burn rats compared with 
the sham rats. At 3 d and 7 d after injury, cell 
apoptosis was increased by approximately 3- to 
4.5-fold in the burn rats compared with the sham rats 
(Fig. 3B). Subsequent experiments analyzed the 
expression of cleaved caspase 3, a pro-apoptotic 
protein, at 7 d after injury. As shown in Fig. 3C, 
cleaved caspase 3 levels were significantly elevated 
after burn injury. These results indicate that cell 
apoptosis is associated with skeletal muscle atrophy. 

 

 
Figure 2 . IRS1 protein expression was regulated by miR-628 after burn injury. miRNA array analysis of the tibialis anterior muscles of sham and burn rats at 3 d after 
injury was performed using a miRCURY™ LNA Array (v.18.0) system, as previously described [29]. The expression of miR-628 in sham and burn rats is shown, and miR-628 
expression was increased after burn injury (A). Real-time PCR was used to measure miR-628 expression in the tibialis anterior muscles of sham and burn rats. The level of 
miR-628 expression in the burn group was approximately 7 times higher than that in the sham group, and the asterisk (*) indicates a significant difference (p<0.05) (B). The 
potential miRNA binding site in the IRS1 mRNA 3’-UTR was analyzed using TargetScan software (C). The full length of the rat IRS1 mRNA 3’-UTR sequence was amplified and 
cloned into a pGL3 luciferase reporter vector (IRS1 3’-UTR luciferase reporter), and the IRS1 3’-UTR luciferase reporter was cotransfected with miR-628 or vehicle into 293T 
cells. After 24 h of transfection, the cells were collected, and luciferase activity was measured. Luciferase levels were dramatically reduced after miR-628 transfection, and the 
asterisk (*) indicates a significant difference (p<0.05) (D). 
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Figure 3. Burn injury promoted skeletal muscle cell apoptosis. Tibialis anterior muscle samples from sham or burn rats were collected at 1 d, 3 d, 7 d, and 14 d after 
injury. TUNEL staining was employed to detect cell apoptosis at the indicated times, and images were taken using an inverted microscope (200×). Muscle cell apoptosis was 
observed in the samples from day 1 to day 10 post-injury, especially on day 7 (A). Quantitative analysis of skeletal cell apoptosis was performed, and significantly increased levels 
of cell apoptosis were noted after burn injury. The asterisk (*) indicates a significant difference compared with the sham group (B). Increased caspase 3 fragmentation was noted 
in tibialis anterior muscle samples from sham and burn rats via western blotting at 7 d after injury (C). 

 

Forced miR-628 expression promoted L6 
myoblast apoptosis  

To study the relationship between miR-628 
expression and skeletal muscle cell apoptosis, L6 
myoblasts were transfected with vehicle or miR-628. 
After 48 h of transfection, green fluorescence was 
detected using an inverted fluorescence microscope. 
As shown in Fig. 4A, green fluorescence was observed 
in both groups, indicating that vehicle and miR-628 
were successfully transfected into L6 myoblasts. 
Real-time PCR was used to quantify miR-628 and 
IRS1 mRNA levels after transfection. Compared with 
the vehicle group, the miR-628-transfected group 
exhibited significantly increased miR-628 expression 
(Fig. 4B) and significantly increased IRS1 mRNA 
expression (Fig. 4C). The enhanced expression of IRS1 
mRNA may have been due to miR-628-mediated 
inhibition of IRS1 protein translation. The expression 
of IRS1 and its downstream proteins was also 
analyzed by western blotting. After miR-628 
transfection, IRS1 protein expression was significantly 
suppressed, and Akt phosphorylation at Ser473 was 
also significantly decreased (Fig. 4D). FoxO3a 
phosphorylation at Ser 253 was also impaired, 

resulting in increased total FoxO3a levels (Fig. 4D). 
FoxO3a activation induced cell apoptosis, and cleaved 
caspase 3 levels were significantly increased after 
miR-628 transfection; However, the E3 ligase proteins 
MuRF-1 and MAFbx had no significant difference 
(Fig. 4D). Quantitative data also demonstrated that 
IRS1 protein expression (Fig. 4E, left panel) and the 
p-FoxO3a/FoxO3a ratio (Fig. 4E, right panel) were 
significantly decreased. FoxO3a protein level in L6 
cell transfected with miR-628 was dramatically 
increased (Fig. 4E, left panel). These results suggest 
that miR-628 promotes L6 myoblast apoptosis by 
regulating the IRS1/Akt/FoxO3a signaling pathway. 
Cell morphology was subsequently observed, and 
images were taken after 48 h of transfection. Forced 
miR-628 expression resulted in significantly increased 
L6 myoblast cell proliferation and subsequent cell 
shrinkage and death (Fig. 4F, left panel). Quantitative 
analysis of cells in both groups after 48 h of 
transfection showed (Fig. 4F, right panel) that the rate 
of apoptosis in L6 myoblasts transfected with miR-628 
was 18.12%, which was significantly higher than the 
rate of apoptosis in cells transfected with vehicle 
(2.78%), indicating that miR-628 transfection induces 
L6 myoblast apoptosis. 
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Figure 4. miR-628 overexpression induced L6 myoblasts apoptosis. L6 myoblasts were seeded into 6-well plates. After the cells reached 70~80% confluence, miR-628 
and vehicle were transfected into L6 myoblasts using Lipofectamine 2000. Green fluorescence was observed at 48 h after transfection using an inverted fluorescence microscope, 
and images were taken (200×) (A). Then, the cells were collected, and miR-628 (B) and IRS1 mRNA (C) expression was detected using real-time PCR. Both miR-628 and IRS1 
mRNA expression was upregulated in L6 cells transfected with miR-628 (n=3 in each group). The asterisk (*) indicates a significant difference (p<0.05). After 48 h of transfection, 
the protein expression levels of IRS1, Akt, p-Akt at S473, FoxO3a and p-FoxO3a at S253 were analyzed via western blotting. Akt phosphorylation at S473 was decreased upon 
miR-628 overexpression, resulting in FoxO3a phosphorylation at S253. Phosphorylated FoxO3a at S253 was inactivated and degraded by the proteasome. Decreased levels of 
phosphorylated FoxO3a at S253 resulted in increased total FoxO3a protein and cleaved caspase 3 levels (D). Quantitative analysis of IRS1 protein levels and the 
p-FoxO3a/FoxO3a ratio was performed and showed that IRS1 protein expression and the p-FoxO3a/FoxO3a ratio were reduced after ectopic miR-628 expression. The asterisk 
(*) indicates a significant difference (p<0.05) (E). After transfection, cell morphology was observed, and images were taken using an inverted microscope at the indicated times 
(200×). miR-628 overexpression resulted in slight morphological alterations and cell growth inhibition, implying that forced miR-628 expression induces cell apoptosis. Flow 
cytometry was used to measure the L6 cell apoptotic ratio after 48 h of transfection and showed that ectopic miR-628 expression significantly increased L6 cell apoptosis (F).  

 

miR-628 overexpression in rats induced cell 
apoptosis and skeletal muscle atrophy 

The effects of miR-628 overexpression on cell 
apoptosis and skeletal muscle atrophy were also 
analyzed. A rat model of miR-628 overexpression was 
established by injecting plasmids expressing miR-628 
into the tail vein. At 3 d and 7 d after injection, tibialis 

anterior muscle samples were collected, and green 
fluorescence was detected. Green fluorescence was 
observed in both the vehicle group and the miR-628 
group at the indicated times after injection (Fig. 5A). 
Real-time PCR was used to quantify miR-628 
expression after injection. As shown in Fig. 5B, 
miR-628 expression was significantly elevated at the 
indicated times. These results indicate that miR-628 
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was successfully expressed in the tibialis anterior 
muscle after tail vein injection. Cell apoptosis in the 
tibialis anterior muscle was subsequently measured 
using TUNEL staining. Imaging (Fig. 5C) and 
quantitative analysis (Fig. 5D) indicated that cell 
apoptosis was dramatically increased at both 3 d and 
7 d after miR-628 injection. Subsequent analysis of the 
levels of IRS1 and its downstream proteins showed 
that IRS1 expression was significantly decreased in 
the miR-628-treated group compared with that in the 
vehicle group (Fig. 5E). Additionally, the levels of Akt 
phosphorylation at Ser 473 and FoxO3a 

phosphorylation at Ser 253 were significantly 
decreased, and the level of total FoxO3a protein 
expression was increased, resulting in increased cell 
apoptosis (Fig. 5E). The expression of cleaved caspase 
3, a pro-apoptotic protein, was also enhanced after 
miR-628 injection. There was no difference about the 
protein levels of MuRF-1 and MAFbx (Fig. 5E). 
Quantitative analysis indicated that ectopic miR-628 
expression resulted in significantly decreased IRS1 
protein expression and increased FoxO3a protein 
level (Fig. 5F, left panel), and a significantly decreased 
p-FoxO3a/FoxO3a ratio (Fig. 5F, right panel). 

 

 
Figure 5. Forced miR-628 expression in rats accelerated cell apoptosis and skeletal muscle atrophy. Plasmids containing vehicle or miR-628 were injected into rats 
via the tail vein. At 3 d or 7 d after injection, tibialis anterior muscle samples were collected. Frozen-section analysis was used to observe GFP expression in the tibialis anterior 
muscle at the indicated times via inverted fluorescence microscopy, and images were taken (200×) (A). Quantitative analysis of miR-628 levels in the tibialis anterior muscle was 
performed using real-time PCR (n=3 in each group). miR-628 levels were significantly increased in rats injected with plasmids expressing miR-628 compared with rats injected 
with vehicle. The asterisk (*) indicates a significant difference (p<0.05) (B). TUNEL staining was employed to analyze cell apoptosis in tibialis anterior muscle samples from 
different groups. Images (C) were taken using an inverted microscope (200×), and the relative cell apoptosis ratio was measured (D). These results indicated that miR-628 
overexpression induced muscle cell apoptosis. The asterisk (*) indicates a significant difference (p<0.05). The protein levels of IRS1, Akt, p-Akt at S473, FoxO3a and p-FoxO3a 
at S253 in the tibialis anterior muscle were detected at 3 d after injection using western blotting. The protein expression levels of IRS1, p-Akt at S473 and p-FoxO3a at S253 were 
reduced, and the protein expression levels of FoxO3a and cleaved caspase 3 were increased after miR-628 overexpression (E). Quantitative analysis of IRS1 protein levels and 
the p-FoxO3a/FoxO3a ratio was performed. The asterisk (*) indicates a significant difference (p<0.05) (F). The weights of whole body and that of tibialis anterior muscle were 
measured, and the tibialis anterior muscle weight/body weight ratio was calculated (n=5 in each group). The ratio was significantly decreased in the miR-628-overexpression 
group compared with the vehicle group. The asterisk (*) indicates a significant difference (p<0.05) (G). 



Int. J. Biol. Sci. 2016, Vol. 12 
 

 
http://www.ijbs.com 

1221 

 
Figure 6. Z-VAD-FMK administration abrogated burn-induced cell apoptosis and skeletal muscle atrophy. After injury, burn rats were intraperitoneally injected 
with PBS or Z-VAD-FMK. At 3 d and 7 d after injection, tibialis anterior muscle samples were collected (n=5 in each group). Tibialis anterior muscle cell apoptosis was analyzed 
using TUNEL staining at the indicated times, and images (A) were taken using an inverted microscope (200×). Quantitative analysis of cell apoptosis was carried out (B), and the 
asterisk (*) indicates a significant difference (p<0.05) compared with the PBS group. These data indicated that cell apoptosis was inhibited after Z-VAD-FMK injection. Tibialis 
anterior muscle weights and body weights were measured, and the tibialis anterior muscle weight/body weight ratio was calculated. The ratio was significantly increased after 
Z-VAD-FMK injection. The asterisk (*) indicates a significant difference (p<0.05) (C). 

 
These results indicated that miR-628 expression 

activates the IRS1/Akt/FoxO3a signaling pathway 
and enhances cell apoptosis. Finally, absolute data 
regarding body weight and muscle mass are shown in 
Table S2 as supplementary data, and the tibialis 
anterior muscle weight/body weight ratio was 
calculated. Compared with the vehicle group, the 
miR-628-treated group exhibited a significantly 
decreased ratio at the indicated times (Fig. 5G). These 
results indicate that miR-628 overexpression 
promotes skeletal muscle cell apoptosis and muscle 
atrophy.  

Inhibiting cell apoptosis via Z-VAD-FMK 
administration alleviated burn-induced muscle 
atrophy 

To determine the relationship between cell 

apoptosis and burn-induced muscle atrophy, 
Z-VAD-FMK, a pan-caspase inhibitor, was used to 
suppress burn-induced cell apoptosis. After burn 
injury, rats were injected intraperitoneally with PBS 
or Z-VAD-FMK. Tibialis anterior muscle samples 
were collected at 3 d or 7 d after injury. Imaging (Fig. 
6A) and quantitative analysis (Fig. 6B) showed that 
cell apoptosis was significantly inhibited after 
Z-VAD-FMK administration at the indicated times. 
Absolute data regarding body weight and muscle 
mass are shown in Table S3 as supplementary data, 
and tibialis anterior muscle weight/body weight 
ratios were calculated. As shown in Fig. 6C, these 
ratios were significantly increased in the 
Z-VAD-FMK-treated group compared with the 
PBS-treated group, indicating that Z-VAD-FMK 
administration effectively suppressed burn-induced 
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muscle atrophy. These findings indicated that cell 
apoptosis promotes skeletal muscle atrophy and that 
inhibiting cell apoptosis via Z-VAD-FMK 
administration successfully attenuates skeletal muscle 
atrophy after burn injury. 

Discussion 
Myogenesis plays a critical role in maintaining 

muscle mass, and myogenesis inactivation was 
observed during muscle atrophy [34]. The expression 
of myostatin, the negative regulator of myogenesis, 
was elevated, while the expression of miR-208b was 
significantly decreased in humans with spinal cord 
injury-induced muscle atrophy [35]. miR-208b 
overexpression decreased myostatin levels [35]. 
MyoD and myogenin, myogenic regulatory factors, 
promote myogenic differentiation. miR-26a 
upregulated myoD expression and promoted 
myogenic C2C12 myoblast differentiation [36]. 
During muscle regeneration, miR-26a was 
upregulated, and blocking miR-26a expression in the 
tibialis anterior muscle prevented muscle 
regeneration [37]. miR-186 reduced myogenic 
differentiation by targeting myogenin [38]. The 
expression levels of the muscle specific miRNAs 
miR-1, miR-133a/b and miR-206 were elevated in the 
sera of myotonic dystrophy patients with progressive 
muscle wasting [39]. Circulating miRNAs can be used 
as biomarkers of muscle differentiation and atrophy 
[40]. Thus, miRNAs play a pivotal role in regulating 
muscle atrophy. Our previous study showed that 
there were 4 upregulated miRNAs including miR-628, 
miR-107, miR-201, and miR-222 in tibialis anterior 
muscle after burn injury [32]. And IRS1, the critical 
muscle atrophy-related protein, was the potential 
target of miR-628. We subsequently focused on 
studying the possible function of miR-628 
overexpression on regulating burn-induced muscle 
wasting. The results demonstrated that miR-628 was 
overexpressed in the tibialis anterior muscle after 
burn injury, resulting in decreased IRS1 protein 
translation. 

IRS1, the insulin receptor substrate, is an 
important mediator of the insulin signaling pathway, 
and its expression was decreased after burn injury 
[16]. Our results also showed that IRS1 protein levels 
were decreased after burn injury and that miR-628 
overexpression in both L6 myoblasts and rats 
significantly decreased IRS1 expression. Previous 
reports showed that IRS1 was associated with muscle 
atrophy regulation. Burn injury can induce IRS1 
protein degradation via SOCS3 and 
ubiquitin-mediated pathway [41]. Endotoxin, which is 
widely exist in burn patient, serves an important role 
in promoting iNOS generation, mediating tyrosine 

nitration or decreasing tyrosine phosphorylation of 
IRS-1[42, 43]. C1-Ten is a protein tyrosine 
phosphatase of IRS1. C1-Ten dephosphorylates IRS1 
at Y612, resulting in accelerated IRS1 degradation and 
skeletal muscle atrophy [31]. Dexamethasone and 
glucocorticoids are well-known inducers of muscle 
atrophy. After dexamethasone treatment, caveolin-1 
expression in C2C12 myotubes decreased, resulting in 
increased IRS1 expression and muscle atrophy [44]. In 
a mouse model, endogenous glucocorticoids 
prevented IRS1-related PI3K activity and caused 
muscle atrophy [45]. Thus, IRS1/PI3K signaling 
pathway inactivation plays an important role in 
muscle atrophy. 

FoxO is a downstream effector of the PI3K/Akt 
pathway. Akt activation results in FoxO 
phosphorylation and inhibition of its transcriptional 
activity [19]. FoxO family members play critical roles 
in muscle atrophy. In a rat model, LPS infusion 
downregulated Akt protein levels and cytosolic 
FoxO1 and FoxO3 phosphorylation, resulting in 
increased muscle protein degradation [46]. However, 
fish oil increased Akt and FoxO1 phosphorylation and 
improved muscle protein mass [47]. In this study, we 
showed that FoxO3a protein levels were elevated in 
the tibialis anterior muscle after burn injury and that 
forced miR-628 expression also elevated FoxO3a 
protein levels in both rats and L6 myoblasts, 
suggesting that enhanced FoxO3a activation induces 
skeletal muscle atrophy after burn injury. 

FoxO3a translocates into the nucleus and 
triggers apoptosis-related gene expression. Previous 
reports indicate that reducing Akt1 activation 
promotes vascular smooth muscle cell apoptosis 
through FoxO3a activation [48]. Our results also 
showed that burn injury impaired Akt activation and 
increased total FoxO3a protein levels, resulting in 
skeletal muscle cell apoptosis. Z-VAD-FMK, a 
pan-caspase inhibitor, significantly abrogated 
goniothalamin-induced coronary artery smooth 
muscle cell apoptosis [49]. Z-VAD-FMK 
administration reduced skeletal proteolysis and 
tumor cell apoptosis [50]. In this study, Z-VAD-FMK 
treatment suppressed skeletal muscle cell apoptosis in 
rats after injury. These results indicate that 
Z-VAD-FMK administration significantly decreases 
burn-induced skeletal muscle cell apoptosis and 
restores muscle mass in rats. Therefore, abrogating 
cell apoptosis plays an important role in attenuating 
skeletal proteolysis and muscle mass loss. 

Conclusion 
Our results indicate that miR-628 overexpression 

after burn injury enhances FoxO3a activation by 
repressing IRS1 protein expression, promotes skeletal 
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cell apoptosis and ultimately induces skeletal muscle 
atrophy. Our study has provided us with new insights 
regarding the role of miR-628 in regulating 
burn-induced skeletal muscle atrophy and has shown 
that this molecule may be a therapeutic target in burn 
patients. 

Abbreviations 
IRS1: insulin receptor substrate 1, FoxO: 

forkhead box protein O, MuRF1: muscle RING finger 
1, MAFbx: muscle atrophy F-box, Pax: paired box, 
3’-UTR: 3’ untranslated region, TBSA: total body 
surface area, TNF-α: tumor necrosis factor α, PI-3K: 
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