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Myostatin is involved in skeletal muscle dysfunction in chronic 
obstructive pulmonary disease via Drp-1 mediated abnormal 
mitochondrial division

Zhidan Tan#, Manzhi Zhao#, Jing Li, Siqi Li, Su Zhu, Xiaoxuan Yao, Xinglin Gao, Shifang Yang

Department of Respiratory and Critical Care Medicine, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences, 

Guangdong Provincial Geriatrics Institute, Guangzhou, China

Contributions: (I) Conception and design: X Gao, S Yang; (II) Administrative support: X Gao, S Yang; (III) Provision of study materials or patients: 

M Zhao, J Li; (IV) Collection and assembly of data: Z Tan, S Li, S Zhu, X Yao; (V) Data analysis and interpretation: Z Tan, S Li, S Zhu, X Yao; (VI) 

Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.
#These authors contributed equally to this work.

Correspondence to: Shifang Yang; Xinglin Gao. Department of Respiratory and Critical Care Medicine, Guangdong Provincial People’s Hospital, 

Guangdong Academy of Medical Sciences, Guangdong Provincial Geriatrics Institute, Guangzhou 510080, China.  

Email: yangshifang@gdph.org.cn; xinglingao@hotmail.com.

Background: Skeletal muscle dysfunction (SMD) is one of the most prominent extrapulmonary effects 
of chronic obstructive pulmonary disease (COPD). Myostatin negatively regulates the growth of skeletal 
muscle. We confirmed that myostatin expression is significantly increased in the quadriceps femoris muscle 
tissue of rats with COPD and is involved in the development of SMD in COPD, but the mechanism by 
which this occurs has yet to be uncovered. Dynamin-related protein 1 (Drp-1) has been shown to promote 
apoptosis and affect cellular energy metabolism by mediating enhanced mitochondrial division. Preliminary 
findings from our group illustrated that mitochondrial division and Drp-1 expression were increased in 
COPD quadriceps femoris cells. However, it is not yet clear whether mitochondrial dynamics are affected by 
myostatin in COPD quadriceps myocytes. 
Methods: The study sought to explore the effects and potential mechanisms of myostatin on skeletal 
muscle atrophy, mitochondrial dynamics, apoptosis, and the links between related processes in COPD. 
Results: Our findings showed that cigarette smoke exposure stimulated an increase in myostatin, increased 
superoxide production, decreased mitochondrial membrane potential, significantly promoted Drp-1-
mediated mitochondrial fission, and promoted apoptosis. 
Conclusions: In summary, our study demonstrated that cigarette smoke led to increased Drp-1 expression 
and enhanced mitochondrial division by upregulating myostatin, which in turn promoted apoptosis and 
affected cellular energy metabolism, leading to the development of SMD in COPD. This study extends 
understandings of skeletal muscle function in COPD and provides a basis for the use of myostatin and Drp-1 
as novel therapeutic targets for SMD in COPD.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a 
preventable and treatable common disease characterized 
by persistent respiratory symptoms and airflow limitations 
in respiratory and critical care medicine, and major 
comorbidities may affect morbidity and mortality. In 2018, 
the results of a large-scale population study (i.e., the Chinese 
Adult Lung Health Study) by Wang et al. showed that the 
prevalence of COPD in China was 8.6% in adults aged  
20 years and above, 13.7% in those aged 40 years and above, 
and more than 27% in those aged 60 years and above (1). 
COPD not only affects the lungs, but also causes multiple 
organ damage, including skeletal muscle dysfunction (SMD), 
and cardiovascular, nervous and digestive system dysfunction.

COPD patients mainly experience exercise limitations 
due to impaired lung function. However, in recent years, 
more and more studies have shown that about 40% of 
COPD patients with exercise limitations do not have 
severely impaired pulmonary function, but do present 
with significant SMD (2). Functionally, the SMD of 
COPD patients is characterized by insufficient muscle 
strength and reduced muscle endurance. Structurally, 
reduced muscle and a reduced cross-sectional area (muscle 
atrophy) have been observed (3). The skeletal muscle of 
COPD patients is characterized by changes in fiber type 
distribution, a decreased proportion of type I fibers, an 
increased proportion of oxidative and glycolytic fibers, 
changes in oxidative metabolic capacity (the attenuation 
of mitochondrial enzyme activity and expression), and 
capillary distribution oxygen modification. Skeletal muscle 
atrophy in COPD patients is correlated with diminished 
respiratory function, decreased activity tolerance, sub-
health status, and increased mortality (4). Its mechanism is 
a combination of multiple molecular biological factors that 
are not yet fully understood. At present, it is thought that 
mitochondrial abnormalities, a protein synthesis/breakdown 
imbalance, muscle structural changes, muscle atrophy/
waste, malnutrition/wasting, oxidative stress, and hypoxia, 
and hypercapnia contribute to SMD in COPD (4).

In previous study, our group confirmed that quadriceps 
mass and the cross-sectional area of muscle fibers are reduced, 
the proportion of type I fibers is decreased, while type IIa and 
IIx fibers are increased in COPD rats (5). The expression of 
myostatin is significantly increased in the quadriceps femoris 
of COPD rats, which is negatively correlated with quadriceps 
femoris weight, the quadriceps femoris cross-sectional area, 
and MyHC-I protein, and positively correlated with MyHC-

IIa and MyHC-IIx protein expression.
Myostatin, also known as growth and differentiation 

factor 8 (GDF-8), is a secreted growth factor. It is a key 
member of the transforming growth factor-β superfamily, 
and is mainly expressed in skeletal muscle. Myostatin is 
an important regulator of body fat content and skeletal 
muscle growth in animals. It negatively regulates muscle 
development. Myostatin knockout mice have about 30% 
increased body weight and 2–3 times higher skeletal muscle 
weight than wild-type mice. Additionally, their number of 
muscle fibers is 86% higher than that of wild-type mice (6). 
Further, the overexpression of myostatin in vivo cause mice 
to develop manifestations similar to human cachexia.

In adult skeletal muscles, the maintenance of myostatin 
expression leads to proliferation inhibition, hypertrophy, and 
even muscle atrophy and consumption (7). Study has shown 
that chronic diseases, such as cancer, HIV infection, and liver 
disease, and muscle attenuation due to aging are all closely 
related to high expression levels of myostatin (8). Kneppers  
et al. found a significant increase in myostatin expression in the 
quadriceps muscle of COPD patients (9). Zhou et al. found a 
significant increase in myostatin expression and the apoptosis 
index in the diaphragm of COPD rats (10). In the experiments 
set up by our group, we observed upregulated myostatin 
expression in the quadriceps femoris tissue of COPD rats, 
which was negatively correlated with quadriceps weight, the 
cross-sectional area, and the endurance running distance of 
animals. However, the mechanism by which myostatin is 
involved in quadriceps dysfunction in COPD is not clear.

One mechanism of SMD in COPD is mitochondrial 
abnormal i t i e s .  As  semi-autonomous  organe l le s , 
mitochondria are not only involved in metabolic processes 
but also play a role in regulating cellular responses to 
dangers and injuries. The mitochondria are located at 
the hub of cellular metabolic flux, uniquely adapted to 
link to the nucleus, allowing cells to sense extracellular 
threats and respond to injury by releasing reactive oxygen 
species, changes in mitochondrial membrane polarity, 
and signaling of mitochondria-associated membranes and 
proteins (11). Due to the critical role mitochondria play in 
energy manufacturing, the normal structure and function 
of mitochondria are decisive factors in the survival of 
cells. In the preliminary experiment, the research group 
performed a proteomics analysis of the quadriceps femoris 
tissues of COPD rats and healthy control rats. The Gene 
Ontology (GO) enrichment analysis of the differential 
proteins revealed that GO functional classification was 
mainly related to the mitochondrial inner membrane, 
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mitochondrial outer membrane, mitochondrial oxidative 
phosphorylation process, cell differentiation, cell cycle, and 
developmental process. Thus, we speculated that myostatin 
could be involved in the occurrence of COPD SMD by 
affecting mitochondrial function.

Mitochondrial dynamics include the division of 
mitochondria and mitochondrial fusion. The dynamic 
balance of the mitochondrial fusion/division movement can 
maintain the normal morphology and effective function of 
mitochondria, and contribute to mitochondrial homeostasis 
and adaptation to stress. Previous study (12) has suggested 
that mitochondrial fusion is beneficial, but that excessive 
mitochondrial fission is detrimental. As mitochondrial fusion 
is associated with increased mitochondrial function and 
adenosine-triphosphate (ATP) production, mitochondrial 
fission is associated with reduced mitochondrial function and 
increased reactive oxygen species (ROS) production, which 
participates in cell death pathways. Further, ROS-induced 
mitochondrial dysfunction can enhance ROS production, 
which in turn can create a vicious cycle and result in the 
persistent oxidative damage of mitochondria (13,14).

Dynamin-related protein 1 (Drp-1), which is mainly 
located in the cell matrix, is a key protein that initiates 
mitochondrial division. When it is activated, it can form 
a complex polymer with receptors and molecules on the 
mitochondrial membrane, including fission protein 1 (Fis1), 
mitochondrial fission factor (Mff), mitochondrial dynamics 
proteins of 49 kDa (MiD49), and mitochondrial dynamics 
proteins of 51 kDa (MiD51). Regulating GTPase activity in 
Drp-1 through a series of post-translational modifications 
could mediate the division process of mitochondria 
(15,16). When mitochondria divide, Drp-1 is transferred 
from the cytoplasm to the division site of the outer 
mitochondrial membrane, and by the end of the division, 
Drp-1 on the outer membrane returns to the cytoplasm. 
The reciprocal runs of Drp-1 ensure the normal progress 
of the mitochondrial division movement (17). Study has 
shown that in lung epithelial cells, cigarette smoke induces 
mitochondrial fragmentation, and accelerates mitophagy 
and necroptosis by increasing the expression of Drp-1 and 
reducing the expression of mitofusin-2 (18). Our group 
performed a protein analysis of the quadriceps femoris 
tissue of COPD and healthy rats, and found that Drp-
1 expression in the quadriceps femoris cells of the COPD 
rats was significantly increased, which was similar to the 
trend observed in myostatin expression. Thus, myostatin 
may enhance mitochondrial division through Drp-1 
overexpression.

Previous studies on COPD have mostly focused on the 
lung, and there are few studies on the damage of this disease 
to skeletal muscle. The study of skeletal muscle atrophy in 
COPD has mainly focused on clinical observational studies, 
with few relevant basic studies and even fewer studies 
on mitochondria-associated skeletal muscle atrophy in 
COPD. This study is mainly conducted at the cellular level, 
focusing on mitochondria. dynamin-related protein 1was 
introduced through previous studies to further connect 
the relationship between myostatin and mitochondrial 
dynamics. By observing mitochondrial morphology and 
dynamics in a cell model of COPD, one of the possible 
mechanisms of mitochondria in COPD skeletal muscle 
atrophy is preliminarily elucidated. Future studies can be 
further validated in animals. This study sought to explore 
the effects and potential mechanisms of myostatin on 
skeletal muscle atrophy, mitochondrial division, apoptosis, 
and the links between related processes in COPD. We 
found that cigarette smoke increases Drp-1 expression and 
enhances mitochondrial division via the upregulation of 
myostatin, which in turn promotes apoptosis and affects 
cellular energy metabolism, which leads to the development 
of SMD in COPD. This study also extends understandings 
of skeletal muscle function in COPD and provides a basis 
for using myostatin and Drp-1 as novel therapeutic targets 
for SMD in COPD.

We present the following article in accordance with 
the MDAR reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-377/rc).

Methods

Materials

Mouse C2C12 myoblast cell lines were obtained from 
the Shanghai Institute of Cell Biology, Chinese Academy 
of Sciences. Dulbecco’s Modified Eagle Medium, a high-
glucose medium, and fetal bovine serum (FBS) were 
purchased from Gibco. The Mito-TrackerGreen kit and 
JC-1 kit were purchased from Beyotime. Total ribonucleic 
acid (RNA) extraction reagent TRIzol was purchased from 
Life Technologies. Antibodies against Drp-1 and myostatin 
were obtained from Cell Signaling Technology. The ROS 
assay kit was obtained from Beyotime, and the apoptosis 
detection kit was purchased from Becton, Dickinson, and 
Company. The reverse transcription kit and quantitative 
polymerase chain reaction (qPCR) kit were purchased from 
Accurate Biology.

https://atm.amegroups.com/article/view/10.21037/atm-22-377/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-377/rc
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Cell culture and cell transfection

The mouse C2C12 myoblast cell lines (purchased from 
Shanghai Institute of Cell Biology, Chinese Academy 
of Sciences) were cultured with high-glucose medium 
containing 10% FBS, and the cells were observed to be 
shuttle-shaped with a clear cytoplasm. The cells cultured 
to the fifth generation were seeded into 6-well plates. Cells 
in the logarithmic growth phase were used for the cell 
transfection. Gene fragments, such as negative control and 
myostatin small interfering RNA (siRNA), which were 
used for cell transfection, were synthesized by Accurate 
Biology. Cell transfection was performed according to the 
instructions of the test kit. Real-time PCR (RT-PCR) and 
Western blot were performed to detect gene expression in 
the transfected and un-transfected cells.

Cellular intervention

Cigarette smoke extracts (CSE) were prepared and 
purified before the experiment, 5% CSE was used for 
the cell interventions according to the results of previous  
studies (19). The cells were divided into the culture of blank 
control (CON) group, the myostatin siRNA (MS) group, 
the 5% CSE (CSE) group, and the myostatin siRNA + 5% 
CSE (MSC) group for 24 hours, and the intervened cells 
were stored for subsequent assays.

Mitochondrial division and mitochondrial membrane 
potential detection

Mito-Tracker Green and 5,5',6,6'-tetrachloro-1,1'3,3'-
tetrathylbenzimidazolyl-carbocyanine iodide (JC-1) staining 
(both from Beyotime) were performed according to the 
methods in the kits’ instructions, and observed under an 

inverted fluorescence microscope (Nikon TI-S).

Detection of ROS by flow cytometry

ROS was detected using a ROS Assay Kit (Beyotime). 
2,7-Dichlorodihydrofluorescein diacetate (DCFH-
DA) probes were loaded in situ, and cell stimulation was 
performed according to the instructions of kit. Next, 
the cells were collected and detected by flow cytometry, 
using an excitation wavelength of 488 nm and an emission 
wavelength of 525 nm to detect changes in the ROS in each 
group of cells.

Apoptosis by flow cytometry

The apoptotic cells were detected using the Anncxin V-FiTC/
PI kit (BD). The cells were processed as follows: after trypsin 
digestion and resuspension in Phosphate Buffered Saline 
(PBS), AnnexinV-FITC (5 μL) and Propidium iodide (PI)  
(5 μL) was successively added to 1×105 cells from each group, 
and the cells were then incubated for 15 min in the dark. 
The flow cytometer (Beckman CytoFLEX) was used at an 
excitation wavelength of 488 nm, with red fluorescence for 
PI and green fluorescence for Annexin V-FITC.

Detection of mRNA and protein expression

Real-time PCR and Western blot were used to examine 
the myostatin, Drp-1 mRNA and protein expression 
levels. Rabbit anti-monoclonal antibody (1:1,000), and 
Horseradish Peroxidase (HRP)-labeled mouse anti-
rabbit IgG (1:3,000) were purchased from Cell Signaling 
Technology (CST). A reverse transcription kit and qPCR 
kit were purchased from Accurate Biology, and the primers 
were synthesized by Accurate Biology according to the 
study design (Table 1).

Mitochondrial electron microscopy

The intervened cells were digested with trypsin, collected 
by centrifugation at 3,000 rpm for 5 minutes, discarded, and 
fixed by the gentle addition of glutaraldehyde, and left to 
stand for 1 hour at room temperature, and then transferred 
to 4 ℃ for storage. Next, the mitochondria of the cells 
were observed under a transmission electron microscope in 
sections.
Statistical analyses

Table 1 The sequences of the primers for RT-PCR

Name Primer sequence (5'-3') Product (bp)

MSTN F: GCTCAAACAGCCTGAATCCAAC 161

R: CAAAGTCTCTCCGGGACCT

Dnm1l F: CAACAGGCAACTGGAGAGGAATG 145

R: GCAACTGGAACTGGCACATCT

GAPDH F: GGCCTCCAAGGAGTAAGACC 122

R: AGGGGAGATTCAGTGTGGTG

RT-PCR, real-time polymerase chain reaction.
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The data are presented as mean ± standard deviation. 
The differences between the 2 groups were analyzed by 
unpaired t-tests, and the differences between 3 or more 
groups were analyzed by a 1-way analysis of variance. 
Pearson correlation analyses were conducted. GraphPad 
Prism Version 9.0.0[86] was used for multiple comparison 
testing. Three experiments were performed on a sample 
for technical replication, and one experiment was 
performed on different cells from three generations for 
biological replication. Mean values were obtained from  
3 independent experiments.  A P value <0.05 was 
considered significant.

Results

The expression of myostatin and Drp-1 was consistent 
under CSE stimulation

To determine whether myostatin is involved in the 
development of SMD in COPD via the regulation of 
Drp-1 expression, myostatin siRNA-transfected skeletal 
muscle cells were cultured and intervened using CSE, 
and Western blot and PCR were performed to observe 

whether the expression of myostatin and Drp-1 in the 
skeletal muscle cells stimulated by CSE was consistent. 
The results showed that there was a correlation between 
the expression of both at the level of protein and mRNA  
(Figures 1,2).

CSE caused excessive mitochondrial division, decreased 
cell viability, and increased apoptosis; however, reduced the 
expression of myostatin could reduce these changes

To inves t iga te  the  e f fec t  o f  c igare t te  smoke  on 
mitochondrial division, CSE were fabricated according to 
previous research methods (19), and the skeletal muscle 
cells were exposed to different concentrations of CSE. 
According to the response of the skeletal muscle cells to 
the CSE concentrations in the preliminary experiment, 
massive cell death was observed under CSE stimulations at 
concentrations >10%. Thus, the experiment was performed 
at a concentration of 5% CSE. Compared to the myostatin 
siRNA-transfected cells, the un-transfected cells showed 
lower density under CSE stimulation, the long shuttle shape 
of the cells extending into typical skeletal muscle cells was 
reduced, and cell rounding and refraction were increased 

Figure 1 Differences in Drp-1 and myostatin protein expression. C2C12 cells were transfected with myostatin siRNA, treated with 5% CSE 
for 12 hours, and the protein was then extracted. Drp-1 and myostatin were analyzed by Western blot. The transfected cells expressed less 
Drp-1 and myostatin than the un-transfected cells. They also expressed more Drp-1 and myostatin than the cells that did not undergo the 
CSE intervention. In this assay, Drp-1 had the same trend with the altered expression of myostatin. The above differences were statistically 
significant (P<0.05). CON, the control group; MS, the myostatin siRNA group; CSE, the 5% CSE group; MSC, the myostatin siRNA + 5% 
CSE group. Drp-1, dynamin-related protein 1; CSE, cigarette smoke extracts.
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Figure 2 Differential expression of Drp-1 and myostatin RNA. C2C12 cells were transfected with myostatin siRNA and treated with 5% 
CSE for 12 h. RNA was extracted and the altered expression of Drp-1 with myostatin was analyzed at the mRNA level by RT-PCR. The 
transfected cell expressed less Drp-1 and myostatin than the un-transfected cells. They also expressed more Drp-1 and myostatin than 
the cells that did not undergo the CSE intervention. In this assay, Drp-1 and myostatin showed the same trend in the expression of RNA 
(r=0.9429; R2=0.8890; P<0.0001). The above differences were statistically significant (P<0.05). CON, the control group; MS, the myostatin 
siRNA group; CSE, the 5% CSE group; MSC, the myostatin siRNA + 5% CSE group. Drp-1, dynamin-related protein 1; CSE, cigarette 
smoke extracts.

(Figure 3). The results of the cell transmission electron 
microscopy showed that the number of mitochondria in 
cells stimulated by CSE increased, but the morphology 
became short, the cristae decreased, and most of them 
showed fragmentation and vacuolization (Figure 4). 
The results of the flow cytometry suggested that CSE 
significantly increased ROS production and apoptosis in 
normal cells (Figures 5,6). The cells inhibited by myostatin 
were relatively resistant to CSE stimulation. The results of 
the green fluorescence staining of the mitochondria showed 
that cellular green fluorescence was significantly reduced, 
which indicated increased mitochondrial division and 
decreased cellular activity (Figure 7). The results of the JC-1 
staining showed a significant shift from red fluorescence to 
green fluorescence, indicating a decrease in mitochondrial 
membrane potential and a lateral reflection of increased 
early apoptosis (Figure 8).

Discussion

The mitochondrion is the main hub of energy metabolism 
in a cell and plays a key role in various cell biological 
processes, including ATP production, Ca2+ homeostasis, 
ROS generation, and apoptosis. Mitochondria determine 
the normal physiological metabolic activity of cells by 
making energy via the direct uptake of oxygen in cells. 
Mitochondrial quality is an important prerequisite for 
normal cell growth and metabolism. Mitochondrial 
quality control includes altered morphology and energy 
production, amount of OXPHOS and mtROS production, 

mitochondrial membrane potential level, regulation of 
intracellular calcium flow, and activation/apoptosis of cell 
death mechanisms (20). Study have shown that cigarette 
smoke alters the structure of mitochondria, which leads to 
dysfunction. OPA1 is the major endo-mitochondrial gtp 
enzyme responsible for the fusion event and undergoes 
proteolytic cleavage from long to short forms during 
acute stress and mitophagy. Long OPA1 isoforms as well 
as SLP2 and prohibitions cause mitophagy/mitochondrial 
dysfunction in COPD in CS-induced lung injury (21). 
Mitochondrial dysfunction is thought to be involved in 
skeletal muscle atrophy in COPD. Mitochondrial damage 
in COPD may affect the efficiency of energy conversion 
and respiratory chain complexes in vivo (22). It may be 
related to the decreased concentration of mitochondria 
related active enzymes or the decreased coupling efficiency 
of oxidation/acidification in mitochondria (23). Mitophagy, 
mitochondrial biogenesis, and mitochondrial dynamics 
(fission and fusion) are essential to maintain cellular 
homeostasis. Mitophagy plays a crucial role in the repair 
of mitochondrial damage and is controlled by the PTEN-
induced putative protein kinase 1 (PINK1) parkin RBR 
E3 ubiquitin protein ligase (PRKN) pathway. Araya  
et al. showed that PRKN protein levels are rate-limiting 
for PINK1-PRKN-mediated mitophagy during CSE  
exposure (24). The process of mitochondrial dysfunction 
resulting from CSE is dependent on the stabilization of 
PINK1, suggesting that PRKN induction alleviates the 
progression of COPD (25). Mitochondrial dynamics include 
fusion and fission, the balance of which control the number, 
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shape, and size of mitochondria.
Drp-1 is a major protein regulating mitochondrial 

fission and belongs to the dynamin family of GTPases. The 
transfer of Drp-1 from cytoplasm to the outer mitochondrial 
membrane led to mitochondrial fission (26). The balance of 
mitochondrial dynamics plays a crucial role in maintaining 
mitochondrial morphology and function to meet the energy 
needs of skeletal muscle cells. However, it is not clear 
whether cigarette smoke affects mitochondrial dynamics in 
the skeletal muscle of COPD patients. Our results showed 
that the expression of Drp-1 was significantly increased in 

rat skeletal muscle cells after exposure to cigarette smoke in 
a concentration-dependent manner as measured by mRNA 
and protein levels. To determine the morphological changes 
of mitochondria by CSE, transmission electron microscopy 
was performed. The results revealed that the number of 
mitochondria increased, mitochondrial cristae decreased, 
vacuolated, and shorten or fragmented morphologically.

A randomized controlled study has found that high-
intensity training can reduce the levels of serum myostatin, 
increase muscle mass, improve exercise capacity, and 
improve the quality of life of COPD patients (27). However, 

Figure 3 Changes in cell morphology. (A) CON; (B) CSE; (C) MS; (D) MSC. The changes of cells under different concentrations of CSE. 
The number of cells decreased and the cells floated. The refraction of cells increased, became rounded and lost their shuttle shape. All these 
changes were CSE concentration-dependent, and the cells transfected with siRNA were more resistant to CSE intervention than the un-
transfected cells. A large number of cells died in the intervention of more than 10% CSE for 24 h. To improve cell activity, the cells were 
intervened at <10% concentration for 12 hours in subsequent experiments. Magnification: 200×; bars: 100 μm. CON, the control group; 
MS, the myostatin siRNA group; CSE, the 5% CSE group; MSC, the myostatin siRNA + 5% CSE group. CSE, cigarette smoke extracts.
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Figure 4 Changes in mitochondrial morphology. (A) CON; (B) MS; (C) CSE; (D) MSC. Mitochondrial changes were observed under an 
electron microscope. (Under the electron microscope, the number of mitochondria in the cells transfected with myostatin siRNA decreased 
after 12 hours of the CSE intervention, and most of them were observed to have the shape of short rods or spheroids. However, more short 
and vacuolated mitochondria were observed in normal cells after the CSE intervention. Magnification: 20,000×; bars: 1 μm. CON, the 
control group; MS, the myostatin siRNA group; CSE, the 5% CSE group; MSC, the myostatin siRNA + 5% CSE group. CSE, cigarette 
smoke extracts.

Figure 5 Changes of ROS in each group. (A) CON; (B) MS; (C) CSE; (D) MSC; (E) ROS statistical analysis. C2C12 cells were transfected 
with myostatin siRNA, and the control group was set up at the same time. The cells were treated with 5% CSE for 12 hours, collected by 
centrifugation, and subjected to ROS detection by flow cytometry. The myostatin siRNA-transfected cells had lower ROS production rates 
regardless of the CSE intervention. The difference was statistically significant (P<0.05). CON, the control group; MS, the myostatin siRNA 
group; CSE, the 5% CSE group; MSC, the myostatin siRNA + 5% CSE group. ROS, reactive oxygen species; CSE, cigarette smoke extracts.
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there are more intriguing questions that still need to be 
answered, such as how is myostatin involved in SMD in 
COPD, and does enhance mitochondrial division mediated 
by Drp-1 lead to negative outcomes in skeletal muscle 
atrophy? We performed protein analyses of quadriceps 
femoris muscle tissues from COPD rats and healthy control 
rats, and found that Drp-1 expression and myostatin 
expression in COPD rats were significantly increased. After 
deficient myostatin expression in rat skeletal muscle cells 
by siRNA-transfection, a consistent trend of Drp-1 and 
myostatin expression was detected via the Western blot 
and PCR. The results indicated that myostatin knockdown 
cells also reduced Drp-1 expression. Further, the myostatin 
knockdown cells were better able to tolerate the CSE 
intervention, showed less ROS generation, had a lower 
apoptosis rate, and had relatively higher mitochondrial 
membrane potential. Thus, it can be speculated that the 
CSE intervention induced myostatin expression, led to the 
upregulation of Drp-1, and further enhanced mitochondrial 
division. In the end, a series of changes in cellular energy 

metabolism and apoptosis were caused.
A previous study has reported that mitochondrial fission 

is essential in apoptosis caused by different stimuli (28). 
Increased mitochondrial division produces excess ROS, 
which participate in cell death pathways, induce oxidative 
stress, and impair mitochondrial function, which in turn 
further enhance ROS production, leading to a vicious cycle. 
This is consistent with the findings of Zhang et al., (29)  
who found that under the supply of high glucose, 
insulinoma cell mitochondrial division was increased and 
fusion was decreased, and inhibiting Drp-1 led to reduced 
excessive mitochondrial division and decreased ROS 
generation. As apoptotic cells have a higher fission fusion 
rate, fission has been considered an essential prerequisite for  
apoptosis (30). Drp-1-deficient mice can resist apoptosis, 
which suggests that Drp-1 plays a key role in apoptosis (31). 
The movement of Drp-1 from the cytoplasm to the outer 
mitochondrial membrane increases mitochondrial division 
and induces mitochondrial fragmentation, which leads to 
increased apoptosis (32,33).

Figure 6 Changes in apoptosis in each group. (A) CON; (B) CSE; (C) MS; (D) MSC; (E) apoptosis rate. C2C12 cells were transfected with 
myostatin siRNA, and the control group was set up at the same time. The cells were treated with 5% CSE for 12 hours and collected by 
centrifugation. Apoptosis was detected by flow cytometry. The myostatin siRNA-transfected cells had a lower apoptosis rate with or without 
the CSE intervention. The difference was statistically significant (P<0.05). CON, the control group; MS, the myostatin siRNA group; CSE, 
the 5% CSE group; MSC, the myostatin siRNA + 5% CSE group. CSE, cigarette smoke extracts.
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There is accumulating evidence that mitochondrial 
fragmentation is a hallmark of several diseases associated 
with increased apoptosis (34,35). We found that murine 
skeletal muscle cells exposed to CSE had increased 
mitochondrial fission and ROS generation, higher levels 
of mitochondrial division, lower membrane potential, and 
increased apoptosis. Thus, an imbalance in mitochondrial 
dynamics (and increased mitochondrial fission) may lead to 
an imbalance in cellular energy metabolism, which in turn 
may lead to increased apoptosis.

In summary, our findings suggest that cigarette smoke 
may perturb the stabilization of mitochondrial dynamics 

by promoting the expression of myostatin, which in turn 
leads to the upregulation of Drp-1 expression, which leads 
to enhanced mitochondrial division in patients with skeletal 
muscle atrophy in COPD. The increased mitochondrial 
division cause increased ROS production through negative 
feedback, which further promotes the mitochondrial division 
and apoptosis of the cells by affecting cellular energy 
metabolism. These results provide novel ideas of skeletal 
muscle disfunction in COPD, and reveal the potential of 
myostatin and Drp-1 as novel therapeutic targets to improve 
the impaired skeletal muscle function of COPD patients.
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group; CSE, the 5% CSE group; MSC, the myostatin siRNA + 5% CSE group. CSE, cigarette smoke extracts.
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Figure 8 Changes in mitochondrial membrane potential. (A) CON; (B) CSE; (C) MS; (D) MSC; (E) red-green fluorescence ratio. The 
decrease of mitochondrial membrane potential is a landmark event in the early stage of apoptosis. JC-1 is a fluorescent probe used to detect 
mitochondrial membrane potential. When the mitochondrial membrane potential is high, JC-1 accumulates in the mitochondrial matrix 
and produces red fluorescence. When the mitochondrial membrane potential is low, JC-1 is a monomer and can produce green fluorescence. 
The transition of different fluorescence colors reflects the change of mitochondrial membrane potential, and the relative proportion of 
red-green fluorescence is commonly used to measure the proportion of mitochondrial depolarization. C2C12 cells were transfected with 
myostatin siRNA and treated with 5% CSE for 12 hours, followed by JC-1 staining. Compared to the normal cells, the myostatin siRNA-
transfected cells had less red to green fluorescence transition. After being treated with 5% CSE for 12 hours, the transfected myostatin 
siRNA group had less red to green fluorescence transition than the un-transfected cells. The differences were statistically significant). 
Magnification: 200×; P<0.05. CON, the control group; MS, the myostatin siRNA group; CSE, the 5% CSE group; MSC, the myostatin 
siRNA + 5% CSE group. CSE, cigarette smoke extracts.
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