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Background: Exposure to cigarette smoke (CS) is the main risk factor for chronic obstruc-
tive pulmonary disease (COPD). CS not only causes chronic airway inflammation and lung 
damage but also is involved in skeletal muscle dysfunction (SMD). Previous studies have 
shown that histone deacetylase 2 (HDAC2) plays an important role in the progression of 
COPD. The aim of this study was to determine the role of HDAC2 in CS-induced skeletal 
muscle atrophy and senescence.
Methods: Gastrocnemius muscle weight and cross-sectional area (CSA) were measured in 
mice with CS-induced emphysema, and changes in the expression of atrophy-related markers 
and senescence-related markers were detected. In addition, the relationship between HDAC2 
expression and skeletal muscle atrophy and senescence was also investigated.
Results: Mice exposed to CS for 24 weeks developed emphysema and gastrocnemius 
atrophy and exhibited a decrease in gastrocnemius weight and skeletal muscle cross- 
sectional area. In addition, the HDAC2 protein levels were significantly decreased while 
the levels of atrophy-associated markers, including MURF1 and MAFbx, and senescence- 
associated markers, including P53 and P21, were significantly increased in the gastrocnemius 
muscle. In vitro, the exposure of C2C12 cells to cigarette smoke extract (CSE) significantly 
increased the MAFbx and MURF1 protein levels and decreased the HDAC2 protein levels. 
Moreover, overexpression of HDAC2 significantly ameliorated CSE-induced atrophy and 
senescence and reversed the increased MURF1, MAFbx, P53, and P21 expression in C2C12 
cells. In addition, CSE treatment significantly increased the IKK and NF-κB p65 protein 
levels, and PTDC (an NF-kB inhibitor) ameliorated atrophy and senescence.
Conclusion: Our findings suggest that HDAC2 plays an important role in CS-induced 
skeletal muscle atrophy and senescence, possibly through the NF-κB pathway.
Keywords: histone deacetylase 2, skeletal muscle, atrophy, senescence, nuclear factor-ҡB

Introduction
Chronic obstructive pulmonary disease (COPD) is not a simple pulmonary disease 
but a chronic systemic inflammatory disease that is simultaneously mediated by 
multiple risk factors and biological mechanisms, and COPD has significant extra-
pulmonary manifestations.1 Skeletal muscle dysfunction (SMD) is common in 
patients with COPD and is strongly associated with quality of life and exacerbation 
of disease.2 SMD is mainly characterized by decreased skeletal muscle endurance 
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and muscle strength as well as increased susceptibility to 
fatigue during exercise.3 In addition, SMD has been 
observed in nonsymptomatic human smokers and animals 
exposed to cigarette smoke without overt pulmonary 
disorders.4 Although it has been demonstrated that rehabi-
litation exercises,5 nutritional support,6 and neuromuscular 
electrical stimulation7 improve the quality of life of COPD 
patients, there are still several limitations to the current 
treatments for SMD.

Exposure to cigarette smoke (CS) is the most important 
risk factor for COPD; it not only causes chronic airway 
inflammation and lung damage8 but also is involved in the 
development of SMD.9 Skeletal muscle atrophy is caused by 
an imbalance between muscle protein synthesis and 
degradation.10 The ubiquitin-proteasome system (UPS) and 
the autophagic lysosomal pathway are the two major intra-
cellular protein degradation pathways, and they are function-
ally complementary and interconnected.11–13 The UPS is an 
ATP-dependent protein hydrolysis system that degrades tar-
get proteins to which ubiquitin is coupled. The most critical 
molecules in this system are E3 ligase muscle ring finger 
gene 1 (MURF1) and muscle atrophy F-box (MAFbx). These 
proteins are primarily expressed in muscle tissues, and their 
expression levels in skeletal muscle are significantly 
increased in response to multiple stressors that induce skele-
tal muscle atrophy. More importantly, the suppression or 
complete inhibition of MURF1 and MAFbx expression 
results in muscle sparing in multiple atrophy.14 Therefore, 
these proteins have been associated with the regulation of 
skeletal muscle atrophy under various pathophysiological 
conditions and have been identified as excellent markers of 
muscle atrophy.15–17 However, the mechanism by which 
MURF1 and MAFbx regulate CS-induced skeletal muscle 
atrophy has not yet been identified.

Inflammation is involved in the progression of SMD via 
the regulation of skeletal muscle atrophy and senescence. 
Our previous study showed that histone deacetylase 2 
(HDAC2) mediates CS-induced inflammatory responses in 
skeletal muscle.18,19 HDAC2 is a class I HDAC that can 
deacetylate histone proteins and non-histone proteins (eg, 
NF-κB).20 HDAC2 acts as a repressor of gene expression 
by promoting a closed chromatin conformation.21 Previous 
studies have shown that HDAC2 is involved in the regulation 
of a variety of cellular activities, such as cell cycle progres-
sion, cell proliferation, differentiation, inflammation, and 
glucocorticoid receptor function,22 and HDAC2 plays an 
important role in chronic lung inflammatory diseases, such 
as COPD, asthma, and pulmonary fibrosis.23–26 The 

expression and activity of HDAC2 in the lungs of patients 
with COPD are reduced, and this decreased HDAC2 expres-
sion is associated with glucocorticoid resistance.27 

Moreover, studies shown that the activity of HDACs in the 
lung parenchyma of COPD patients is significantly 
decreased; the degree of decrease is related to the severity 
of the disease and the degree of inflammation, and the most 
significant decrease is observed in the activity of HDAC2, 
which accounts for more than 95% of the decreased HDAC 
activity in severe COPD patients.28 Masako observed 
a significant decrease in HDAC2 expression in the quadri-
ceps muscles of COPD patients compared to the quadriceps 
muscles of normal subjects; HDAC2 expression was asso-
ciated with NF-κB activity and TNF-α expression.29 These 
results suggest that HDAC2 is involved in the inflammatory 
response and skeletal muscle atrophy.

In the present study, we investigated the effects of 
HDAC2 on CS-induced skeletal muscle atrophy and 
senescence in vivo and in vitro and explored its possible 
mechanisms of action.

Materials and Methods
CS-Induced Emphysema Mice Model
A total of 32 male C57BL/6 mice (14±2 g, 3–4 weeks) 
were obtained from the Center of Guangxi Medical 
University, China. All the animals were housed in an 
environment with a temperature of 22 ± 1°C, a relative 
humidity of 50 ± 1%, and a light/dark cycle of 12/12 
hours. All the animal studies (including the mouse eutha-
nasia procedure) were performed in compliance with the 
regulations and guidelines of Guangxi Medical University 
institutional animal care and conducted according to the 
AAALAC and IACUC guidelines.

The mice were randomly divided into two groups: the 
control group (N) and the experimental group (COPD). 
The control group (n=16) was exposed to room air, and the 
experimental group (n=16) was exposed to cigarette 
smoke for 12 or 24 weeks, according to a previous 
report.30 Briefly, the COPD group was exposed to an 
amount of CS equivalent to smoking 5 cigarettes for 
1 hour each time (4 times/day, 6 days/week), while the 
N group was placed in another glass chamber and housed 
normally and exposed to air under the same conditions. At 
the end of the experiment, the mice were anaesthetized 
with sodium pentobarbital (40 mg/kg) by intraperitoneal 
injection. All the mice were sacrificed by exsanguination, 
and the gastrocnemius muscle was weighed. The lung and 
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gastrocnemius muscle were completely removed and 
placed on ice. The right lung tissue and right gastrocne-
mius muscle were then embedded and sectioned for histo-
logical examination. The other side of the gastrocnemius 
muscle was frozen in liquid nitrogen for use in Western 
blotting or RT-PCR analysis.

Histology
Lung tissue and gastrocnemius muscle were fixed in 10% 
formalin (>4 volumes of each sample) at room temperature 
overnight. The samples were then paraffin-embedded and 
sectioned (4 μm). The sections were stained with haema-
toxylin staining solution for 5 min, washed once with 
water, incubated in 95% ethanol for 5 seconds, and stained 
in eosin solution for 1 min. The sections were then incu-
bated in 95% ethanol for 2 min, transferred to xylene, 
sealed, and observed under a microscope (Olympus, 
Japan). The mean linear intercept of the alveolar space 
(MLI) and the cross-sectional area of the gastrocnemius 
muscle (CSA) were analysed and quantified using 
a blinded method, as previously described.31,32 Briefly, 
the MLI was assessed based on the number of alveolar 
septa (L/Ns), and the CSA was assessed based on morpho-
logical analysis of the gastrocnemius muscle by H&E 
staining. Three slices per mouse were chosen, and 2–3 
random fields of view of each slice were analysed. All 
the results were evaluated with ImageJ software.

Western Blotting
C2C12 cells and gastrocnemius muscle were lysed with 
RIPA buffer (Solarbio, Beijing, China); the protein con-
centrations were measured by a BCA kit (Beyotime, 
Shanghai, China). Then, 40 µg of the samples were elec-
trophoresed in 10–12% SDS polyacrylamide gels and 
electrically transferred to 0.2-µm PVDF membranes 
(Millipore, USA). The membranes were immersed and 
incubated in 5% fat-free milk at room temperature for 
1 hour. The membranes were then incubated with primary 
antibodies against HDAC2, P53, P21, IKK, and NF-κBp65 
(1:1000, Cell Signaling Technology, USA) and MURF1, 
MAFbx, and SMP30 (1:1000, Abcam, UK) overnight at 4° 
C, followed by incubation with fluorescent secondary anti-
bodies (1:1000, Cell Signaling Technology, USA). The 
GAPDH antibody (1:1000, Cell Signaling Technology, 
USA) was used as the control. Fluorescence signal detec-
tion was performed with an infrared imaging instrument 
(Odyssey, USA), and protein expression was quantified by 
densitometry analysis with ImageJ software.

Cell Culture
Murine skeletal muscle C2C12 cells were obtained from 
the Type Culture Collection of the Chinese Academy of 
Sciences, Shanghai, China. The cells were cultured in 
Dulbecco’s modified Eagle medium (DMEM) (Gibco, 
Shanghai, China) containing 10% inactivated foetal bovine 
serum (FBS), 2 mM glutamine, 0.5% antimycoplasma, and 
1% antibiotics in a humidified atmosphere containing 5% 
CO2/95% air at 37°C. When cell confluence reached 80%, 
cell differentiation was induced by incubation with 2% 
horse serum for 6 days. The completely differentiated 
cells were treated with various concentrations of CSE for 
24 hours. Then, the cells transfected with lentivirus and 
treated with PDTC (20 µM, Abmole, USA) before being 
stimulated with for 24 hours. Cells in passages 3–8 were 
used in these experiments.

Cigarette Smoke Extract Preparation
CSE was prepared following the methods described in 
a previous study.33 Briefly, ten cigarettes (Guangxi, 
China) were drawn with a syringe and shaken so that the 
smoke could be uniformly dissolved in 10 mL PBS, and 
the CSE was filtered twice through a 0.22-μm filter mem-
brane (Millipore, USA). The CSE concentration was mea-
sured at 320 nm using a NanoDrop, and the solution 
obtained was considered the working solution. Then, the 
cells were diluted to various concentrations (0, 0.01, 0.1 
−0.3%) in foetal bovine serum (FBS)-free DMEM (Gibco, 
Shanghai, China).

Lentivirus Transfection
A total of 3×105 C2C12 cells were seeded into 6-well plates 
and incubated in 10% FBS DMEM at 37°C for 16–24 hours 
until the cell confluence reached 20–30%. Then, lentivirus 
was added for transfection. Lentivirus synthesis and design 
were performed by a specialized company (GeneChem, 
Shanghai, China). Forward primer:

5ʹ-AGGTCGACTCTAGAGGATCCCGCCACCATG 
GCGTACAGTCAAGGAGG-3ʹ. Reverse primer:

5ʹ-TCCTTGTAGTCCATACCAGGGTTGCTGAGTT 
GTTCTGACTTGGCTC-3ʹ.

The cells were infected at an MOI of 75 and under 
HiTransG P solution conditions for 24 hours. The cell growth 
status was observed after changing the medium; the transfec-
tion efficiency was observed under a fluorescence microscope 
(Olympus CKX53, Japan). The cells were then cultured in 
10% FBS DMEM containing 0.5 µg/mL puromycin, and the 
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medium was changed every 2–3 days until the cells in the 
lentiviral group were completely resistant. C2C12 cells were 
differentiated in 2% horse serum-containing medium for 6 
days and then incubated in medium with or without 0.3% 
CSE for 24 hours, and the cells were collected for further 
analysis.

Immunofluorescence Staining
C2C12 cells were stimulated with or without 0.3% CSE 
for 24 hours. The cells were then washed three times with 
PBS in 24-well plates, fixed with 4% paraformaldehyde 
for 15 min, and mixed with 0.5% Triton X-100 for 20 min 
at room temperature. Consequently, the samples were 
mixed with 5% BSA at 37°C for 30 min and then incu-
bated with primary anti-MHC antibodies (1:200, Santa 
Cruz, USA) at 4°C overnight and with fluorescent 
mouse antibodies (1:250, Cell Signaling Technology, 
USA) at 37°C for 30 min. Finally, the samples were 
stained with DAPI (Solarbio, Beijing, China) for 5 min 
in the dark. The images were collected under 
a fluorescence microscope (Olympus CKX53, Japan). 
The image results were quantified using ImageJ software 
to analyse the myotube parameters. The mean myotube 
diameter was calculated as the mean of five approximately 
isometric measurements performed along the length of the 
myotube. Five fields of view were randomly selected for 
each group, and 10–15 myotubes were measured per field 
of view.

SA-β Gal Staining
C2C12 cells were differentiated for 6 days in 6-well 
plates and then treated with or without 0.3% CSE stimu-
lation for 24 hours, according to the manufacturer’s 
instructions (GENMED, Shanghai, China). Briefly, 
C2C12 cells were washed two times with PBS and then 
incubated with GENMED clean-up solution (Reagent A) 
(1 mL/well, 1 mL GENMED fixative (Reagent B) and 
GENMED clean-up solution (Reagent C), which were 
added separately. Then, the cells were incubated fixed 
for 5 min at room temperature, and sufficient volumes 
of Reagent D and Reagent E were added and incubated at 
37°C for 12 hours in the dark. Positive cells (blue cells) 
were observed under a microscope and photographed 
(Olympus, Japan), and 5 fields of view per group were 
analysed. Positive cell expression was calculated using 
ImageJ software.

Real Time-PCR
Total RNA was extracted with TRIzol (Invitrogen) and 
reverse transcribed into cDNA using a reverse transcription 
kit (Promega, USA) according to the manufacturer’s instruc-
tions. RT-PCR was performed using a SYBR® Premix Ex 
Taq II kit (Takara, Japan). The amplification conditions were 
as follows: denaturation at 95°C for 30 seconds, annealing at 
95°C for 5 seconds, and extension at 60°C for 34 seconds. 
The PCR primer sequences are shown in Table 1. GAPDH 
was used as a reference, and the 2-ΔΔCt method was used to 
calculate the relative change in target gene expression.

Statistical Analysis
SPSS 22.0 (Chicago, IL) was used to analyse the data. The 
data are expressed as the mean±standard deviation (SD). 
Differences among groups were analysed by ANOVA and 
a post hoc Tukey-Kramer test. Independent samples were 
analysed by Student’s t-test. A P-value of < 0.05 was 
considered statistically significant.

Results
CS Causes Emphysema and Skeletal 
Muscle Atrophy
To investigate the effects of CS on the lungs and skeletal 
muscles of mice, we evaluated the body weight, gastro-
cnemius muscle weight, and pathology of the lungs and 
skeletal muscles. Both the body weight and gastrocnemius 
muscle weight were significantly decreased in the mice 
exposed to CS, while the mean alveolar intervals were 
significantly increased, compared with those of the control 
mice (P<0.05) (Figure 1A–C). We also measured the 

Table 1 Primers Used for the Real Time-PCR

HDAC2: forward (5ʹ-3ʹ) AGCCCATGGCGTACAGTCAA,

reverse(5ʹ-3ʹ)GGGATGACCCTGGCCATAATAA

MURF1: forward (5ʹ-3ʹ) ATCACGCAGGAGCAGGAGGAG,

reverse(5ʹ-3ʹ) CTTGGCACTTGAGAGGAAGGTAGC

MAFbx: forward (5ʹ-3ʹ) TTCACAAAGGAAGTACGAAGGA,

reverse(5ʹ-3ʹ)GCTGGTCTTCAAGAACTTTCAG

P53: forward (5ʹ-3ʹ) TGGAAGGAAATTTGTATCCCGA,
reverse(5ʹ-3ʹ)GTGGATGGTGGTATACTCAGAG

P21: forward (5ʹ-3ʹ) ATGTCCAATCCTGGTGATGTC,

reverse(5ʹ-3ʹ)GAAGTCAAAGTTCCACCGTTC

GAPDH: forward (5ʹ-3ʹ) TGTGTCCGTCGTGGATCTGA,

reverse (5ʹ-3ʹ) TTGCTGTTGAAGTCGCAGGAG
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Figure 1 Chronic CS-induced emphysema and skeletal muscle atrophy in mice. (A) Body weight and gastrocnemius muscle (B) with or without CS exposure in mice. (C) 
Emphysema and skeletal muscle cross-sectional area (D) with or without CS exposure in mice. Data are representative images (magnification x 200) and expressed as the 
mean ± SD of each group (n=8) of mice. *p<0.05 vs control group (N).
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cross-sectional areas of the gastrocnemius muscles, which 
did not significantly change after 12 weeks of CS exposure 
and significantly decreased after 24 weeks of CS exposure 
compared with the control treatment (P<0.05) (Figure 1D). 
These results indicated that chronic CS exposure leads to 
the development of emphysema and skeletal muscle atro-
phy in mice leads to the development of emphysema and 
skeletal muscle atrophy in mice.

Decreased HDAC2 Expression and 
Increased Atrophy- and 
Senescence-Related Protein Expression in 
Mice with Emphysema
Compared with the control group, the COPD group exhib-
ited significantly decreased protein levels of HDAC2 and 
the senescence marker SMP30, while the expression of 
atrophy-related proteins (MURF1 and MAFbx) and senes-
cence-related proteins (P53 and P21) was significantly 
increased in the gastrocnemius muscle (P<0.05) (Figure 
2A and B). These results showed that chronic CS exposure 
decreases HDAC2 expression and enhances skeletal mus-
cle atrophy and senescence in the gastrocnemius muscle.

CSE Induces Atrophy and Decreases 
HDAC2 Expression in C2C12 Cells
C2C12 cells can differentiate and form myotubes. To inves-
tigate the effect of CSE on myotube diameter, we examined 
the changes in myotube diameter in C2C12 myoblasts after 
treatment with different concentrations of CSE for 24 hours. 
The results showed that CSE led to myotube atrophy, and 
the myotube diameter significantly decreased as the CSE 
concentration increased in a concentration-dependent man-
ner (P<0.05) (Figure 3A and B).

Moreover, the MURF1 and MAFbx protein levels were 
increased in C2C12 cells treated with CSE for 24 hours in 
a concentration-dependent manner (P<0.05). In addition, 
we also found that the HDAC2 protein levels exhibited an 
opposite trend with respect to the CSE concentrations 
(P<0.05) (Figure 3C). These results suggested that CSE 
caused myotube atrophy, which was accompanied by 
decreased HDAC2 protein levels.

Overexpression of HDAC2 Inhibits 
CSE-Induced Atrophy in C2C12 Cells
To further investigate whether HDAC2 is associated with 
CSE-induced atrophy, we established C2C12 cells stably 

overexpressing HDAC2 by lentiviral transduction with 
LV-HDAC2 (or LV-NC as the control) and then simulta-
neously stimulated the cells with or without 0.3% CSE for 
24 hours. The HDAC2 protein levels were significantly 
increased in the LV-HDAC2 group compared with the 
control (N) and negative control (LV-NC) groups, and 
the real-time PCR results were consistent with the protein 
results, suggesting that HDAC2 was successfully overex-
pressed (P<0.05) (Figure 4A).

Next, we detected the changes in myotube diameter by 
cellular immunofluorescence. The results showed that 
compared with the LV-NC group, the LV-NC and LV- 
HDAC2 overexpression groups exhibited significantly 
decreased myotube diameters after CSE treatment 
(P<0.05); however, compared with the LV-NC group trea-
ted with CSE, the HDAC2 overexpression group exhibited 
increased the myotube diameters (P<0.05) (Figure 4B). 
We also examined the changes in the protein and mRNA 
expression of MURF1 and MAFbx. The results showed 
that the MURF1 and MAFbx protein and mRNA expres-
sion levels in the LV-NC and LV-HDAC2 groups treated 
with CSE were significantly higher than those in the con-
trol LV-NC group (P<0.05) (Figure 4C and D). These 
results suggested that CSE-induced atrophy is associated 
with HDAC2 and that overexpression of HDAC2 amelio-
rates myotube atrophy.

Overexpression of HDAC2 Ameliorates 
CSE-Induced Senescence in C2C12 Cells
In a previous study, we found that HDAC2 mediates the 
inflammatory response in C2C12 cells,19 and inflamma-
tion can lead to senescence. To investigate whether 
HDAC2 is involved in the cellular senescence induced 
by CSE, we first detected the changes in the cellular 
senescence of each group by β-galactose. The results 
showed that senescence was significantly increased in 
the LV-NC group and group after CSE treatment com-
pared with the control LV-NC group (P<0.05). In con-
trast, senescence was decreased in the LV-HDAC2 group 
treated with CSE compared with the LV-NC group trea-
ted with CSE (P<0.05) (Figure 5A). The expression of 
senescence-related proteins was also examined. The 
results showed that the expression of P53 and P21 was 
significantly increased at both the protein and mRNA 
levels after treatment with CSE (P<0.05), whereas over-
expression of HDAC2 inhibited the expression of P53 
and P21 after treatment with CSE (P<0.05). In contrast, 
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Figure 2 Atrophy and senescence-related protein expression in mice. (A) The atrophy-associated markers protein expression level of MURF1, MAFbx, HDAC2 after 12 and 
24 weeks. (B) The senescence markers protein expression level of P53, P21, SMP30 after 12 and 24 weeks. Values are expressed as means±SD. Experiments were repeated 
3 times with similar results. *p<0.05 vs control group (N).
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the SMP30 protein levels showed an opposite trend to 
those of the P53 and P21 levels (P<0.05) (Figure 5B and 
C). In addition, the IKK and NF-Kβp65 protein levels 
were consistent with the cell senescence results (P<0.05) 
(Figure 5D). These results showed that CSE leads to 
cellular senescence and that overexpression of HDAC2 
effectively ameliorates senescence.

HDAC2 Mediates CSE-Induced Skeletal 
Muscle Atrophy and Senescence via the 
NF-κB Pathway
We wanted to determine whether HDAC2 and the NF-κB 
pathway are involved in the skeletal muscle atrophy and 

senescence induced by CSE. C2C12 cells were pretreated 

Figure 3 CSE decreases myotube diameter and increases atrophy-related proteins in C2C12 cells. After 6 days of cell differentiation and 24 hours of treatment with CSE, 
the morphological changes of the cells were observed, and Western analysis of the levels of MAFbx and MuRF1 protein expression was performed. (A) C2C12 myotubular 
phenotype changes after different CSE concentrations; 200×. (B) Measurements of average myotube diameter after 24 hours in different treatment groups exposed to CSE. 
(C) The protein expression level of MURF1, MAFbx and HDAC2 after 24 hours in different treatment groups exposed to CSE. Values are expressed as means±SD. 
Experiments were repeated 3 times with similar results. *p<0.05 vs control group (N).
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Figure 4 Overexpression of HDAC2 inhibits CSE-induced atrophy in C2C12 cells. (A) Effects of LV-HDAC2 Overexpression on HDAC2 Protein and mRNA. (B) 
Immunofluorescence measurement of the mean myotube diameter after 24 hours of 0.3% CSE between the different groups; 100×. (C) The protein expression level of 
MURF1, MAFbx, HDAC2 in cells with or without 0.3% CSE. (D) The mRNA level of MURF1, MAFbx in cells with or without 0.3% CSE. Values are expressed as means±SD. 
Experiments were repeated 3 times with similar results. *p<0.05 vs control NC group (LV-NC), #p<0.05 vs CSE+LV-NC group.
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Figure 5 Overexpression of HDAC2 Inhibits Senescence in C2C12 Cells. (A) β-Galactosidase staining measurement of cellular senescence after 24 hours of 0.3% CSE 
between the different groups, 100×. (B) The protein expression level of P53, P21, SMP30 in cells with or without 0.3% CSE. (C) The mRNA level of P53, P21 in cells with or 
without 0.3% CSE. (D) The protein expression level of NF-κBp65 and IKK in cells with or without 0.3% CSE. Values are expressed as means±SD. Experiments were repeated 
3 times with similar results. *p<0.05 vs control NC group (LV-NC), #p<0.05 vs CSE+LV-NC group.
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with 20 μM PDTC, and then, the cells were incubated with 

CSE for 24 hours. The results indicated that the NF-κB 

p65 protein levels were significantly reduced in the cells 

overexpressing HDAC2 or treated with PDTC compared 

to the cells exposed to CSE alone (P<0.05), and the NF- 

κBp65 protein levels were significantly reduced after both 

HDAC2 overexpression and PDTC treatment compared to 

either HDAC2 overexpression or PDTC treatment alone in 

cells exposed to CSE (P<0.05) (Figure 6A).
Compared with exposure to CSE alone, overexpression of 

HDAC2 or treatment with PDTC in cells exposure to CSE 
resulted in significantly increased myotube diameters 
(P<0.05), and the myotube diameters were significantly 
increased after both the overexpression of HDAC2 and treat-
ment with PDTC compared with either the overexpression of 
HDAC2 or treatment with PDTC alone in cells exposed to 
CSE (P<0.05) (Figure 6B). In addition, we found that over-
expression of HDAC2 or treatment with PDTC alone signifi-
cantly decreased the protein levels of P53 and P21 compared 
to exposure to CSE alone (P<0.05). In contrast, overexpres-
sion of HDAC2 and treatment with PDTC further decreased 
the protein levels of P53 and P21 (P<0.05) (Figure 6C). These 
results suggested that CSE causes atrophy and senescence via 
the HDAC2/NF-κB pathway.

Discussion
Skeletal muscle dysfunction (SMD) is a relevant comor-
bidity associated with poor outcomes in COPD patients, 
including greater hospitalization rates, worse quality of 
life, and lower survival.In the present study, we found 
that HDAC2 reverses CS-induced atrophy and senescence 
by regulating the NF-κB signalling pathway. These data 
suggested that the HDAC2/NF-κB signalling pathways 
may be a promising target for effective new SMD treat-
ments in patients with CS-induced emphysema or COPD. 
However, previous studies have mainly focused on the role 
of HDAC2 in skeletal muscle inflammation, and few stu-
dies have addressed the role of HDAC2 in skeletal muscle 
atrophy and senescence.

In recent years, it has been demonstrated that SMD dur-
ing COPD is associated with physical inactivity, nutritional 
abnormalities, hormonal changes, systemic inflammation, 
and oxidative stress.16,34 Doucet found that the mRNA 
expression the muscle-specific E3s MURF1 and MAFbx 
was increased in the quadriceps muscles of COPD patients 
compared with the quadriceps muscles of healthy subjects.35 

In addition, Vogiatzis and colleagues36 found that compared 
with those of noncachectic COPD patients, the protein levels 
of MAFbx in the vastus lateralis muscles of cachectic COPD 
patients were significantly increased. In the present study, we 
found that CS causes atrophy, which is accompanied by the 
increased expression of MURF1 and MAFbx in mouse gas-
trocnemius muscles.

Sarcopenia is characterized by both loss and atrophy of 
muscle cells, and its molecular mechanisms are related to 
cellular senescence.37 Hallmarks of senescence include telo-
mere shortening, genomic instability, epigenetic alterations, 
disrupted protein homeostasis, mitochondrial dysfunction, 
and nutrient sensing dysregulation, all of which can be 
observed in patients with COPD.38 Oxidative stress directly 
induces cell cycle arrest by causing DNA damage and acti-
vating P53 and P21 in COPD.39 In addition, SMP30 is an 
age-related multifunctional protein that is closely associated 
with lung cell senescence in the mouse COPD model.40 The 
present study demonstrated an increase in the expression of 
the senescence-associated proteins P53 and P21 and 
a decrease in the expression of SMP30 in the gastrocnemius 
muscles of mice exposed to CS.

There is growing evidence that indicates that HDAC2 
promotes repair during DNA damage and regulates cellu-
lar senescence and inflammation by deacetylating histones 
and transcription factors (eg, NF-κB).41 Specific knock-
down of HDAC1/2 in skeletal muscle resulted in progres-
sive sarcopathy in mice.42 In addition, a significant 
decrease in HDAC2 expression was observed in the quad-
riceps muscles of patients with COPD.29 In the present 
study, we observed the decreased expression of HDAC2 in 
C2C12 cells treated with CSE, which was consistent with 
the in vivo data. To further investigate the role of HDAC2 
in atrophy and senescence, we overexpressed HDAC2 in 
C2C12 cells. Overexpression of HDAC2 significantly 
ameliorated the CSE-induced myotube atrophy and senes-
cence and reversed the increased MURF1, MAFbx, P53, 
and P21 expression at both the protein and mRNA levels. 
These results indicated that HDAC2 plays an essential role 
in CS-induced skeletal muscle atrophy and senescence.

The NF-κB signalling pathway in the skeletal muscles of 
COPD patients regulates the expression of inflammatory 
cytokines, antioxidants, and stress proteins, impairing muscle 
motility.37,43 Increased expression of NF-κB in skeletal mus-
cle can lead to the upregulation of MuRF1 expression and 
enhanced catabolism of myosin, resulting in the loss of 
muscle components. In contrast, blocking NF-κB can prevent 
muscle atrophy.44 Cai et al45 found that activation of IKK-β 
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Figure 6 Effects of NF-κB pathway on HDAC2-regulated atrophy and senescence in C2C2 cells. (A) Western blot assays for NF-κBp65 expression after overexpression of 
HDAC2 and PDTC in CSE. (B) Immunofluorescence detection of myotube diameter, 100×. (C) Western blot assays for MURF1, MAFbx, P53, and P21. Values are expressed 
as means±SD. Experiments were repeated 3 times with similar results. *p<0.05 vs CSE group, #p<0.05 vs CSE+LV-HDAC2 group, $p<0.05 vs CSE+PDTC group.
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in muscle-specific IKK-β transgenic mice (MIKK) signifi-
cantly induced skeletal muscle atrophy, while its inhibition 
reversed muscle atrophy. In MuRF-1-/- mice, muscle atrophy 
was significantly reduced, demonstrating that transcriptional 
activation of MuRF-1 by NF-kB is a key step in the induction 
of skeletal muscle atrophy by NF-κB. In a previous study, we 
found that CS inhibits HDAC2 expression, which is nega-
tively correlated with NF-κB expression and activity.19 In 
addition, the accumulation of senescent cells triggers chronic 
inflammation, and the NF-κB signalling pathway plays an 
essential role in this process.46 However, it is unclear whether 
HDAC2 can mediate CS-induced skeletal muscle atrophy 
and senescence via the NF-κB signalling pathway. In the 
present study, we found that the overexpression of HDAC2 
significantly reduced the NF-κB and IKK protein levels 
compared with CSE alone, suggesting that the NF-κB path-
way may be involved in CSE-induced atrophy and senes-
cence in C2C12 cells. To further investigate the effects of 
HDAC2 and the NF-κB signalling pathway on atrophy and 
senescence, C2C12 cells were pretreated with the NF- 
κB-specific inhibitor PDTC (20 µM) for 2 hours before 
CSE treatment. The results showed that the effects of CSE 
on C2C12 cell atrophy and senescence could be significantly 
reversed by PDTC, and the inhibitory effect was even more 
obvious when the cells were treated with PDTC and over-
expressed HDAC2. These results suggested that HDAC2 and 
the NF-κB signalling pathway are involved in atrophy and 
senescence.

The major limitations of this study are as follows. 1) We 
did not use the HDAC2-knockout mouse model, which may 
limit the functional studies of this molecule in animal experi-
ments. Further research is required to observe the effects of 
HDAC2 on CS-induced skeletal muscle atrophy in vivo using 
HDAC2 inhibitors or HDAC2-knockout mice. 2) Trichostatin 
A (TSA), an HDAC inhibitor, blocks CS-induced skeletal 
muscle atrophy and histomorphological changes.47 This find-
ing indicates that the use of HDAC2 as a target for the treat-
ment of skeletal muscle atrophy remains controversial, and 
this topic may require additional experimental support. 3) This 
study only included in vivo and in vitro experiments and lacks 
reliable clinical evidence; therefore, these findings still need to 
be combined with bioinformatics analysis and further vali-
dated in clinical subjects.

Conclusion
In conclusion, our data suggested that HDAC2 is involved 
in CS-induced skeletal muscle atrophy and senescence by 
regulating the NF-κB signalling pathway. This study helps 

to further understand the pathogenesis of skeletal muscle 
dysfunction in COPD.
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