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ARTICLE INFO ABSTRACT

Aims: It is well known that cigarette smoke (CS) is the main risk factor for chronic obstructive pulmonary
disease (COPD) accompanied by skeletal muscle atrophy. Histone deacetylases (HDACs) that remove acetyl
groups from target proteins are necessary for the muscle atrophy associated with skeletal muscle disuse.
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Atrophy However, the role of HDACs and trichostatin A (TSA), a HDAC inhibitor, in skeletal muscle atrophy caused by CS
TSA . exposure remains poorly understood.
Pyroptosis

Main methods: Female mice were exposed to CS twice daily for 40 days and TSA injected intraperitoneally into
CS-exposed mice on alternate days. Skeletal muscles were weighed and gastrocnemius (Gas) muscle histomor-
phology examined by hematoxylin and eosin staining. Histone deacetylases 1 and 2 (HDAC1/2), and markers of
ubiquitin degradation, muscle differentiation, apoptosis, pyroptosis, and the cytoskeletal proteins were assessed
by western blot and immunohistochemistry in Gas.

Keyfindings: CS exposure decreased body and skeletal muscle weights and triggered an increase in the percen-
tage of fiber with centralized nuclei in Gas. HDAC1/2 proteins were upregulated in the Gas of mice exposed to
CS, while TSA effectively inhibited HDAC1/2 protein levels and attenuated the loss of body weight and skeletal
muscle wet weight induced by CS exposure. Markers for ubiquitin degradation, muscle differentiation, cytos-
keletal proteins, apoptosis and pyroptosis were all upregulated following CS exposure and effectively restored by
TSA.

Significance: TSA may inhibit skeletal muscle atrophy and histomorphological alterations induced by CS ex-
posure by downregulating markers of ubiquitin degradation, muscle fiber differentiation, cytoskeletal proteins,
apoptosis and pyroptosis via HDAC1/2 inhibition.

1. Introduction other proteins. HDACs also participate in the regulation of the activity

of many transcription factors and large macromolecular complexes in-

Cigarette Smoking (CS) is prevalent worldwide and approximately
20% of the population smoke cigarette worldwide [1]. CS is probably
the most significant source of toxic chemicals exposure to humans,
which has been shown to be associated with adverse effects of skeletal
muscle including skeletal muscle atrophy [2,3]. Several studies have
examined the effect of CS on skeletal muscle atrophy. In chronic ob-
structive pulmonary disease (COPD), which is mainly caused by CS,
muscle atrophy is one of the important comorbidities [4]. Steffl M et al.
found that CS as an isolated factor may contribute to the development
of sarcopenia [5]. However, the exact mechanisms involved in CS
causing muscle atrophy are unknown.

Histone deacetylases (HDACs) modulate gene transcription and
protein function by regulating the level of acetylation of histones and

volved in a variety of cellular processes [6]. The specific knockdown of
HDAC1 and HDAC2 (HDAC1/2) in skeletal muscle causes a proportion
of mice pups to die during the perinatal period due to mitochondrial
abnormalities and sarcomere degeneration [7]. HDACs, specifically
HDACI, remove acetyl groups from target proteins and are necessary
for the muscle atrophy and contractile dysfunction associated with
skeletal muscle disuse [8]. The upregulation of Forkhead box O (FOXO)
transcription factors, one of the target proteins of HDACI, is essential
for skeletal muscle atrophy. HDAC1 promotes muscle atrophy by in-
creasing the FOXO-dependent transcription of target genes involved in
the ubiquitin proteasome pathway (tripartite motif 63 [TRIM63] and F-
box protein 32 [FBX032]), autophagy (microtubule associated protein
1 light chain 3 alpha [LC3]) and in the inhibition of protein synthesis
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(eukaryotic translation initiation factor 4E binding protein, [4EBP])
[8]. Trichostatin A (TSA), a HDAC inhibitor, prevents skeletal muscle
atrophy that may be due to the regulation of the TRIM63 gene [9].
Treatment with TSA ameliorates muscle atrophy and neuromuscular
junction denervation, delays disease progression and increases survival
in a mouse model of amyotrophic lateral sclerosis; it also improves body
weight and survival in spinal muscular atrophy mice [10,11]. More-
over, TSA treatment in the early frog embryo induces selective inhibi-
tion of the transcriptional induction of the myoD gene and a severe
reduction of subsequent muscle differentiation [12]. Based on the
above studies, we hypothesized that HDACs may be involved in skeletal
muscle abnormalities caused by CS exposure by regulating protein
synthesis and degradation and muscle fiber differentiation.

In addition, the upregulation of the P2X purinergic receptor, a li-
gand-gated ion channel (P2RX7), and an ATP-gated ion channel need
high levels of extracellular ATP in dystrophic muscle cells and induce a
number of mechanisms, including apoptosis and pyroptosis [13-15].
Previous studies have found that apoptosis and pyroptosis were asso-
ciated with the skeletal muscle atrophy observed in COPD [16-18].
Therefore, in this work we also explored whether P2RX7-mediated
pyroptosis and apoptosis were involved in skeletal muscle damage
caused by CS exposure.

The purpose of the current study was to investigate the mechanism
of HDAC involvement in skeletal muscle atrophy caused by CS exposure
and the therapeutic potential of TSA in this process.

2. Materials and methods
2.1. Animals

Female C57BL/6 mice(8 weeks old at the start of CS exposure) were
supplied by the Animal Center of Shengjing Hospital at China Medical
University. All animal experiments were conducted in accordance with
the protocol approved by the Institutional Animal Care and Use
Committee of the China Medical University (No. 2013PS06K). All mice
were maintained on a standard 12-h light/dark cycle, free access to
food and water and under controlled temperatures (25 = 1°C) and
humidity (50 * 10%).

2.2. CS exposure

The XiongShi brand of cigarettes (China Tobacco Zhejiang
Industrial Co., LTD, Zhejiang, China), with each cigarette containing
0.7 mg of nicotine and 8 mg of tar, was used in this study. CS exposure,
and TSA doses and methods were based on those used in our previous
study [19]. After habituation for seven days, the mice were divided into
three groups: room air exposure (Control), cigarette smoke exposure
(CS) and cigarette smoke exposure + trichostatin A (CS + TSA; T1952-
200UL; Sigma, St Louis, MI, USA), at least five mice in each group. Mice
in the Control group were placed in a restrainer for 120 min, twice
daily, and exposed to room air only for a duration of 40 days. Mice in
the CS exposure group were exposed to CS in a whole-body exposure
system for 120 min, twice daily, for duration of 40 days. TSA (0.6 mg/
kg body weight on alternate days for 40days) was injected in-
traperitoneally into the mice of the CS + TSA group. All mice were
weighed every day. After CS exposure for 10, 20, 30 and 40 days, at
least five mice in each group were euthanized and the gastrocnemius
(Gas), tibialis anterior (TA) and triceps (Tri) muscles were collected for
further studies. In this study, the target proteins, except autophagy-
related proteins, were detected in the Gas of mice treated with CS for
40 days.

2.3. Hematoxylin and eosin staining

After 40 days of CS exposure, two each of Gas, TA and Tri muscles
from each animal were harvested and weighed from at least five mice in
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each group. One Gas of each animal was promptly fixed in 4% paraf-
ormaldehyde for 24 h, then embedded with paraffin and cut into cross-
sections (4 um thick). After this, hematoxylin and eosin (HE) staining
was performed. Another Gas of each animal was quickly frozen in liquid
nitrogen for the subsequent detection of protein expression. Gas histo-
morphology was examined by a Nikon Ni upright microscope using
bright field microscopy with 40 X objective lenses and photographed
using Nis-Elements software.

2.4. Western blot

Total proteins were extracted from Gas using RIPA buffer
(Beyotime, Jiangsu, China) containing phenylmethylsulfonyl fluoride to
inhibit proteases. Protein concentrations were measured using a BCA
Protein Assay Kit (Thermo, Waltham, MA, USA). Samples with equal
amounts of protein were separated by 12.5% sodium dodecyl sulfa-
te—polyacrylamide gel electrophoresis (SDS-PAGE), and immunoblot
analysis performed on polyvinylidene difluoride membranes (PVDF;
Millipore Corporation, Burlington, MA, USA). Following blocking in 5%
non-fat milk for 1h at room temperature, the PVDF membranes were
incubated with primary antibodies at 4 °C overnight and for another 1 h
at room temperature the next day. The PVDF membranes were washed
three times in Tris-buffered saline 0.1% Tween 20 (TBST; 3 X 10 min).
Then each secondary antibody was incubated with the PVDF membrane
at room temperature for 2 h. The PVDF membranes were washed three
times in TBST (3 X 10 min). The membranes were then developed with
a GE detection system. All bands were analyzed using Image-Pro
Plus6.0 software. GAPDH was used as an internal control. Primary
antibodies for this study were as follows:

GAPDH (1:5000, KC-5G4, KangChen, Shanghai, China);
HDAC1(1:1000, 345898, Cell Signaling, Danvers, MA, USA); HDAC2
(1:1000, 51338, Cell Signaling); HDAC3 (1:500, WL02946, Wanleibio,
Shen Yang, China); HDAC6 (1:1000, 7612S, Cell Signaling); 4EBP
(1:500, 9644, Cell Signaling); phosphorylation of 4EBP (P-4EBP, 1:500,
2855, Cell Signaling); P70 ribosomal protein S6 kinase (P70 S6, 1:500,
2708, Cell Signaling); phospho-p70 S6 Kinase (Thr389)(1:500, 9234,
Cell Signaling); FOXO1 (1:500, 2880, Cell Signaling); phospho-FOXO1
(Ser256)(1:500, 9461, Cell Signaling); FOX0O3(75D8) (1:500, 2497, Cell
Signaling), phospho-FOXO3 (Ser253) (1:500, 9466, Cell Signaling),
mitochondrial E3 ubiquitin protein ligase 1 (MUL1, 1:500, 16133-1-AP,
Proteintech, Rosemont, IL, USA); TRIM63 (1:500, 55456-1-AP,
Proteintech), FBX0O32 (1:500, 12866-1-AP, Proteintech); LC3B (1:500,
2775, Cell Signaling); sequestosomel, P62 (1:500, P0067, Sigma-
Aldrich); MEF2C (1:500, 5030, Cell Signaling); MYOD (1:500, 13812,
Cell Signaling), MYH (1:500, C-12117, Santa Cruz Biotechnology,
Dallas TX, USA); paired-like homeodomain transcription factor 1,
PITX1 (1:500, HO00005307-DO1P, Abnova); MYBPC2 (1:500,
PAB19214, Abnova, Tapei, Taiwan); LDB3 (1:500, PA5-30434,
Thermo); P2RX7 (1:500, 11144-1-AP, Proteintech); caspase 9 (1:500,
9508, Cell Signaling); cleaved caspase 3 (1:500, 9661, Cell Signaling);
NLRP3 (1:500, ab91413, Abcam); ASC (1:500, WL02462, Wanleibio);
cleaved caspase 1 p20 (1:500, WL02996a, Wanleibio); cleaved IL-1f3
(1:500, 52,718, Cell Signaling).

2.5. Immunohistochemistry

Gas muscles were dissected and fixed in 4% paraformaldehyde for
24 h, embedded in paraffin, and cut into cross-sections (4 um thick).
Sections were deparaffinized in xylene and ethanol, hydrated and in-
cubated with 3% H202 in methanol for 30 min at room temperature to
block endogenous peroxidase. They were then washed three times in
phosphate buffered saline (PBS; 3 X 5min) and incubated with normal
fetal bovine serum for 30 min at room temperature, and then with
primary antibodies at 4 °C overnight. Sections were washed three times
with PBS (3 X 10 min), then incubated with reagent A (KIT-9922,
Maxim Biotechnologies, Rockville, MD, USA) for 15min at room
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temperature and washed 3 times with PBS (3 X 5min). Sections were
incubated with reagent B (KIT-9922, Maxim Biotechnologies) for
30 min and washed three times with PBS (3 X 5min), following by
incubation with DAB (zli-9017, ZSGB-Biotechnologies). Negative con-
trols were obtained by omitting the primary antibody. The sections
were viewed under a Nikon Ni upright microscope using bright-field
microscopy with 40X objective lenses and photographed using Nis-
Elements software. Primary antibodies for this study were as follows:
HDAC1 (1:100); HDAC2 (1:100); MUL1 (1:50); FBX032 (1:50);
MEF2C (1:50); MYOD (1:50); PITX1 (1:50); MYBPC2 (1:50); LDB3
(1:50); P2RX7 (1:50); caspase 9 (1:50); cleaved caspase 3 (1:50); NLRP3
(1:50); ASC (1:50); cleaved caspase 1 p20 (1:50); cleaved IL-1f (1:50).

2.6. Statistical analyses

The data are presented as the mean * standard error of the mean
(SEM), with P < 0.05 indicating statistical significance. A two-tailed
two-sample Student's t-test of unequal variance or one-way analysis or
two-way ANOVA of variance was appropriate performed using
GraphPad Prism 7.0.

3. Results
3.1. Impact of cigarette smoke exposure on muscle structure

Female C57BL/6 mice were exposed to room air or CS for 10, 20, 30
and 40 days, respectively, at least five mice in each group. Whole body
mass increased in a time-dependent manner after exposure to room air,
but time-dependently decreased after CS exposure (Fig. 1A, D). Gas
muscle weight was significantly reduced in mice exposed to CS for 10,
20, 30 and 40 days, respectively, compared to that of mice exposed to
room air (Fig. 1B, E). The weight of the TA was not significantly af-
fected after 10 days of exposure to CS, but was significantly reduced
after 20 and 30 days CS exposure, and especially after 40 days (Fig. 1B,
F). The Tri muscle weight was identical to that of the TA (Fig. 1B, G).
Histological analysis of the Gas from mice (CS exposure for 40 days)
showed that the percentage of fibers with centralized nuclei increased
in CS-exposed mice (Fig. 1C, H). These results indicated that CS ex-
posure induced skeletal muscle atrophy and myofiber abnormality.

3.2. Exposure to CS resulted in HDAC1/2 protein upregulation and
aberrations in protein turnover

Protein synthesis and degradation are associated with maintaining a
balance in protein turnover in skeletal muscle; skeletal muscle atrophy
occurs when protein degradation exceeds protein synthesis. HDACs and
FOXO play important roles in protein synthesis and degradation. We
found that HDAC1/2 increased while HDAC3/6 remained unchanged in
the Gas of mice treated with CS for 40 days (Fig. 2A). This suggests that
HDAC1/2 may participate in skeletal muscle atrophy induced by CS
exposure. At the same time, the protein levels of p-FOX01/FOXO01 and
p-FOXO03/FOX03 both increased after CS exposure compared to levels
of the control group (Fig. 2B, C). This suggests that CS exposure in-
hibited the activation of FOXO1/3 in the Gas. In addition, proteins
associated with protein synthesis—4EBP, p70, and their phosphorylated
protein levels—were examined by western blot. The protein level of p-
4EBP/4EBP and p-p70/p70 were found to be increased after CS ex-
posure compared to levels of the control group (Fig. 2D, E). This in-
dicated that protein synthesis was upregulated after CS exposure.

The degradation of proteins was also detected. Protein degradation
is mediated by two typically conserved pathways: the ubiquitin—pro-
teasome and autophagy lysosomal systems. After CS exposure, the ex-
pression of E3 ligase (TRIM63, FBX032 and MUL1) was increased after
CS exposure (Fig. 2F). This suggested that the ubiquitin—proteasome
system is involved in skeletal muscle atrophy caused by CS exposure.
The autophagy-associated protein, LC3BII, decreased after CS exposure
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for 10, 30 and 40 days but increased after 20 days compared to levels in
respective control groups (Fig. 2G). This indicated that the formation of
autophagosomes was inhibited after CS exposure for 10, 30 and
40 days, but was promoted after CS exposure for 20 days. The autop-
hagy-associated protein, P62, decreased after CS exposure for 10 days
and increased after CS exposure for 20, 30 and 40 days (Fig. 2G). This
suggested that autophagic flow was blocked after 10 days of CS ex-
posure and was upregulated after 20, 30 and 40 days of CS exposure.
The protein level of LC3B II and P62 indicated that the impact of CS
exposure on autophagy was not constant. Overall, the above results
suggested that the inhibition of FOX01/3 did not participate in in-
hibiting the ubiquitin—proteasome system but upregulating protein
synthesis in the Gas of mice treated with CS for 40 days.

3.3. Exposure to CS resulted in the upregulation of markers of muscle fiber
differentiation

Muscle fiber differentiation is essential to skeletal muscle formation,
which is found to be abnormal in many muscle pathologies [20,21].
Markers of muscle fiber differentiation were detected by western blot
after CS exposure for 40 days. Compared to the control group, markers
of early (MEF2C, MYOD) and terminal differentiation (total MYH) all
increased following CS exposure. Moreover, the expression of PITX1, an
upstream regulatory protein of MEF2C, was also increased (Fig. 3A).
The above results indicated that CS exposure upregulated markers of
muscle fiber differentiation.

3.4. Exposure to CS resulted in upregulation of cytoskeletal proteins

Cytoskeletal proteins take part in maintaining cellular architecture
and internal organization [22]. In our previous work, we found that
some cytoskeletal proteins (MYBPC2 and LDB3) were involved in the
formation of skeletal muscle pathological changes in FHL1 knockout
(KO) mice and in differentiated C2C12 myoblasts after 17f-estradiol
exposure [23,24]. Therefore, protein levels of MYBPC2 and LDB3 were
evaluated by western blot after CS exposure for 40 days. We found that
after CS exposure, MYBPC2 and LDB3 were both increased (Fig. 3B).
This suggests that MYBPC2 and LDB3 were involved in skeletal muscle
abnormalities caused by CS exposure.

3.5. CS exposure upregulated apoptosis and pyroptosis mediated by P2RX7

P2RX7 and markers associated with apoptosis (caspase 9 and
cleaved caspase 3) and pyroptosis (NLRP3, ASC, cleaved caspase 1 and
IL-1f3) were investigated by western blot. P2RX7 was increased in the
Gas of mice treated with CS (Fig. 3C). In addition, caspase 9 and
cleaved caspase 3 were both increased in the Gas of mice treated with
CS (Fig. 3C). At the same time, CS exposure triggered NLRP3, ASC,
cleaved caspase 1 and IL-1p to increase in the Gas (Fig. 3D). The results
indicated that P2RX7-mediated apoptosis and pyroptosis were upre-
gulated in the CS-treated Gas of mice, which were associated with
skeletal muscle atrophy after CS exposure.

3.6. TSA restored skeletal muscle weight loss and abnormal muscle fiber
structure caused by CS exposure

HDACs have recently come into focus as a therapeutic target.
However, the effects of TSA, a HDAC inhibitor, on skeletal muscle al-
terations induced by CS exposure have not been demonstrated. HDAC1/
2 upregulation was shown in the Gas of mice treated with CS. Thus, in
this study, mice were exposed to CS for 120 min, twice daily, and in-
jected intraperitoneally with TSA (0.6 mg/kg body weight on alternate
days) for 40 days. We found that TSA attenuated the loss of body weight
(Fig. 4A) and wet weight of skeletal muscle (Fig. 4B) induced by CS
exposure. Furthermore, TSA reduced the percentage of fibers showing
centralized nuclei caused by CS exposure (Fig. 4C). These results
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Fig. 1. CS exposure decreased whole body weight and skeletal muscle mass, and changed muscle fiber structure. A, D: Compared with mice exposed to room air, the
body weights of mice exposed to cigarette smoke (CS) decreased in a time-dependent manner. B, E, F, G: CS exposure decreased gastrocnemius (Gas), tibialis anterior
(TA) and triceps (Tri) wet weights compared to controls. C: Histological analysis of the Gas muscle from mice (CS exposure for 40 days) by hematoxylin and eosin
(HE) stain showing an increased percentage of fibers with centralized nuclei in CS-exposed mice. The arrows point to fibers with centralized nuclei. H: The number of
muscle fibers with central nuclei in the Gas was quantified as a percentage of the total number of muscle fibers analyzed. Data are shown as the mean + SEM

(n=5). *P < 0.05.

indicated that TSA inhibited muscle atrophy and histomorphological
alterations induced by CS exposure.

3.7. TSA inhibited the upregulation of HDAC1/2 and ubiquitin degradation
induced by CS exposure

TSA inhibited muscle atrophy and Gas histomorphological altera-
tions induced by CS exposure, but the mechanism was not clear. We
found that markers of ubiquitin degradation were upregulated in the
Gas of mice treated with CS for 40 days. It was therefore necessary to

measure the level of ubiquitin degradation after TSA exposure. TSA was
found to significantly restore the expression of HDAC1/2 and markers
of ubiquitin degradation induced by CS exposure (Fig. 5). These results
indicated that TSA inhibited muscle atrophy and histomorphological
alterations induced by CS exposure and that the TSA effect may be
associated with a reduction of ubiquitin degradation via HDAC1/2 in-
hibition.
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Fig. 2. Exposure to CS resulted in HDAC1/2 upregulation and aberrations in protein turnover. After female C57BL/mice were exposed to cigarette smoke (CS) for
40 days, proteins associated with protein turnover were examined by western blot. A: CS exposure upregulated HDAC1/2 proteins but did not affect the protein levels
of HDAC3 and HDACS6. B, C: CS exposure inhibited the activation of FOX01/3 in the Gas. D, E: CS exposure promoted protein synthesis (4EBP, P70). F: CS exposure
promoted ubiquitin degradation (TRIM63, FBX0O32 and MUL1). G: The effect of CS exposure on autophagy was not constant. The autophagy-associated protein,
LC3BII, decreased after CS exposure for 10, 30 and 40 days but increased after 20 days compared to respective control groups. The autophagy-associated protein, P62,
decreased after CS exposure for 10 days but increased after 20, 30 and 40 days compared to respective control groups. Data are shown as the mean = SEM (n = 5).

*P < 0.05.
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Fig. 3. CS exposure upregulated markers of muscle
fiber differentiation, cytoskeletal proteins, apoptosis
and pyroptosis. A: Western blot analysis of markers
for muscle fiber differentiation in controls and ci-
garette smoke (CS)-treated gastrocnemius (Gas) of
mice. Statistical analysis indicated that MEF2C,
MYOD, MYH and PITX1 were significantly increased
in the muscle of mice treated with CS. B: Western
blot analysis of markers for cytoskeletal proteins in
the Gas of control and CS exposed mice. Statistical
analysis indicated MYBPC2 and LDB3 were markedly
increased in the muscle of mice treated with CS. C:
Western blot analysis of markers for apoptosis and
P2RX7 in the Gas of control and CS exposed mice.
Statistical analysis indicated P2RX7, caspase 9 and
cleaved caspase 3 were significantly increased in the
muscle of mice treated with CS. D: Western blot
analysis of protein markers of pyroptosis in the Gas
of control and CS exposed mice. Statistical analysis
indicated NLRP3, ASC, cleaved caspase 1 and inter-
leukin (IL)-1f were markedly increased in the
muscle of mice treated with CS. Data are shown as
the mean = SEM (n = 5). *P < 0.05.
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Fig. 4. TSA restored skeletal muscle weight loss and abnormal muscle fiber structure caused by CS exposure. Female C57BL/mice were divided into three groups that
included a Control group, cigarette smoke (CS) exposure group and CS exposure + trichostatin A (TSA). All mice were weighed every day. After 40 days of CS
exposure, at least five mice in each group were selected and the Gas, TA and Tri muscles of each animal were weighed. A: TSA attenuated the loss of body weight
caused by exposure to CS. B: TSA restored the loss of skeletal muscle mass caused by CS exposure. C: TSA reduced the percentage of fibers with centralized nuclei
caused by CS exposure. Data are shown as the mean + SEM (n = 5). *P < 0.05 (Control vs. CS), “P < 0.05 (CS vs. CS + TSA).

3.8. TSA inhibited markers of muscle fiber differentiation and cytoskeletal
proteins induced by CS exposure

CS exposure increased markers of fiber differentiation and cytos-
keletal proteins (Fig. 3A, B). It was therefore necessary to investigate
whether HDAC1/2 regulated fiber differentiation and cytoskeletal
proteins exposed to CS. We found that TSA significantly inhibited
markers of muscle fiber differentiation (MEF2C, MYOD, MYH and
PITX1; Fig. 6) and cytoskeletal proteins (MYBPC2 and LDB3; Fig. 7)
induced by CS exposure. This indicated that TSA alleviated skeletal
muscle atrophy caused by CS exposure and that the TSA effect may be
associated with a reduction of markers of differentiation as well as
cytoskeletal proteins via HDAC1/2 inhibition.

A: Western blot analysis of cytoskeletal proteins (MYBPC2 and
LDB3) in Control, cigarette smoke (CS)-treated and CS+ trichostatin A
(TSA)-treated gastrocnemius (Gas) of mice. Statistical analysis in-
dicated that TSA effectively downregulated protein levels of MYBPC2

and LDB3 induced by CS exposure. B, C: Inmunohistochemical analysis
of cytoskeletal proteins (MYBPC2 and LDB3) in Control, CS-treated and
CS + TSA-treated Gas of mice. Statistical analysis indicated that TSA
effectively downregulated protein levels of MYBPC2 and LDB3 induced
by CS exposure. Data are shown as the mean + SEM (n = 5).
“P < 0.05 (Control vs. CS), “P < 0.05 (CS vs. CS + TSA).

3.9. TSA decreased the upregulation of apoptosis and pyroptosis mediated
by P2RX7 and caused by CS exposure

Our results displayed that P2RX7, markers of apoptosis and pyr-
optosis were all increased after CS exposure (Fig. 3C, D). Those results
suggested that apoptosis and pyroptosis had roles in skeletal muscle
atrophy and muscle abnormalities induced by CS exposure. However,
the effect of TSA on apoptosis and pyroptosis was undetermined. Pro-
tein levels of P2RX7, and markers of apoptosis (caspase 9 and cleaved
caspase 3) and pyroptosis (NLRP3, ASC, cleaved caspase 1 and IL-1f)
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were evaluated by western blot and immunohistochemistry after TSA
exposure. TSA effectively downregulated P2RX7 protein in the Gas in-
duced by CS exposure. Furthermore, TSA attenuated the upregulation
of apoptosis (Fig. 8) and pyroptosis (Fig. 9) caused by CS exposure. This
suggested that TSA alleviated skeletal muscle atrophy caused by CS
exposure and that this effect may be associated with a reduction of
apoptosis and pyroptosis mediated by P2RX7 via HDAC1/2 inhibition.

4. Discussion

Previous studies have shown that CS exposure contribute to the
development of skeletal muscle atrophy in COPD [25,26]. CS is also
associated with sarcopenia or age-related muscle atrophy and the loss
of muscle strength [27-29]. In addition, Kriiger et al. found that ex-
posure to CS caused decreased exercise capacity and inflammation,
which were associated with skeletal muscle atrophy [30]. However, the
molecular mechanisms underlying skeletal muscle atrophy induced by
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CS remained elusive. In this study, muscle atrophy and structural
changes caused by CS exposure were investigated and the molecular
mechanisms underlying this process explored. Whole-body exposure of
mice to CS was used in this study, as described in our previous study
[19]. We showed that CS exposure twice daily for 40 days triggered the
loss of body weight and skeletal muscle (Gas, TA and Tri) wet weight,
and induced Gas histomorphological alterations. The percentage of fi-
bers with centralized nuclei increased in CS-exposed mice compared to
mice exposed to room air. This suggested that CS exposure caused
skeletal muscle atrophy and structural abnormalities. Therefore, ex-
ploring the mechanisms involved in CS-induced skeletal muscle damage
was important.

HDACs remove acetyl groups from target proteins, and have played
an essential role in regulating skeletal muscle atrophy in several pa-
thophysiological conditions [31,32]. The specific knockout of HDAC1/2
in skeletal muscle caused a proportion of mice pups to die during the
perinatal period, with mitochondrial abnormalities and sarcomere de-
generation evident [7]. Skeletal muscle atrophy is caused by the in-
hibition of protein synthesis and the upregulation of protein

degradation that includes the ubiquitin—proteasome system and au-
tophagy. HDAC1 promotes muscle atrophy by increasing the FOXO-
dependent transcription of target genes involved in the ubiquitin—pro-
teasome pathway (TRIM63 and FBX032), autophagy (LC3) and by in-
hibiting protein synthesis (4EBP) [8]. Therefore, we hypothesized that
HDACs promoted skeletal muscle atrophy caused by CS exposure by
regulating FOXO-dependent protein synthesis and degradation. Hu
et al. observed that after exposure to side-stream smoke 1h daily for
40 days, autophaglysosome formation became defective in the hearts of
mice [33]. However, Ting et al. reported that after environmental ex-
posure to tobacco smoke twice daily (morning and afternoon) for
6 weeks, autophagy increased in the hearts of mice [34]. We suspected
that the upregulation or downregulation of autophagy by CS was due to
different exposure times. Therefore, in this study, autophagy was
evaluated in the Gas of mice after CS exposure for 10, 20, 30 and
40 days, while other protein levels were measured at only 40 days after
CS exposure. We found that HDAC1/2 increased and HDAC3/6 re-
mained unchanged in the Gas of mice treated with CS. This suggests
that HDAC1/2 may participate in Gas histomorphological alterations
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Fig. 7. TSA inhibited cytoskeletal proteins upregulated by CS exposure.

induced by CS exposure. At the same time, the protein level of p-
FOXO01/FOXO1 and p-FOXO3/FOX03 were both upregulated. This re-
sult is inconsistent with the study of Beharry et al. [8]. Some studies
have shown that the phosphorylation of FOXOs was also regulated by
other signaling pathways including Akt signaling pathway [35,36].
Therefore we suspect that after CS exposure, other regulators may
promote the protein level of p-FOXO1 and p-FOXO3. What is more,
protein synthesis and the ubiquitin—proteasome pathway were upre-
gulated after CS exposure for 40 days. Interestingly, the effect of CS
exposure on autophagy levels was not constant as we suspected. The
autophagy-associated protein, LC3B II, was decreased after CS exposure
for 10, 30 and 40 days, but increased after 20 days compared to re-
spective control groups. The autophagy-associated protein, P62, de-
creased after 10days CS exposure and increased after 20, 30 and
40 days CS exposure compared to respective control groups. These re-
sults indicated that autophagy and protein synthesis processes were not
involved in skeletal muscle atrophy after 40days of CS exposure.
However, CS exposure may promote ubiquitination by activating
HDAC1/2 to cause skeletal muscle atrophy. What is more, CS exposure
upregulated markers of muscle fiber differentiation (MEF2C, MYOD,
MYH and PITX1), cytoskeletal proteins (MYBPC2 and LDB3), apoptosis
(caspase 9 and cleaved caspase 3) and pyroptosis (NLRP3, ASC, cleaved
caspase 1, IL-13). The above proteins may also be involved in CS-in-
duced skeletal muscle atrophy. Therefore, HDAC1/2 came into focus as
a therapeutic target. Furthermore, the effects of TSA, an HDAC in-
hibitor, on Gas histomorphological alterations and the upregulation of
proteins involved in ubiquitination, muscle fiber differentiation, cy-
toskeletal proteins, apoptosis and pyroptosis induced by CS exposure
were further investigated.

As our data showed, TSA attenuated the loss of body weight and Gas
wet weight and reduced percentage of fibers with centralized nuclei
induced by CS exposure. Furthermore, TSA effectively inhibited
HDAC1/2 protein upregulation and reduced protein levels of the ubi-
quitin—proteasome pathway caused by CS exposure. These results
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indicated that TSA inhibited muscle atrophy induced by CS exposure
and that the TSA effect may be associated with a reduction of ubiquitin
degradation via HDAC1/2 inhibition.

Muscle fiber differentiation is a crucial stage in determining skeletal
muscle formation. In our previous research, we found that markers of
early (MEF2C and MYOD1) and terminal differentiation (MYH) were
both upregulated in FHL1 KO mice with abnormal skeletal muscle
morphology [23]. MEF2C and MYOD also involve in the regeneration of
skeletal muscle damage [37,38]. Moreover, the over-expression of
PITX1, the upstream regulatory protein of MEF2C, leads to myofiber
atrophy and muscular dystrophy [39]. Previous studies have demon-
strated that HDAC1 binds directly to MEF2C and MYOD to regulate cell
differentiation [40,41]. In our work, skeletal muscle differ-
entiation-related proteins (MEF2C, MYOD, MYH and PITX1) all in-
creased in the Gas of mice treated with CS and were effectively in-
hibited by TSA. These results indicated that TSA inhibited muscle
atrophy induced by CS exposure and that the effect of TSA may be
associated with a reduction in markers of muscle fiber differentiation or
regeneration via HDAC1/2 inhibition.

Additionally, cytoskeletal proteins take part in maintaining cellular
architecture and internal organization [22]. MYBPC2 and LDB3,
members of the cytoskeletal family of proteins, are involved in many
pathological changes in muscle. MYBPC proteins regulate muscle
structure and function, which interact with the head region of myosin
and actin to maintain thick filament stability and regulate contractility
[42]. LDB3 is essential for maintaining skeletal muscle structural in-
tegrity and function [43]. Abnormal splicing of LDB3 plays an essential
role in myotonic dystrophies type 1 and 2 [44]. In our previous work,
we found that MYBPC2 and LDB3 were involved in the formation of
pathological changes in the skeletal muscle of FHL1 KO mice and in
differentiated C2C12 myoblasts after 17(-estradiol exposure [23,24].
Thus, we reasoned that cytoskeletal proteins may be involved in ske-
letal muscle atrophy caused by CS exposure. Our results showed that
MYBPC2 and LDB3 proteins were upregulated in the Gas of mice
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Fig. 8. TSA decreased apoptosis mediated by P2RX7 and caused by CS exposure. A: Western blot analysis of markers of apoptosis (caspase 9 and cleaved caspase 3) in
gastrocnemius (Gas) of mice treated with cigarette smoke (CS) and trichostatin A (TSA). Statistical analysis indicated that TSA decreased the expression of caspase 9
and cleaved caspase 3 induced by CS exposure. B, C: Inmunohistochemistry analysis of markers of apoptosis (caspase 9 and cleaved caspase 3) in the Gas of mice
treated with CS and TSA. Statistical analysis indicated that TSA lowered the protein expression of caspase 9 and cleaved caspase 3 induced by CS exposure. Data are
shown as the mean + SEM (n = 5). *P < 0.05 (Control vs. CS), “P < 0.05 (CS vs. CS + TSA).

treated with CS and inhibited by TSA. This indicated that the upregu-
lation of MYBPC2 and LDB3 proteins was involved in skeletal muscle
atrophy caused by CS exposure and can be inhibited by TSA. The effect
of TSA inhibition on the upregulation of MYBPC2 and LDB3 proteins
may occur via HDAC1/2 inhibition.

What is more, the upregulation of P2RX7, an ATP-gated ion
channel, induced muscle cell damage and pathology; the subsequent
inhibition of P2RX7 improved muscle function in Duchenne muscular
dystrophy [45]. P2RX7 also plays an important role in dystrophic
myoblasts and myotubes [13]. The upregulation of P2RX7 needed high
levels of extracellular ATP for dystrophic muscle cells and induced a
number of mechanisms, including apoptosis and pyroptosis [13-15].
Zhang et al. reported that Gurigumu-13 GRGM-13 inhibited the oxi-
dative stress-induced apoptosis of retinal ganglion cells by inhibiting
the P2RX7/p38 MAPK pathway [46]. Apoptosis is also essential to
various muscle pathologies. Cell apoptosis is an important mechanism
underlying skeletal muscle dysfunction in patients with COPD. Mao
et al. found that cell apoptosis were increased in a COPD rat model
[16]. The upregulation of apoptosis was also involved in ageing-related
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muscle atrophy and denervation-induced muscle abnormalities [47]. In
comparison, pyroptosis is also essential to skeletal muscle atrophy.
NLRP3/IL-1(3 upregulation is an essential pathogenic mechanism in the
inflammatory skeletal muscle atrophy of sepsis so that the inhibition of
NLRP3/IL-1f relieved muscle atrophy [18]. Wang et al. reported that
NLRP3 and caspase 1 were both upregulated in alveolar epithelial
(A549) cells and bronchial epithelial (Beas-2B) cells following exposure
to cigarette smoke extract [48]. However, whether P2RX7-mediated
apoptosis and pyroptosis were involved in skeletal muscle abnormal-
ities caused by CS was unclear. In this work, the upregulation of P2RX7-
mediated apoptosis and pyroptosis was investigated in the Gas of mice
treated with CS. We found that P2RX7, and markers of apoptosis
(caspase 9 and cleaved caspase 3) and pyroptosis (NLRP3, ASC, cleaved
caspase 1 and IL-1f) were all upregulated in the Gas of CS-exposed mice
and that this was limited by TSA. Our studies suggested that TSA al-
leviated skeletal muscle atrophy caused by CS exposure and that the
TSA effect may be associated with a reduction of apoptosis and pyr-
optosis mediated by P2RX7 via the inhibition of HDAC1/2.
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Fig. 9. TSA inhibited pyroptosis mediated by P2RX7 and caused by CS exposure. A: Western blot analysis of markers of pyroptosis (NLRP3, ASC, cleaved caspase 1
and interleukin [IL]-1B) in the gastrocnemius (Gas) of mice treated with cigarette smoke (CS) and trichostatin A (TSA). Statistical analysis indicated that TSA
decreased the expression of NLRP3, ASC, cleaved caspase 1 and IL-B proteins induced by CS exposure. B, C: Inmunohistochemistry analysis of markers of pyroptosis
(NLRP3, ASC, cleaved caspase 1 and IL-1) in the Gas of mice treated with CS and TSA. Statistical analysis indicated that TSA lowered the expression of NLRP3, ASC,
cleaved caspase 1 and IL-1f proteins induced by CS exposure. Data are shown as the mean + SEM (n = 5). *P < 0.05 (Control vs. CS), #p < 0.05 (CS vs.

CS + TSA).

5. Conclusions

TSA may inhibit skeletal muscle atrophy and histomorphological
alterations induced by CS exposure as shown by the downregulation of
upregulated markers of ubiquitin degradation, muscle fiber differ-
entiation or regeneration, cytoskeletal proteins, apoptosis and pyr-
optosis via the inhibition of HDAC1/2. Taken together , our data sug-
gest that TSA may be a potential therapy for skeletal muscle atrophy
associated with some diseases such as COPD and sarcopenia caused by
CS.
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