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Background: Chronic inflammation, oxidative stress, and apoptosis play critical roles in 
chronic obstructive pulmonary disease (COPD) pathogenesis. Here, we attempted to deter
mine whether aerobic exercise (AE) could improve COPD by counteracting the COPD- 
associated inflammatory response, oxidative stress, and apoptosis in mice.
Methods: Thirty male ICR mice were assigned into one of three groups: control (Con), 
COPD, and COPD + AE. COPD was simulated by intratracheal injection of lipopolysac
charide (LPS) for 4 weeks. Low-intensity AE was performed for 4 weeks. Bronchoalveolar 
lavage fluid (BALF) cell counts and the levels of inflammatory cytokine in BALF and serum 
were detected. Hematoxylin and eosin (HE), Masson trichrome, and Sirius Red staining as 
well as terminal deoxynucleotidyl transferase dUTP nick end labeling were performed to 
identify the degree of pulmonary emphysema, bronchial mucus cell hyperplasia, pulmonary 
fibrosis, and cell apoptosis. Oxidative stress parameters were measured. Furthermore, gene 
expression levels for the CXCL1, IL-1β, IL-10, IL-17, matrix metalloproteinase (MMP)9, 
TGF-β, TNF-α, and silent information regulator (sirt)1 were detected in mice lung tissues.
Results: AE improved LPS-induced emphysema, pulmonary fibrosis, bronchial mucus cell 
hyperplasia, bronchoconstriction, and cell apoptosis. AE prevented an LPS-induced increase 
in the total cell, neutrophil, and macrophage counts. AE decreased malondialdehyde (MDA) 
and myeloperoxidase (MPO) levels but increased glutathione (GSH) and superoxide dis
mutase (SOD) levels. AE decreased BALF levels of IL-1β, TNF-α, and TGF-β but increased 
BALF IL-10 levels. AE suppressed the gene expression levels of pro-inflammatory factors 
CXCL1, IL-1β, IL-17, and TNF-α and profibrotic factors MMP-9 and TGF-β but activated 
those of anti-inflammatory factor IL-10 and lung-protective factor sirt1.
Conclusion: AE is a potential therapeutic approach for COPD. AE improved emphysema, 
bronchial mucus cell hyperplasia, and pulmonary fibrosis in mice with COPD by alleviating 
the inflammatory response, oxidative stress injury, and cell apoptosis as well as activating 
sirt1.
Keywords: exercise, COPD, pulmonary fibrosis, emphysema, pulmonary inflammation, 
oxidative stress injury

Introduction
Chronic obstructive pulmonary disease (COPD), which is characterized by lung 
emphysema, airway remodeling, and not fully reversible airflow limitation, 
involves alterations in inflammatory parameters and oxidative status.1,2 Although 
significant progress has been made, morbidity and mortality in COPD patients are 
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still very high worldwide.3 The pathogenesis of COPD is 
complex. It is well documented that inflammation and 
oxidative stress play central roles in the pathogenesis of 
COPD.4,5 Moreover, cell apoptosis also contributes to 
COPD.6 We attempted to identify the physiological func
tions of these factors in response to regular aerobic exer
cise (AE) in mice with COPD.

COPD is characterized by a chronic inflammatory 
response involving inflammatory mediators, including 
interleukin (IL)-1β and 1L-10, and effector cells, in 
which neutrophils play an integral role.7,24 Deleterious 
accumulation of neutrophils is a critical mechanism under
lying COPD in part because neutrophils release multiple 
factors, including transforming growth factor beta (TGF-β) 
and matrix metalloproteinase 9 (MMP-9), which are 
important in the pathogenesis of COPD.8,9 Previous stu
dies have demonstrated that exercise improved immune 
functions by altering the number of immune cells, includ
ing neutrophils.10 Inflammatory mediators such as IL-1β 
and 1L-10, and effector cells, including neutrophils, have 
been established as crucial mechanisms of COPD, but 
their physiological functions in response to regular AE in 
mice with COPD remain unclear.

Pulmonary fibrosis, which is characterized by progres
sive dyspnea and hypoxemia; is a serious condition with 
few available treatments.11 Neutrophils release multiple 
factors, including TGF-β and MMP-9, which are essential 
in the pathogenesis of pulmonary fibrosis.8,9 MMP-9 is 
associated with emphysema, pulmonary inflammation, 
and lung remodeling in patients with COPD.10 Pro- 
fibrosis factors, such as IL-17, MMP-9, and TGF-β, also 
contribute to the pathogenesis of pulmonary fibrosis;12–14 

however, their physiological functions in response to reg
ular AE in mice with COPD remain unclear.

Pulmonary fibrosis, which is characterized by progres
sive dyspnea and hypoxemia; leads to expiratory dyspnea; 
and is associated with an unacceptably high incidence, is 
a seriously endangered condition with few available 
treatments.11 Neutrophils release multiple factors, includ
ing TGF-β and MMP-9, which play prominent roles in the 
pathogenesis of pulmonary fibrosis.8,9 MMP-9 is asso
ciated with emphysema, pulmonary inflammation, and 
lung remodeling in patients with COPD.10 TGF-β plays 
vital roles in the pathogenesis of pulmonary fibrosis.11 

Pro-fibrosis factors, such as IL-17, MMP-9, and TGF-β 
play prominent roles in the pathogenesis of pulmonary 
fibrosis.12–14 However, the physiological role of pro- 

fibrosis factors in response to regular AE in mice with 
COPD remains unclear.

Silent information regulator (sirt1) plays a vital role in 
the development of COPD.15 Compared to the normal 
population, the levels of sirt1 in COPD patients were 
significantly reduced.16–18 Activation of sirt1 by agents, 
such as resveratrol, protects against COPD because sirt1 
modulates the inflammatory/anti-inflammatory and oxida
tion/antioxidation balances.19 Previous studies have found 
that exercise can activate sirt1 in muscle tissue, increasing 
the level of cellular NAD+ and the NAD/NADH ratio.20 In 
the present study, we determined whether AE could 
increase sirt1 and modulate the inflammatory/anti- 
inflammatory and oxidation/antioxidation balances in 
COPD mice.

Materials and Methods
Animals and Experimental Design
All protocols used in this study were approved by the 
Animal Experimental Welfare of the Institute of Animal 
Science, Chinese Academy of Agricultural Sciences 
(Beijing, China). All experiments were performed in 
accordance with the Animal Experimental Welfare of the 
Institute of Animal Science, Chinese Academy of 
Agricultural Sciences, and the Guide for the Care and 
Use of Laboratory Animals published by the US 
National Institutes of Health. The authors complied with 
the ARRIVE guidelines and every effort was made to 
minimize suffering. Thirty male ICR mice (6 weeks old, 
18–21 g) were provided by Beijing HFK Biotechnology 
Co., Ltd. (Beijing, China). The conditions of the husban
dry room were temperature at 22 ± 5 °C, relative humidity 
at 50% ± 10%, and the light cycle was 12 h/day. The body 
weight and health status of the mice were recorded. The 
mice were anesthetized via intraperitoneal injection of 
pentobarbital (50 mg/kg).

The COPD model was produced by intratracheal injec
tion of 0.2 mg/kg LPS (L2880) twice a week for 4 weeks as 
previously described.21–25 The mice were divided into three 
groups with eight individuals each: (1) control (Con), in 
which mice received the same volume of saline via intratra
cheal injection; (2) COPD, in which mice received 0.2 mg/kg 
LPS via intratracheal injection; or (3) COPD + AE, in which 
mice received 0.2 mg/kg LPS via intratracheal injection and 
were subjected to AE for 4 weeks, simultaneously. LPS was 
dissolved in saline solution. Saline or LPS was injected twice 
a week (days 1, 4, 8, 11, 15, 18, 22, and 25); thus, the mice 
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received a total of eight injections of LPS or saline. All mice 
were anesthetized via intraperitoneal injection of pentobarbi
tal (50 mg/kg). All mice were euthanized on day 28.

Exercise Protocol
The mice were trained using a six-lane treadmill. Adaptive 
training of the mice was performed for 3 days (20 min, 
25% inclination, 3.3 m/min). After the adaptive training, 
the maximal exercise capacity test of each mouse was 
performed. The maximal aerobic capacity was determined 
based on the maximal speed. The mean maximal speed 
reached by each animal was 23.6 m/s. Hence, the maximal 
aerobic capacity (100%) was 23.6 m/s. Mice from AE and 
COPD + AE groups were trained in low-intensity exercise 
(50% maximal speed, 11.8 m/s). The exercise intervention 
lasted for 4 weeks, 5 days/week, 1 h/day.

Collection of Tissue Samples
Blood samples were collected and placed in a blood col
lection vessel containing an anticoagulant, followed by 
centrifugation at 3000 rpm for 15 min. The serum was 
transferred to Ep tubes and immediately stored at −20 °C. 
We collected bronchoalveolar lavage fluid (BALF) using 
2 mL of ice-cold 0.9% NaCl. The whole lung was flushed 
four times, and the returned fluid was collected. The super
natant was stored at −80 °C until subsequent analysis. 
After sampling, the lung tissue samples were immediately 
placed in an incubator filled with liquid nitrogen. The 
tissue was then transferred to a liquid nitrogen tank for 
long-term preservation. For histological analysis, lung tis
sue samples were fixed in 4% paraformaldehyde (PFA).

Histopathology
For histological analysis, 4% PFA-fixed lung tissue sam
ples were embedded in paraffin. Using the paraffin section 
method, 5-µm-thick sections were stained with HE, 
Masson, Sirius Red, and TUNEL. Photographs taken 
using an inverted microscope (Olympus Corp., Japan) 
were used to identify the degree of pulmonary emphy
sema, pulmonary fibrosis, and cell apoptosis.

Detection of Pulmonary and Systemic 
Inflammation
The levels of the pro-inflammatory factors CXCL1, IL-17, 
TGF-β, IL-1β, and TNF-α as well as that of the anti- 
inflammatory factor IL-10 in the BALF were detected 
using mouse enzyme-linked immunosorbent assay 

(ELISA) kits (NeoBioscience Technology Company, 
Shenzhen, China). Similarly, the levels of the TNF-α and 
IL-10 in serum were detected using mouse ELISA kits 
(NeoBioscience Technology Company, Shenzhen, China).

Determination of the Gene Expression 
Levels in Lung Tissue
RNA from lung tissues was extracted using TRIzol 
(Promega, Madison, WI), their concentration was mea
sured to detect the quality of total RNA, and cDNA was 
synthesized using an Applied Biosystems 2720 Thermal 
Cycler (Applied Biosystems, Singapore). GAPDH was 
selected as the internal reference gene, and the 2−ΔΔCT 

method was used for quantitative analysis. All primers 
were designed and synthesized by the Shanghai Sangon 
Biotech Company (Shanghai, China). Table 1 lists the 
murine PCR primer sequences.

Statistical Analysis
SPSS 21.0 software was used for data processing. The 
experimental results are indicated by the mean ± standard 
deviation (x ± SD). Statistical differences among groups 

Table 1 PCR Primer Sequence Information of Mouse

Gene Name Primer Sequence

IL-1β F: 5ʹ GCTCATTGCTGGGTACTTACAA 3ʹ

R: 5ʹCCAGACTTGGCACAAGACAGG 3ʹ

1L-10 F: 5ʹ GCTCTTACTGACTGGCATGAG 3ʹ

R: 5ʹ CGCAGCTCTAGGAGCATGTG 3ʹ

IL-17 F: 5ʹ CCAAGAGGTGAGTGCTTCCC 3ʹ

R: 5ʹ CTGTTGTTCAGACTCTCTCCCT 3ʹ

TNF-α F: 5ʹ ATGTCTCAGCCTCTTCTCATTC 3ʹ

R: 5ʹ GCTTGTCACTCGAATTTTGAGA 3ʹ

CXCL1 F: 5ʹ CTGGGATTCACCTCAAGAACATC 3ʹ

R: 5ʹCAGGGTCAAGGCAAGCCTC 3ʹ

Sirt1 F: 5ʹ GCTGACGACTTCGACGACG 3ʹ

R: 5ʹ TCGGTCAACAGGAGGTTGTCT 3ʹ

MMP-9 F: 5ʹ TCTTGGAGTAAGTCGAGAAGTGT 3ʹ

R: 5ʹ GTTGAAACTGAGCGAAAAAGGC 3ʹ

GAPDH F: 5ʹ AGGTCGGTGTGAACGGATTTG 3ʹ

R: 5ʹ TGTAGACCATGTAGTTGAGGTCA 3ʹ

Abbreviation: PCR, polymerase chain reaction.
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were assessed using one-way analysis of variance 
(ANOVA). The significance level was set at P < 0.05. 
GraphPad Prism 6 software was used to draw figures.

Results
Protective Effects of AE Against 
Pulmonary Inflammation
After LPS administration for 6 h, the number of total cells 
(P < 0.001), neutrophils (P < 0.001), and macrophages (P < 
0.001) were significantly increased. AE played an essential 
role in preventing the increase in the number of total cells 
(P = 0.0374), neutrophils (P = 0.0203), and macrophages 
(P = 0.0236) compared to the COPD group. Treatment with 
LPS and AE did not influence the number of lymphocytes 
(P > 0.05) or eosinophils (P > 0.05) in the BALF (Table 2).

LPS administration markedly upregulated BALF levels 
of CXCL1 (P < 0.001), IL-1β (P < 0.001), IL-10 (P < 
0.001), IL-17 (P < 0.001), TNF-α (P < 0.001) and TGF-β 
(P < 0.001) compared to the Con group. AE upregulated 
BALF levels of IL-10 (P = 0.0014) and CXCL1 (P = 
0.0036); downregulated BALF levels of TGF-β (P = 
0.0285), IL-1β (P = 0.0378), and TNF-α (P = 0.0284); 

and did not influence BALF levels of IL-17 (P = 0.96) 
compared to the COPD group. These results demonstrate 
that the 4-week AE regimen relieved pulmonary inflam
mation in mice with COPD (Table 3).

Protective Effects of AE Against Systemic 
Inflammation
The serum levels of IL-10 (P < 0.001) and TNF-α (P = 
0.012) were significantly increased after compared to the 
Con group. AE upregulated serum levels of IL-10 (P = 
0.0062) and downregulated serum levels of TNF-α (P = 
0.0249) in mice with COPD (Table 3). These results 
demonstrate that the 4-week AE relieved systemic inflam
mation in mice with COPD.

Protective Effects of AE Against Lung 
Emphysema and Airway Remodeling
HE staining revealed the degree of emphysema. Compared 
to the Con group (Figure 1A), LPS administration 
increased the mean linear intercept (MLI; Figure 1B). 4 
weeks of AE significantly decreased the MLI (Figure 1C) 
compared to the COPD group. Similarly, the MLI 

Table 2 Total and Differential Cell Counts in BALF (Cells/ml)

Con COPD COPD + AE P

Total cells 1.29 ± 0.86 9.98 ± 2.14# 8.08 ± 0.94* < 0.001

Neutrophils 0.04 ± 0.04 7.55 ± 1.23# 5.84 ± 1.38* < 0.001

Lymphocytes 0.03 ± 0.05 0.05 ± 0.14 0.05 ± 0.16 0.88
Macrophages 1.09 ± 0.48 2.12 ± 0.77 1.26 ± 0.57 0.007

Eosinophils 0.01± 0.03 0.01 ± 0.03 0.04 ± 0.05 0.21

Notes: Compared with the Con group, LPS administration increased the number of total cells, neutrophils, and macrophages. Compared with the LPS group, exercise 
administration decreased the number of total cells, neutrophils, and macrophages. #Indicates that the difference in the data is significant compared with the Con group 
*Indicates that the difference in the data is significant compared with the COPD group. Values are expressed as the means ± SD.

Table 3 The Levels of Inflammatory Factors in BALF and Serum (pg/ml)

Con COPD COPD + AE P

CXCL1 BALF 9.24 ± 3.65 1106.6 ± 357.31# 1648.91 ± 256.32* < 0.001

IL-17 BALF 8.31 ± 1.33 254.16 ± 97.69# 251.44 ± 108.92 < 0.001

TGF-β BALF 21.35 ± 4.86 165.68 ± 63.75# 98.45 ± 44.73* < 0.001
IL-10 BALF 26.9 ± 20.7 503.2 ± 95.85# 834.9 ± 216.7* < 0.001

IL-1β BALF 12.65 ± 2.14 706.9 ± 141.5# 563.1 ± 106.93* < 0.001

TNF-α BALF 13.31 ± 5.92 152.3 ± 28.9# 124.6 ± 13.9* < 0.001
IL-10 serum 13.19 ± 15.65 506.6 ± 157.31# 748.9 ± 143.3* < 0.001

TNF-α serum 14.24 ± 8.46 54.45 ± 16.81# 31.1 ± 10.21* <0.001

Notes: The levels of CXCL1, IL-17, TGF-β, IL-10, IL-1β, and TNF-α in BALF and the levels of IL-10 and TNF-α in serum were detected. #Indicates that the difference in the 
data is significant compared with the Con group, *Indicates that the difference in the data is significant compared with the COPD group. Values are expressed as the means ± 
SD. 
Abbreviations: IL, interleukin; TNF, tumor necrosis factor; CXCL, C-X-C motif chemokine ligand; TGF, transforming growth factor.
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increased after LPS administration (P < 0.001), whereas 
exercise intervention decreased the MLI (P = 0.0005) 
(Figure 1D). The difference in the MLI between the Con 
and COPD + AE groups was significant (P = 0.0218).

Protective Effects of AE Against 
Pulmonary Fibrosis
Masson staining revealed the degree of pulmonary fibrosis. 
Compared to that in the Con group (Figure 2A), the degree 
of pulmonary fibrosis in the airway wall increased after 
LPS administration (Figure 2B). Compared to the COPD 
group, exercise intervention decreased the degree of pul
monary fibrosis in the airway wall (Figure 2C). Similarly, 
the fibrotic score increased after LPS administration (P < 
0.001), whereas exercise intervention decreased the fibro
tic score (P < 0.001; Figure 2D).

Sirius Red staining revealed evidence of collagen fiber 
deposition. Compared to the Con group (Figure 3A), LPS 
administration increased collagen fiber deposition in the 
airway wall (Figure 3B). Compared to the COPD group, 4 
weeks of exercise intervention decreased collagen fiber 

deposition in the airway wall (Figure 3C). Similarly, air
way collagen increased after LPS administration (P < 
0.001), whereas exercise intervention decreased the fibro
tic score (P < 0.001; Figure 3D).

LPS administration increased the levels of pro-fibrotic 
factor TGF-β in the BALF compared to the Con group (P < 
0.001; Table 3). Compared to the COPD group, AE decreased 
the levels of TGF-β (P = 0.0285) in the BALF. LPS adminis
tration increased the gene expression levels of profibrotic 
factors IL-17 (P < 0.001; Figure 4C), TGF-β (P < 0.001; 
Figure 4F), and MMP-9 (P < 0.001; Figure 4G) compared to 
the Con group. 4-week AE regimen decreased gene expression 
levels of IL-17 (P < 0.001), TGF-β (P < 0.001), and MMP-9 
(P < 0.001) compared to the COPD group.

Protective Effects of AE Against Cell 
Apoptosis
TUNEL staining revealed evidence of cell apoptosis in the 
lung tissue. In the control group, a small number of cells 
were apoptotic (Figure 5A), and many apoptotic cells were 
detected after LPS administration (Figure 5B). AE of 

Figure 1 Detection of emphysema. 
Notes: (A) Con group. (B) COPD group. (C) COPD+AE group. Hematoxylin-eosin staining revealed evidence of the degree of emphysema. (D) Detection of MLI. LPS 
administration increased the MLI, while 4 weeks of exercise intervention significantly decreased the MLI. The difference in MLI was significant between the Con and COPD + 
AE groups. #P<0.05 compared with the Con group. *P<0.05 compared with the COPD group (magnification, x100). 
Abbreviation: MLI, mean linear intercept.
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COPD mice inhibited the number of apoptotic cells 
(Figure 5C). Similarly, the apoptosis index increased 
after LPS administration (P < 0.001), while exercise inter
vention decreased it in mice with COPD (P < 0.001; 
Figure 5D).

AE Attenuates Oxidative Stress Injury in 
Lung Tissue
The levels of MDA (Figure 6A), MPO (Figure 6B), GSH 
(Figure 6C), and SOD (Figure 6D) were detected as indi
cators of oxidative stress injury. After LPS administration, 
the levels of MDA (P < 0.001) and MPO (P < 0.001) 
increased, while the levels of SOD (P < 0.001) and GSH 
(P < 0.001) decreased. Compared to the COPD group, 4 
weeks of exercise intervention upregulated the levels of 
SOD (P < 0.001) and GSH (P < 0.001) but downregulated 
the levels of MDA (P < 0.001) and MPO (P < 0.001).

Effects of LPS Injection and AE on Gene 
Expression Levels
LPS injection upregulated the gene expression levels of pro- 
inflammatory factors IL-1β (P < 0.001; Figure 4A), IL-17 (P < 

0.001; Figure 4C), TNF-α (P < 0.001; Figure 4D), and CXCL1 
(P < 0.001; Figure 4E) as well as those of profibrotic factors 
TGF-β (P < 0.001; Figure 4F) and MMP-9 (P < 0.001; Figure 
4G) while downregulating the levels of anti-inflammatory 
factor IL-10 (P < 0.001; Figure 4B) and lung protective factor 
sirt1 (P < 0.001; Figure 4H). AE of COPD mice activated the 
gene expression levels of IL-10 (P < 0.001) and sirt1 (P < 
0.001) but inhibited gene expression levels of CXCL1 (P < 
0.001), IL-1β (P < 0.001), IL-17 (P < 0.001), MMP-9 (P < 
0.001), TGF-β (P < 0.001), and TNF-α (P < 0.001).

Detection of Bronchial Mucus Cell 
Hyperplasia and Bronchoconstriction
Compared to the Con group (Figure 7A), LPS administration 
led to severe bronchial mucus cell hyperplasia and broncho
constriction (Figure 7B). Compared to the COPD group, 4 
weeks of exercise intervention improved bronchial mucus 
cell hyperplasia and bronchoconstriction (Figure 7C).

Discussion
The present study aimed to investigate whether AE could 
protect against LPS-induced inflammation, oxidative 

Figure 2 Detection of pulmonary fibrosis. 
Notes: (A) Con group. (B) COPD group. (C) COPD+AE group. (D) Detection of the fibrotic score. Mason staining revealed evidence of the degree of pulmonary fibrosis. 
The fibrotic score increased after LPS administration, while exercise administration decreased fibrotic score. #P<0.05 compared with the Con group. *P<0.05 compared with 
the COPD group (magnification, x200).
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stress, and apoptosis in mice with COPD and explore the 
related mechanisms.

Previous studies have demonstrated that LPS adminis
tration induces an inflammatory response, neutrophil 
recruitment, emphysema, bronchial mucus cell hyperpla
sia, and bronchoconstriction, which are the main features 
of COPD.21 The experimental results were consistent with 
previous conclusions.21–25 The results of Masson and 
Sirius Red staining demonstrated that 4 weeks of AE 
prevented the upregulation of the degree of pulmonary 
fibrosis, suggesting that AE had an anti-fibrotic effect. 
We found that LPS injection increased the BALF levels 
of pro-fibrogenic factors (IL-17 and TGF-β) and increased 
the gene expression levels of IL-17, MMP-9, and TGF-β 
in the lung tissue. In contrast, AE inhibited the levels of 
TGF-β in the BALF and decreased the gene expression 
levels of IL-17, MMP-9, and TGF-β, suggesting that AE 
exhibited an anti-fibrogenic effect in mice with COPD.

Previous studies have found that TNF-α is chemotactic 
for neutrophils, and anti-TNF-α antiserum administration 
reduces neutrophil influx into bronchoalveolar spaces.21 In 
the present study, we found that AE reduced the levels of 
TNF-α in serum and the BALF as well as the gene 

expression levels of TNF-α in the lung tissue. We also 
found that LPS administration led to a deleterious accu
mulation of neutrophils in the lung tissue, while 4 weeks 
of AE inhibited neutrophil infiltration in mice with COPD. 
These results demonstrate that AE inhibits neutrophil infil
tration in part by decreasing TNF-α levels.

Neutrophils release a variety of cytokines, including 
MMP-9 and TGF-β, which play prominent roles in the 
development of COPD.12–14 A 4-week AE regimen pre
vented the upregulation of TGF-β and MMP-9 levels in 
mice with COPD. These results demonstrated that AE 
improved COPD in part by decreasing the levels of 
MMP-9 and TGF-β. Chronic inflammation characterized 
by increasing pro-inflammatory factor levels and decreas
ing anti-inflammatory factor levels is closely related to 
COPD and that this association is causal.26 In the present 
study, AE decreased the gene expression levels of CXCL1, 
IL-1β, IL-17, and TNF-α while increasing the gene expres
sion levels of IL-10. Similarly, AE decreased BALF levels 
of IL-1β, TNF-α, and TGF-β, while AE increased the IL- 
10 levels. These results demonstrate that regular AE in 
COPD mice is essential in modulating the inflammatory/ 
anti-inflammatory balance.

Figure 3 Detection of airway fibrosis. 
Notes: (A) Con group. (B) COPD group. (C) COPD+AE group. (D) Detection of collagen fiber deposition in the airway wall. The airway collagen increased after LPS 
administration, while exercise administration decreased fibrotic score. The results were expressed as μm2 of collagen fibers per μm2 of tissue area. #P<0.05 compared with 
the Con group. *P<0.05 compared with the COPD group (magnification, x40).
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Previous studies have found that the oxidant/antioxidant 
balance plays a prominent role in the pathogenesis of COPD, 
and exercise improves COPD by exerting protective effects 
against oxidative stress through the exercise-irisin-nuclear 
factor erythroid 2-related factor 2 axis in mice.5,27 In the 
present study, we identified the antioxidant effects of exer
cise. We demonstrated that AE in COPD mice downregu
lated the levels of MDA and MPO while upregulating the 
levels of SOD and GSH. Hence, AE attenuated oxidative 
stress injury and modulated the oxidative/antioxidative bal
ance in mice with COPD. AE is a preventive tool for COPD, 
and one of the mechanisms involved in this process is linked 
to the increase in antioxidant capacity. Moreover, sirt1 has 
a therapeutic effect in a COPD model, which is related to the 
inhibition of oxidative stress.18 These results demonstrated 
that AE attenuated oxidative stress in part by activating sirt1 
expression in mice with COPD.

Physical exercise has been frequently used as 
a therapeutic tool for COPD. One of the mechanisms 
involved in this process is associated with increases in 
antioxidant and anti-inflammatory properties. Cell apopto
sis is also responsible for the pathogenesis of COPD. 
However, the effect of AE on cell apoptosis in mice with 

COPD has been overlooked.6 In the present study, we 
found that 4 weeks of AE inhibited apoptosis in mice 
with COPD. Hence, AE improved COPD in part by inhi
biting cell apoptosis. To the best of our knowledge, this is 
the first study to demonstrate that AE exerts a significant 
protective effect against apoptosis in mice with COPD.

Sirt1 is an important lung-protective factor, but its 
physiological roles in the response to AE in COPD mice 
are unknown. We identified that LPS administration inhib
ited the gene expression levels of sirt1, while a 4-week AE 
regimen activated these levels. By activating sirt1 expres
sion, AE improved COPD.

Limitations
AE reduced apoptosis in mice with COPD. However, the 
underlying mechanism by which exercise reduces apopto
sis remains unclear. Even though AE could improve exer
cise capacity, we did not account for the effects of exercise 
on the mice. Furthermore, we also did not account for the 
effects of exercise on the complications of COPD, such as 
cardiovascular comorbidities, pulmonary arterial hyperten
sion, and muscle wasting.

Figure 4 Detection of gene expression levels in lung tissue. 
Notes: The gene expression levels of pro-inflammatory factors IL-1β (A), IL-17 (C), TNF-α (D), and CXCL1 (E) and profibrotic factors TGF-β (F) and MMP-9 (G) and 
decreased anti-inflammatory factor IL-10 (B) and lung-protective factor sirt1 (H) were detected. #P<0.05 compared with the Con group. *P<0.05 compared with the COPD 
group.
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Conclusions
AE is a potential therapeutic approach for treating COPD. 
AE improved COPD by counteracting the COPD- 

associated inflammatory response, oxidative stress injury, 
and apoptosis. In addition, AE exhibited an anti-fibrogenic 
effect by inhibiting the levels of the pro-fibrogenic factors 

Figure 5 Detection of cell apoptosis. 
Notes: (A) Con group. (B) COPD group. (C) COPD+AE group. (D) Detection of apoptosis index. TUNEL staining revealed evidence of cell apoptosis in the lung. LPS 
administration increased the number of apoptotic cells (red arrow) and apoptosis index. 4 weeks of exercise intervention decreased the number of apoptotic cells and 
apoptosis index in COPD mice. #P<0.05 compared with the Con group. *P<0.05 compared with the COPD group (magnification, x200).

Figure 6 Detection of oxidative stress injury. 
Notes: The levels of MDA (A), MPO (B), GSH (C), and SOD (D) as indicators of oxidative stress injury were detected. LPS administration increased the levels of MDA and 
MPO and decreased the levels of SOD and GSH. 4 weeks of exercise intervention decreased the levels of MDA and MPO and increased the levels of SOD and GSH in mice 
with COPD. #P<0.05 compared with the Con group. *P<0.05 compared with the COPD group.
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IL-17, MMP-9, and TGF-β. Sirt1, which can be activated 
by regular AE, and played a protective role in mice with 
COPD.
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