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Abstract
Background Aerobic training is the primary method of rehabilitation for improving respiratory function in 
patients with chronic obstructive pulmonary disease (COPD) in remission. However, the mechanism underlying this 
improvement is not yet fully understood. The use of transcriptomics in rehabilitation medicine offers a promising 
strategy for uncovering the ways in which exercise training improves respiratory dysfunction in COPD patients. In 
this study, lung tissue was analyzed using transcriptomics to investigate the relationship between exercise and lung 
changes.

Methods Mice were exposed to cigarette smoke for 24 weeks, followed by nine weeks of moderate-intensity 
treadmill exercise, with a control group for comparison. Pulmonary function and structure were assessed at the end of 
the intervention and RNA sequencing was performed on the lung tissue.

Results Exercise training was found to improve airway resistance and lung ventilation indices in individuals exposed 
to cigarette smoke. However, the effect of this treatment on damaged alveoli was weak. The pair-to-pair comparison 
revealed numerous differentially expressed genes, that were closely linked to inflammation and metabolism.

Conclusions Further research is necessary to confirm the cause-and-effect relationship between the identified 
biomarkers and the improvement in pulmonary function, as this was not examined in the present study.

Keywords Exercise training, Chronic obstructive pulmonary disease, Transcriptomics, Pulmonary function, 
Rehabilitation
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Background
Chronic obstructive pulmonary disease (COPD) is a 
prevalent and preventable respiratory condition char-
acterized by persistent symptoms and restricted airflow, 
which is primarily caused by abnormalities in the respi-
ratory tract and/or alveolus, often resulting from high 
exposure to harmful particles or gases like cigarette 
smoke, and host factors, including abnormal lung devel-
opment [1–3]. Recently, attention has been paid to the 
extrapulmonary effects of COPD, given the impact that 
severe comorbidities may impact morbidity and mor-
tality [4]. COPD has emerged as the third leading cause 
of death worldwide [5], affecting approximately 10.1% 
of the global population [6] and resulting in five million 
fatalities each year. The incidence rate of COPD among 
individuals over 40 years old is alarmingly high, reach-
ing 13.7% in China [7], and this number continues to 
increase due to various factors, such as air pollution and 
smoking. The high incidence and fatality rates of COPD 
indicate the need for effective therapies to prevent dis-
ease progression and reduce severity. However, airway 
management during disease remission has not received 
adequate attention compared to intervention during 
acute exacerbation of COPD. This lack of attention is one 
of the factors that negatively impacts the quality of life of 
patients with COPD [8]. As a result, current pulmonary 
rehabilitation research is focused on exploring airway 
management during the remission period of COPD.

Aerobic training and resistance exercise are the pri-
mary methods of pulmonary rehabilitation for COPD 
patients in remission. These interventions have been 
found to significantly improve pulmonary ventilation 
status [9, 10]. As a classic pulmonary rehabilitation train-
ing method, low-moderate intensity aerobic training is 
highly recommended for airway management during the 
remission period of COPD. Clinical studies have shown 
that aerobic exercise training for a period of four weeks 
improves respiratory status [11], fatigue, maximum exer-
cise capacity, and quality of life in patients suffering from 
COPD [12]. This improvement has been observed even 
in patients in advanced stages of the disease [13]. Addi-
tionally, short-term training after an acute exacerbation 
has been shown to reduce the frequency of exacerbations 
and lengthen readmission time in patients with COPD 
[14]. Animal models have also demonstrated the positive 
effects of exercise training. In mice exposed to cigarette 
smoke, regular exercise training mitigated lung damage 
by reducing the mean alveolar intercept and superoxide 
production [15]. Moreover, a previous study confirmed 
that exercise protected against lung injury caused by cig-
arette smoke exposure (CSE), and this effect was attrib-
uted to the role of anti-inflammatory mediators and 
antioxidant enzymes in the development of COPD after 
exercise adaptation [16]. Studies have also confirmed 

that exercise reduces signal transducer and activator 
of transcription 3 (STAT3) levels [17] and upregulates 
antioxidant genes [18], such as nuclear factor erythroid 
2 (NRF2) and heme oxygenase 1 (HMOX1). Although 
numerous studies have investigated the mechanism of 
exercise-mediated lung rehabilitation, this issue remains 
complex and unclear. Exercise training, with its multitar-
get stimulatory approach, may contribute to the rehabili-
tation of respiratory function in COPD through various 
therapeutic targets. As such, identifying biomarkers of 
bodily changes following exercise training could help elu-
cidate the intricate mechanisms of exercise rehabilitation.

Transcriptomics is an emerging discipline that has 
become an important method for biomarker research. 
By simultaneously detecting thousands of RNAs, RNA-
sequencing, a transcriptome analysis method, accurately 
and efficiently identifies the overall transcriptional activ-
ity of cells or tissues using deep sequencing technology 
[19]. Numerous differentially expressed genes (DEGs) 
were identified according to the mRNA profile, which 
provided a basis for revealing the pathogenesis and 
rehabilitation-related mechanism of COPD. Currently, 
various genes and molecular signaling pathways associ-
ated with COPD have been identified through transcrip-
tomics, but the results of different studies are not highly 
reproducible and the exploration of exercise rehabilita-
tion-related mechanisms is still in its infancy. Therefore, 
confirmed signaling pathways and biomarkers can be 
investigated through transcriptomic analysis to explore 
the underlying mechanism of exercise training-mediated 
rehabilitation of respiratory function in COPD.

In this study, a COPD model was established through 
CSE, and a 9-week exercise intervention was adminis-
tered. The rehabilitative effect of exercise training on the 
pulmonary function of mice with COPD was then deter-
mined, followed by mRNA sequence analysis of the lung 
tissues of three groups of mice. The biological functions 
of DEGs and their enriched pathways were screened 
through Gene Ontology (GO) functional analysis and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis, revealing potential therapeutic mechanisms 
for exercise in ameliorating pulmonary dysfunction in 
COPD.

Methods
Animals, smoke exposure and exercise protocol
Eight-week-old male C57BL/6J mice, purchased from 
Charles River Laboratories (Pinghu, China), were housed 
in cages with free access to food and tap water under 
standard conditions of humidity (60 ± 10%), temperature 
(21 ± 2 ℃), and light (12  h light/12  h dark cycle). Mice 
were randomly divided into three groups (8 mice in each 
group): the control group (no training + air, CG), model 
group (no training + smoke, MG) and exercise group 
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(treadmill training + smoke, EG). The methods were 
carried out in accordance with the approved guidelines of 
the Experimental Animal Care and Ethics Committee of 
the Shanghai University of Traditional Chinese Medicine 
(No. PZSHUTCM210312012).

The mice received whole-body CSE for 24 weeks to 
establish a COPD model, and the CSE protocol was 
described in a previous study [20]. Briefly, an increas-
ing number (up to 20) of commercially filtered cigarettes 
(10  mg tar, 0.9  mg nicotine and 12  mg carbon monox-
ide per cigarette) were lit and passed through a pas-
sive smoke exposure system (PAB-S200; Beijing Bestlab 
High-Tech Co., Ltd. Beijing, China) to produce cigarette 
smoke. Animals in the MG and EG groups were exposed 
to smoke for 1 h twice a day, 6 days a week. During the 
modeling phase, CG mice were exposed to air in the 
same environment.

After the establishment of the COPD model, EG mice 
underwent adaptive treadmill training for one week. The 
maximum exercise capacity was tested as follows: warm-
up was performed at 5 m/min; 5 min later, the running 
speed was gradually increased (2  m/min every 3  min) 
until the mice were exhausted, and the running speed 
was recorded as the maximum exercise capacity of the 
mice. In the follow-up 8-week exercise intervention, a 
treadmill running intervention was carried out with an 
appropriate exercise intensity of moderate intensity (55% 
of the maximum exercise capacity) [21], for 60  min per 
day, six days a week. Throughout one week of adaptive 
training and eight weeks of formal training, the CG and 
MG mice were allowed to freely move in the cages with-
out any artificial exercise intervention that the EG mice 
were exposed to the experimental protocol showed in 
Fig. 1.

Pulmonary function
Mice were anesthetized by intraperitoneal injection with 
tribromoethanol sodium at a dose of 350  mg/kg. Once 

the righting reflex and pain stimulation response disap-
peared, the mice were prepared for dissection. The neck 
skin was cut lengthwise and the subcutaneous tissue and 
neck muscles were carefully separated to expose and 
dissociate the trachea. The trachea was cut horizontally 
using tissue scissors between the tracheal cartilage rings, 
and a tracheal cannula was inserted. The pulmonary 
function of mice was assessed using the small animal Pul-
monary Function Test System (PFT, DSI, St Paul, USA).

HE staining
The mice were sacrificed using decapitation after car-
diac arrest and the disappearance of nerve reflexes were 
confirmed. The lung tissue was carefully removed under 
atmospheric pressure and the lung tissues of each group 
were subjected to the same pressure. Subsequently, the 
tissue was rinsed with normal saline and internally fixed 
using 4% paraformaldehyde. The following day, the tissue 
was embedded in wax blocks. It is worth noting that the 
lungs were not irrigated during this procedure to avoid 
causing any artificial damage to the lung tissue structure. 
Moreover, special care was taken to handle the lung tis-
sue gently while clipping, so as to minimize any poten-
tial impact of human factors on the alveolar structure. 
Finally, the lung tissue was observed for morphological 
changes using HE staining. For each group, three sec-
tions were randomly chosen and three visual fields were 
randomly observed. The alveolar cross-sectional area was 
determined using the Image-Pro Express Image analysis 
system (Media Cybernetics, Maryland, USA).

RNA sequence analysis and data processing
The GenSeq® rRNA Removal Kit (GenSeq, Inc., Shanghai, 
China) was utilized to eliminate ribosomal RNA (rRNA) 
from the samples, following the supplier’s instructions. 
After the removal of rRNA, the sequencing library was 
constructed using the specified procedure. Quality con-
trol and quantification of the constructed sequencing 

Fig. 1 COPD mouse model establishment process and exercise intervention protocol. The mice were randomly divided into CG, MG and EG (n = 8). MG 
and EG were exposed to smoke for 24 weeks to replicate the COPD model, and the latter received 9 weeks of aerobic exercise intervention. Finally, mul-
tiple indicators in each group were examined. CG, control group; MG, model group; EG, exercise group. Values represented the means ± SD
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library were performed using the BioAnalyzer 2100 sys-
tem (Agilent Technologies, Palo Alto, USA). The Illumina 
NovaSeq 6000 instrument (Illumina, Santiago, USA) was 
used for 150 bp double-ended sequencing. The Q30 value 
was utilized for raw data quality control. Cutadapt [22] 
(v1.9.3) was employed to remove low-quality reads and 
obtain high-quality clean reads. These clean reads were 
then aligned to the reference genome using HISAT2 [23] 
(v2.0.4). Next, HTSeq [24] (v0.9.1) was used to determine 
the original count number. Standardization was per-
formed using edgeR [25], and multiple changes and P val-
ues between the two groups of samples were calculated 
to identify DEGs. GO functional and KEGG pathway 
analyses were performed using differentially expressed 
mRNAs.

For validation data, public genomics data in the 
Sequence Read Archive (SRA) database were down-
loaded. The dataset PRJNA976479 was used, and differ-
ential expression was assessed.

Statistical analysis
Data were analyzed using Statistical Package for the 
Social Sciences software, version 25.0 (SPSS, Inc., Chi-
cago, IL, USA). The distribution of pulmonary function 
and alveolar cross-sectional area data were tested using 
Kolmogorov-Smirnov and Levene tests to ensure nor-
mality and variance homogeneity. Normally distributed 
data were presented as the mean ± standard deviation 
(SD), while skewed data are presented as the median 
(quartile range). One-way analysis of variance was used 
to compare the groups and the least significant difference 
method was used for further comparison. If the variances 
were inconsistent, Dunnett’s T3 test was used for mul-
tiple comparisons between groups. A statistically signifi-
cant difference was considered present when the value of 
P was less than 0.05.

Results
Exercise training improved the pulmonary function of mice 
with COPD
We found that CSE worsened airway resistance, but exer-
cise intervention helped to reduce this effect (Fig.  2). 
The raw value of airway resistance in the mice exposed 
to CSE was significantly higher than that in the control 
mice, but the mice in the exercise group had lower airway 
resistance than those in the CSE group. However, there 
was no significant difference in dynamic lung compliance 
(Cdyn) values among the three groups. The lung capac-
ity indices of the MG mice exhibited a notable decrease 
in vital capacity (VC) and expiratory reserve volume 
(ERV) values. Nevertheless, after the intervention, the 
ventilation indices of the mice with COPD, VC and ERV, 
were significantly increased (P < 0.05). Additionally, CSE 
weakened the ventilation function of the mice, leading 

to significant decreases in forced vital capacity (FVC), 
forced expiratory volume in fifty milliseconds (FEV50) 
and peak inspiratory flow rate (PIF) values in the MG 
mice compared to the healthy mice (P < 0.05). Exercise 
intervention could improve these indices of ventilation 
function (P < 0.05).

The limited positive impact of exercise training on lung 
structure
The lung tissue of the mice exposed to ambient air dis-
played thin alveolar walls and normally sized alveoli. 
However, the lung tissue of the mice exposed to ciga-
rette smoke exhibited destruction of the alveolar septum, 
enlarged alveoli, the presence of inflammatory cells, and 
even thickened interstitial tissue in certain visual fields. 
Notably, airway histological findings of the mice who 
exercised showed similar features to those in the MG 
group. Further comparison of randomly selected visual 
field samples showed a significant increase in alveo-
lar cross-sectional area in the MG mice, indicating that 
exercise intervention did not prevent alveolar fusion and 
expansion (Fig. 3).

DEGs in pairwise comparisons
In the comparison of lung tissue genes among the three 
groups of mice, numerous DEGs were identified (Figs. 4 
and 5). Specifically, 730 DEGs were found in the compar-
ison between the CG and MG groups, with 484 upregu-
lated and 246 downregulated genes. Similarly, 412 DEGs 
were identified in the comparison between the MG and 
EG groups, with 152 upregulated and 260 downregu-
lated genes. Finally, the comparison between the CG 
and EG groups revealed 1034 DEGs, with 655 upregu-
lated and 379 downregulated genes. Further analysis of 
DEGs among each group revealed that 61 genes were 
upregulated and 80 genes were downregulated follow-
ing exercise intervention. However, exposure to cigarette 
smoke resulted in the upregulation of 249 genes and 
the downregulation of 121 genes. Notably, potassium 
voltage-gated channel subfamily E regulatory subunit 
4 (Kcne4) was consistently downregulated in all three 
intergroup comparisons. Additionally, Cd200 recep-
tor 2 (Cd200r2), lymphocyte antigen 6 family member 
I (Ly6i), and matrix metallopeptidase 12 (Mmp12) were 
found to be upregulated in all three intergroup compari-
sons. A total of 75 genes were found to be upregulated 
in the MG vs. CG comparison, while they were down-
regulated in the EG vs. MG comparison (as shown in 
Table I). Similarly, 19 genes were downregulated in the 
CG and MC comparison but upregulated in the EG and 
MG comparison (as shown in Table II). Notably, the fam-
ily with sequence similarity 71 member A (Fam71a) and 
heat shock protein family A member 1B (Hspa1b) genes 
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were found to be downregulated in both the CG and MG 
groups, but upregulated in the EG vs. MG and EG vs. CG 
comparisons.

Molecular functions of DEGs
The molecular function aspect of the GO analysis was 
focused on investigating the molecular mechanism of 
exercise in improving pulmonary function in COPD 
(Fig.  6). In the comparison of MG vs. CG, we observed 
that the downregulated DEGs were mainly concentrated 
in protein binding, such as G protein-coupled recep-
tor binding, heat shock protein binding, unfolded pro-
tein binding and chaperone binding. Nevertheless, the 
upregulated DEGs were mainly related to transporter 
activity, including transmembrane transporter activ-
ity, ion transmembrane transporter activity, inorganic 
molecular entity transmembrane transporter activity, and 
cation transmembrane transporter activity. Moreover, 

the downregulated DEGs in the MG vs. EG comparison 
were mainly associated with metal ion transmembrane 
transporter activity, potassium channel activity, hormone 
binding and voltage-gated potassium channel activity. 
The upregulated DEGs were mainly related to signal-
ing receptor binding, which included G protein-coupled 
receptor binding, chemokine receptor binding, and CCR 
chemokine receptor binding. Our findings also revealed 
that a substantial number of downregulated DEGs (EG 
vs. CG) were enriched in protein binding and signal 
receptor binding, with numerous DEGs associated with 
the mitogen-activated protein kinase (MAPK) signal-
ing pathway. The DEGs that were upregulated in the EG 
vs. CG comparison were primarily involved in signaling 
receptor binding and receptor regulator activity.

Fig. 2 Exercise training improved the pulmonary function of COPD mice. Raw index (RI) (A), dynamic lung compliance (Cdyn) (B), peak inspiratory flow 
rate (PIF) (C), vital capacity (VC) (D), expiratory volume (ERV) (E), peak expiratory flow (PEF) (F), forced exhalation volume (FEV) in 50 microseconds (G), 100 
microseconds (H) and forced vital capacity (FVC) (I) in three groups were showed orderly. Treadmill training decreased RI and increased PIF, VC, ERV, FEV50 
and FVC in COPD mice. CG, control group; MG, model group; EG, exercise group. Values represented the means ± SD. *P < 0.05
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KEGG enrichment analysis
Moreover, DEGs were identified by KEGG enrichment 
analysis to related pathways, and Fisher P value < 0.05 was 
used as a criterion to screen for significantly enriched 
pathways (Fig.  7). After multiple recombination com-
parisons, the top 10 pathways were identified. Protein 
processing in the endoplasmic reticulum, MAPK sig-
naling pathway, and antigen processing and presenta-
tion pathways were significantly inhibited in the MG 
and CG comparison. The pathways of fat digestion and 
absorption and cytokine-cytokine receptor interaction 
were significantly enhanced. The extracellular matrix 
(ECM)-receptor interaction, neuroactive ligand-receptor 
interaction, and phosphatidyl inositol 3 kinase - protein 
kinase B (PI3K-Akt) signaling pathway were significantly 
decreased in the comparison of EG and MG. Conversely, 
the cytokine-cytokine receptor interaction, tumor 

necrosis factor (TNF) signaling pathway, and chemokine 
signaling pathway were significantly enhanced. Addition-
ally, in comparing EG and CG DEGs, we found that the 
MAPK signaling pathway, parathyroid hormone synthe-
sis-secretion and action, PI3K-Akt signaling pathway, 
and C-type lectin receptor signaling pathway were signif-
icantly decreased. However, cytokine-cytokine receptor 
interactions, complement and coagulation cascades, and 
primary immunodeficiency were significantly enhanced.

Discussion
The mechanism of exercise-related pulmonary rehabilita-
tion is a crucial area of research, particularly as it is the 
only nonpharmaceutical approach currently available for 
improving respiratory dysfunction in COPD patients. 
In this study, a COPD mouse model was established 
through systemic CSE, and exercise intervention was 
subsequently implemented at an appropriate intensity. 
Transcriptomics was utilized as the primary method for 
this mechanistic exploration. This study aimed to inves-
tigate the potential role of exercise in improving pulmo-
nary function and its impact on molecular transcription 
in lung tissue. The findings of this study may provide 
insights into the underlying mechanism of exercise-
related pulmonary rehabilitation.

Positive effects of exercise on the respiratory phenotype of 
COPD
Exercise training has been shown to have positive effects 
on respiratory function in both clinical and basic research 
studies. Specifically, a study conducted on stable COPD 
patients found that eight weeks of low-intensity exer-
cise training at home significantly improved respiratory 

Fig. 4 Venn diagrams of DEGs were identified in different comparisons, 
including (A) upregulated DEGs and (B) downregulated DEGs. The venn 
diagrams revealed overlapping DEGs in the comparisons between groups, 
including three upregulated DEGs and one downregulated DEGs in the 
three comparisons. CG, control group; MG, model group; EG, exercise 
group

 

Fig. 3 Effect of exercise training on lung structure in mice. The lung tissue structure of mice in blank group (A, bar = 500 μm; B, bar = 100 μm), model 
group (C, bar = 500 μm; D, bar = 100 μm) and exercise group (E, bar = 500 μm; F, bar = 100 μm) was observed, and the alveolar cross-sectional area of mice 
were compared in three randomly selected fields (G). The lung structures of MG and EG mice exhibited typical emphysema, compared to healthy mice. 
After exercise intervention, the alveolar size of EG mice did not show significant changes. CG, control group; MG, model group; EG, exercise group; CSA, 
cross-sectional area. Values represented the means ± SD. *P < 0.05
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Fig. 5 Correlation of DEGs among three different groups (A) and hierarchical clustering analysis of DEGs (B) in the lung tissues were conducted in the 
subsequent analysis. Volcano maps and heat maps revealed the significance of DEGs expression, and those DEGs with more significant differences in 
expression will be focused on. CG, control group; MG, model group; EG, exercise group
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indicators [26], which were measured using the modi-
fied Medical Research Council dyspnea (mMRC) and 
COPD assessment test (CAT) scales. Another study 
indicated that engaging in aerobic exercise of an appro-
priate intensity improved pulmonary function indica-
tors like FEV1 and FVC [27]. Notably, even low-intensity 
exercises like yoga and Tai Chi demonstrated positive 
effects on the predicted FEV1% of pulmonary function 
in COPD [10], emphasizing the beneficial impact of 

low-intensity aerobic exercise on pulmonary function in 
COPD improvement. Basic research has demonstrated 
that appropriate exercise training enhances respiratory 
function in COPD model animals [28]. Moreover, our 
previous research confirmed the beneficial effects of 
moderate-intensity water-based aerobic exercise on lung 
capacity and ventilation function in rats with COPD [29]. 
This study, despite its limitations, reinforced the notion 
that exercise enhanced pulmonary function in mice with 
COPD. The results served as a basis for further investiga-
tion into the underlying mechanisms responsible for this 
improvement.

The results of staining lung tissue, based on the con-
firmation of the successful establishment of a COPD 
model, revealed potential extrapulmonary pathways for 
exercise to improve pulmonary function in COPD. In 
MG mice exposed to cigarette smoke for six months, the 
emphysema symptoms were similar to those observed 
in previous studies [30, 31], including thickening of the 
airway epithelium and smooth muscle, infiltration of 
inflammatory cells, destruction of alveolar structure, 
and widening of alveolar septa. The observed symptoms 
confirmed the successful establishment of the COPD 
animal model in our study. Additionally, we compared 
the cross-sectional area of mouse alveoli and found that 
exercise training did not have a significant impact on the 
alveolar fusion phenomenon in mice with COPD. How-
ever, previous research indicated that exercise interven-
tion promoted airway remodeling by impacting airway 
inflammation and limiting the overgrowth of smooth 
muscle [32]. Moreover, numerous studies have demon-
strated that exercise training enhances respiratory func-
tion in individuals with COPD by activating respiratory 
muscle function and preventing respiratory muscle atro-
phy [33–35].

Potential gene targets for pulmonary rehabilitation
The DEGs that were upregulated in the MG vs. CG com-
parison but downregulated in the EG vs. MG compari-
son, or downregulated in the MG vs. CG comparison 
but upregulated in the EG vs. MG comparison, were of 
particular interest to us. This finding helps to explain the 
potential mechanisms by which exercise improves pul-
monary function in COPD through the dynamic expres-
sion of genes.

Exposure to smoke leads to the up-regulation of a sig-
nificant number of genes, whereas exercise intervention 
results in their suppression. Among the ubiquitin-spe-
cific protease (USP) family, USP 44 plays a crucial role 
in regulating various mechanisms by targeting multiple 
downstream factors through its deubiquitinating activ-
ity [36]. USP44 has been shown to play a role in immune 
regulation and stabilization of immune function in 
inflammatory disease models through fork head box 

Table I Top 10 genes upregulated in MG vs. CG but 
downregulated in EG vs. MG, sorted by magnitude of Log-fold 
change
Gene ID Symbol Name P-Value Log 

FC
327,799 Usp44 Ubiquitin specific pep-

tidase 44
0.0053 6.29

11,418 Asic2 Acid-sensing (proton-
gated) ion channel 2

0.0051 6.09

23,925 Kel Kell blood group 0.0071 6.08
14,761 Gpr27 G protein-coupled 

receptor 27
0.0037 6.08

100,038,683 Gm10775 Predicted gene 10,775 0.0051 6.04
74,176 Tgm5 Transglutaminase 5 0.0076 5.75
243,168 Hsd17b13 Hydroxysteroid (17-

beta) dehydrogenase 13
0.0121 5.75

240,595 Kcnv2 Potassium channel, 
subfamily V, member 2

0.0277 5.72

629,147 Ctxn3 Cortexin 3 0.0178 5.68
436,240 Foxr2 Forkhead box R2 0.0105 5.67
Note: log FC, log (fold-change). The above DEGs were upregulated after smoke 
exposure but downregulated after exercise training, indicating that the effect 
of exercise training on lung tissue might be related to the above genes.

Table II Top 10 genes downregulated in CG vs. MG but 
upregulated in EG vs. MG, sorted by magnitude of Log-fold 
change
Gene ID Symbol Name P-Value Log 

FC
18,509 Pax7 Paired box 7 0.0058 7.27
192,167 Nlgn1 Neuroligin 1 0.0137 6.89
14,402 Gabrb3 Gamma-aminobutyric 

acid (GABA) A receptor
0.0161 5.78

13,615 Edn2 Endothelin 2 0.0231 5.27
171,382 Trpm8 Transient receptor 

potential cation channel, 
subfamily M, member 8

0.0461 4.16

223,645 Mroh6 Maestro heat-like repeat 
family member 6

0.0283 3.65

20,339 Sele Selectin, endothelial cell 0.0014 2.74
193,740 Hspa1a Heat shock protein 1 A 0.0011 2.41
15,109 Hal Histidine ammonia lyase 0.0288 1.88
20,302 Ccl3 Chemokine (C-C motif ) 

ligand 3
0.0037 1.79

Abbreviation: logFC, log (fold-change). The above DEGs were downregulated 
after smoke exposure but upregulated after exercise training, indicating that 
the effect of exercise training on lung tissue might be related to the above 
upregulated genes.
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Fig. 6 Molecular function of differentially expressed genes. (A) GO analysis of downregulated DEGs; (B) GO analysis of upregulated DEGs. The above 
results helped to understand the common characteristics of the molecular functions of the selected DEGs. According to the GeneRatio, those functions 
with more enriched DEGs and smaller P-values will be concerned. CG, control group; MG, model group; EG, exercise group
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protein 3 (FOXP3). This molecule has also been found to 
regulate autophagy by controlling the expression of his-
tone H2B monoubiquitination (H2Bub1) [37]. Although 
there is no current data supporting the involvement of 
USP44 in the pathogenesis of COPD or the effect of exer-
cise on COPD, the role of USPs in COPD-related skeletal 
muscle dysfunction has been preliminarily confirmed 
[38]. The findings of this study indicated that USP44 was 
upregulated in the COPD mouse model and downregu-
lated after exercise intervention. This result suggested 
that USPs, represented by USP44, might have a role 
in exercise-related pulmonary rehabilitation, warrant-
ing further investigation. Additionally, hydroxysteroid 

(17- beta) dehydrogenase 13 (Hsd17b13) is a key mem-
ber of the 17β-hydroxysteroid dehydrogenase (HSD17B) 
family and is highly expressed in nonalcoholic fatty liver 
disease. This molecule is primarily expressed in the liver, 
while expression in the lungs is low [39]. The biological 
function of Hsd17b13 is closely related to the regulation 
of the occurrence, growth, and degradation of lipid drop-
lets in the liver. Currently, lipid metabolism in COPD 
patients has garnered increasing attention from scholars, 
with a focus on factors related to fat, such as chemerin 
[40]. However, research has also identified several DEGs, 
including acid-sensing ion channel 2 (Asic2), transglu-
taminase 5 (Tgm5), and forkhead box R2 (Foxr2), whose 

Fig. 7 KEGG pathway analysis of DEGs. (A) KEGG pathway analysis of downregulated DEGs; (B) KEGG pathway analysis of upregulated DEGs. Signaling 
pathways with high enrichment score will be considered as potential mechanisms by which exercise improves respiratory function in COPD. CG, control 
group; MG, model group; EG, exercise group
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biological functions were not closely associated with 
existing COPD-related factors.

Interestingly, exercise training activated another group 
of the genes that exhibited the opposite expression trend, 
and these genes were downregulated after exposure to 
cigarette smoke. Paired box 7 (Pax7), among these genes, 
is a crucial member of the Pax transcription factor family 
that plays an important role in the development of vari-
ous tissues. This molecule is highly expressed in the cen-
tral nervous system and skeletal muscle but is expressed 
at low levels in lung tissue. Pax7 plays a major role in 
adult growth and muscle regeneration after birth [41]. 
Recent research found that the expression of Pax7 was 
significantly insufficient in the satellite cells of the lateral 
muscles of COPD patients with muscle loss [42]. Exercise 
training is an effective strategy to prevent muscle loss 
by increasing Pax7 expression. Our study’s findings also 
indicated that certain central nervous system genes, such 
as neuroligin 1 (Nlgn1) and gamma-aminobutyric acid 
A receptor beta 3 (Gabrb3), exhibited significant expres-
sion in COPD. These genes, along with related genes, 
have been linked to various biological effects [43, 44]. 
As a result, we speculate that their presence may have a 
substantial impact on the physical and cognitive health of 
individuals with COPD [45]. The involvement of transient 
receptor potential (TRP) channels in regulating physical 
and chemical stresses in the respiratory tract has recently 
attracted increased attention [46]. Evidence suggests that 
the TRP Member 8 (TRPM8) subtype channel is linked 
to cough and airway constriction caused by inhaling cold 
air [47]. Additionally, published data indicated that the 
activation of TRPM8 channels might result in the pro-
duction of inflammatory mediators [48]. There is still 
some controversy over the current data, as some studies 
have suggested that the activation of TRPM8 channels 
inhibits the cough response [49, 50]. However, the results 
of this study indicated that TRPM8, as a differentially 
expressed gene, was downregulated after exposure to cig-
arette smoke but activated after exercise training, which 
suggested a positive role for TRPM8 in improving pul-
monary function in mice with COPD through exercise. 
Further research is needed to determine the exact role 
of TRPM8 in exercise-related lung rehabilitation. Nota-
bly, this study also highlighted the potential benefits of 
the heat shock protein family A protein 1 A (Hspa1a) in 
improving pulmonary function through exercise. Hspa1a 
is induced under stress conditions as a cellular defense 
mechanism, and since the airway of individuals with 
COPD is under such stress conditions, Hspa1a could be 
a valuable target for future research in this area. Accord-
ing to previous research, Hspa1a is thought to combat 
the detrimental effects of oxidative stress and regulate 
inflammation [51]. Based on the findings of this study, 
the potential of Hspa1a to enhance respiratory function 

in patients with COPD through exercise warrants further 
investigation. This research could lead to the identifica-
tion of Hspa1a as a key player in the molecular mecha-
nisms of exercise-induced lung rehabilitation. Moreover, 
exercise training significantly upregulated chemokine 
factors represented by C-C motif chemokine ligand 3 
(Ccl3), which may be associated with the cascade reac-
tion resulting from immune system activation after exer-
cise [52, 53]. The immune response produced by the body 
after exercise is complex.

In the intergroup comparison, some genes showed sus-
tained down-regulation or up-regulation, which aroused 
our concern. The Kcne4 protein serves as an auxiliary 
subunit of the voltage-gated potassium channel (Kv1.3), 
which is a single transmembrane channel. It plays a role 
in regulating the potassium ion current and controlling 
the abundance of the channel on the cell surface and has 
multiple physiological functions [54]. In response to alve-
olar hypoxia, mitochondrial sensors dynamically modify 
reactive oxygen species and redox pairs in pulmonary 
artery smooth muscle cells (PASMC). As a result, potas-
sium channels are inhibited, leading to the depolarization 
of PASMC. This depolarization activates voltage-gated 
calcium channels and increases the cellular solute cal-
cium, causing vasoconstriction. Alveolar hypoxia leads 
to the contraction of internal pulmonary arteries, redi-
recting blood flow to lung segments with better oxygen 
supply. This optimization helps in achieving ventilation/
perfusion matching and systemic oxygen supply [55]. 
The continuous decrease in Kcne4 gene expression in 
the lungs of MG mice may be associated with this phe-
nomenon. The reduced transcription level of Kcne4 after 
exercise may also be linked to the regulation of pulmo-
nary blood metabolism in a state of low voltage-depen-
dent potassium channel activation [56]. Additionally, Kv 
channels have been suggested to play a significant role in 
the activation and proliferation of leukocytes, with Kcne4 
acting as an inhibitory Kv1.3 chaperone in leukocytes 
[57]. The downregulation of Kcne4 may also be a poten-
tial target for exercise-induced regulation of the body’s 
immune response. CD200R2 is a transmembrane glyco-
protein located on the cell surface and acts as a receptor 
for leukocyte differentiation antigen CD200. The inter-
action between CD200 and CD200R plays a crucial role 
in the immune system of individuals with COPD. Stud-
ies have shown that increased expression of CD200 pro-
motes the adhesion between T cells and endothelial cells, 
stimulates the secretion of anti-inflammatory factors, 
and inhibits inflammatory responses [58, 59]. Ly6i, also 
known as lymphocyte antigen-6/urokinase-typeplasmin-
ogen activator receptor, belongs to the superfamily and is 
highly expressed in monocytes and neutrophils [60, 61]. 
While the specific biological role of Ly6i is still unclear, it 
is involved in various cellular functions such as leukocyte 
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differentiation, cell adhesion, cell migration, and cytokine 
production [60]. Moreover, Ly6i has close associations 
with inflammatory diseases. The continuous up-regula-
tion in CD200R2 and Ly6i levels may indicate a response 
of the body and exercise training to airway inflamma-
tion, although further evidence is required to support 
this hypothesis. Mmp12 has been shown to degrade 
ECM and participate in the pathogenesis of COPD, and 
the expression level of Mmp12 in macrophages of COPD 
patients is increased [62, 63]. Furthermore, Mmp12 acti-
vates protease-activated receptor-1, upregulates placenta 
growth factor, and leads to pulmonary emphysema [64]. 
Consistent with the above studies, Mmp12 was upregu-
lated in lung tissue of mice pretreated with smoke expo-
sure. However, we are not yet able to explain why Mmp12 
transcription levels continue to rise after exercise, consid-
ering that previous study have demonstrated the inhibi-
tory effect of exercise on Mmp12 [65]. Whether more 
complex regulatory mechanisms are involved remains to 
be explored.

Potential pathways of pulmonary rehabilitation
Exercise training is a multitarget intervention that has 
been shown to have rehabilitative effects on various dis-
eases and functional disorders. However, due to its com-
plex nature, the specific mechanisms underlying exercise 

rehabilitation are difficult to determine. This study aimed 
to identify potential signaling pathways by which exer-
cise improves pulmonary function in mice with COPD 
by analyzing numerous DEGs. Through screening and 
enrichment, numerous signaling pathways were identi-
fied, all of which have the potential to contribute to exer-
cise-induced improvements in pulmonary function. After 
analyzing the relevant signaling pathways, we concluded 
that exercise training might primarily regulate inflamma-
tion and metabolism (Fig.  8), which led to its positive-
functional effects.

Several enriched pathways, including cytokine-
cytokine receptor interaction, TNF signaling pathway, 
chemokine signaling pathway, and interleukin (IL)-17 
signaling pathway, are directly related to the inflamma-
tory response and serve as direct transmitters of inflam-
matory signals. Additionally, other relevant signals, such 
as the MAPK signaling pathway, tumor protein 53 (p53) 
signaling pathway, and PI3K-Akt signaling pathway, play 
a role in regulating the inflammatory response. We found 
that exercise training has a significant impact on airway 
inflammation in mice with COPD, which is consistent 
with previous studies [53]. Clinical trials demonstrated 
that both moderate-intensity cycling [66] and treadmill 
training [67] could lower blood inflammation levels in 
patients with COPD. Furthermore, recent research has 

Fig. 8 The potential pathways of exercise training to improve pulmonary function. Aerobic exercise may improve COPD respiratory dysfunction by regu-
lating the body’s inflammatory response and metabolism. Multiple pathways, including MAPK signaling pathway, p53 signaling pathway, and PI3K-Akt 
signaling pathway, might be involved
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indicated that regular and low-moderate treadmill train-
ing protects against smoking-induced lung disease by 
exerting anti-inflammatory effects. According to experi-
mental animal studies, treadmill training has been found 
to reduce lung inflammation [68, 69] and remodeling [70] 
after exposure to cigarette smoke or induced asthma. In 
particular, treadmill training has been shown to increase 
the Th1 response and suppress Th2 cytokine levels in the 
lungs of mice that smoke. Additionally, exercise has been 
found to enhance antioxidant defenses and reduce mark-
ers of oxidative stress [71]. The positive effects of exercise 
on lung rehabilitation have been demonstrated in mice 
exposed to cigarette smoke. Specifically, exercise precon-
ditioning was found to significantly reduce bronchoalve-
olar capillary permeability, inflammatory cell infiltration, 
epithelial thickening, expression of proliferating cell 
nuclear antigen, mucin 2, cytokines, chemokines, adhe-
sion molecules, and activation of nuclear factor kappa 
B (NF-κB) [72]. Hence, further investigation of inflam-
matory signaling pathways is crucial to fully understand 
these effects.

There are numerous signaling pathways that contribute 
to the therapeutic mechanism of exercise in lung rehabil-
itation, with many identifying its effects on body metabo-
lism. Multiple examples include the MAPK, fat digestion 
and absorption, pancreatic secretion, p53, PI3K-Akt, and 
peroxisome proliferators activated recepotor (PPAR) sig-
naling pathways. These pathways impact body metabo-
lism in various ways and are all potentially relevant to 
the benefits of exercise in lung rehabilitation. A clinical 
study demonstrated that individuals with COPD were at 
a higher risk of developing metabolic disorders compared 
to those who were healthy [73]. This result might be 
attributed to several factors, such as chronic inflamma-
tory response, oxidative stress, abnormal immune metab-
olism, and corticosteroid therapy in COPD patients [74, 
75]. The positive effects of exercise training on metabo-
lism in COPD have been confirmed in multiple studies 
[76, 77], and these effects were closely related to the Akt 
[78] and MAPK signals [79]. Exercise training has the 
potential to improve the metabolic level of the body and 
activate various signals to correct imbalances, ultimately 
leading to rehabilitation. Adipokines, which have the 
potential to influence both the inflammatory response 
and insulin levels, have attracted increased attention [40].

Although multiple DEGs and enriched pathways were 
identified in this study, notably, these findings were not 
validated or further explored, which represents a major 
drawback of the study. In future research, we intend to 
delve deeper into the role of key genes, such as USP 44, 
Hsd17b13, and Hspa1a, as well as the associated path-
ways, to investigate their potential in improving pulmo-
nary function in COPD through exercise. By addressing 
this gap, we hope to generate valuable insights for 

subsequent studies and encourage more scholars to par-
ticipate in the field of sports-related lung rehabilitation.

Conclusions
Collectively, transcriptomics analysis was performed 
on lung tissues from three groups of mice to identify 
potential mechanisms involved in the exercise-induced 
improvement of COPD-related respiratory dysfunction 
in our study. Our results suggested that exercise might 
modulate genes and pathways associated with inflam-
mation and metabolism. However, further research is 
needed to establish a causal relationship between exer-
cise and COPD-related respiratory dysfunction. Further 
research is necessary to determine the causal relation-
ship between these biomarkers and improvements in 
the COPD phenotype. Therefore, conducting follow-up 
verification of the aforementioned biomarkers and bio-
logical signals is essential for exploring the molecular 
biological mechanism of exercise-dependent pulmonary 
rehabilitation.

Acknowledgements
Not applicable.

Author contributions
All authors participated in the design, interpretation of the studies and 
analysis of the data and review of the manuscript. XL and WW contributed 
to the conception and design of the study. JL, CC and PL performed the 
research, analyzed the data and wrote the draft of manuscript. WG revised 
the manuscript and explained the data. XZ assisted in the execution of the 
experiments. All authors read and approved the manuscript for publication.

Funding
The present study was supported by grants from the National Natural Science 
Foundation of China (grant number 82205276, 82072551), Shanghai Sailing 
Program (grant number 22YF1434100) and Special Medical Basic Research 
Project of the First Affiliated Hospital of Naval Medical University (grant 
number 2021JCQN07).

Data availability
The datasets generated and analyzed during the current study are available 
in the SRA database (PRJNA976479), https://www.ncbi.nlm.nih.gov/sra/
PRJNA976479.

Declarations

Ethics approval and consent to participate
The present study was approved by Experimental Animal Care and Ethics 
Committee of the Shanghai University of Traditional Chinese Medicine (No. 
PZSHUTCM210312012). We confirmed that all experiments were performed 
in accordance with relevant guidelines and regulations and we ensured 
that manuscript reporting adhered to the ARRIVE guidelines (https://
arriveguidelines.org) for the reporting of animal experiments.

Patient consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 20 November 2023 / Accepted: 14 March 2024

https://www.ncbi.nlm.nih.gov/sra/PRJNA976479
https://www.ncbi.nlm.nih.gov/sra/PRJNA976479
https://arriveguidelines.org
https://arriveguidelines.org


Page 14 of 15Li et al. BMC Pulmonary Medicine          (2024) 24:154 

References
1. Celli B, Fabbri L, Criner G, et al. Definition and nomenclature of Chronic 

Obstructive Pulmonary Disease: time for its revision. Am J Respir Crit Care 
Med. 2022;206(11):1317–25.

2. Confalonieri M, Braga L, Salton F, et al. Chronic obstructive Pulmonary Disease 
Definition: is it time to incorporate the Concept of failure of lung regenera-
tion? Am J Respir Crit Care Med. 2023;207(3):366–7.

3. Atsou K, Chouaid C, Hejblum G. Variability of the chronic obstructive pulmo-
nary disease key epidemiological data in Europe: systematic review. BMC 
Med. 2011;9:7.

4. Wang L, Zhang X, Liu X. Prevalence and clinical impact of frailty in COPD: a 
systematic review and meta-analysis. BMC Pulm Med. 2023;23(1):164.

5. López-Campos JL, Tan W, Soriano JB. Global burden of COPD. Respirology. 
2016;21(1):14–23.

6. Celli B, Wedzicha J. Update on clinical aspects of chronic obstructive pulmo-
nary disease. N Engl J Med. 2019;381:1257–66.

7. Wang C, Xu J, Yang L, et al. Prevalence and risk factors of chronic obstructive 
pulmonary disease in China (the China Pulmonary Health [CPH] study): a 
national cross-sectional study. Lancet. 2018;391(10131):1706–17.

8. Belfer MH, Reardon JZ. Improving exercise tolerance and quality of life in 
patients with chronic obstructive pulmonary disease. J Am Osteopath Assoc. 
2009;109(5):268–78. quiz 280– 261.

9. Xu S, Zhang D, He Q, et al. Efficacy of Liuzijue Qigong in patients with chronic 
obstructive pulmonary disease: a systematic review and meta-analysis. 
Complement Ther Med. 2022;65:102809.

10. Zhang H, Hu D, Xu Y, et al. Effect of pulmonary rehabilitation in patients with 
chronic obstructive pulmonary disease: a systematic review and meta-analy-
sis of randomized controlled trials. Ann Med. 2022;54(1):262–73.

11. Wada JT, Borges-Santos E, Porras DC, et al. Effects of aerobic training com-
bined with respiratory muscle stretching on the functional exercise capacity 
and thoracoabdominal kinematics in patients with COPD: a randomized and 
controlled trial. Int J Chron Obstruct Pulmon Dis. 2016;11:2691–700.

12. McCarthy B, Casey D, Devane D, et al. Pulmonary rehabilitation for 
chronic obstructive pulmonary disease. Cochrane Database Syst Rev. 
2015;2:CD003793.

13. Gloeckl R, Halle M, Kenn K. Interval versus continuous training in lung trans-
plant candidates: a randomized trial. J Heart Lung Transpl. 2012;31(9):934–41.

14. Ko FW, Tam W, Siu EHS, et al. Effect of short-course exercise training on the 
frequency of exacerbations and physical activity in patients with COPD: a 
randomized controlled trial. Respirology. 2021;26(1):72–9.

15. Menegali BT, Nesi RT, Souza PS, et al. The effects of physical exercise on the 
cigarette smoke-induced pulmonary oxidative response. Pulm Pharmacol 
Ther. 2009;22(6):567–73.

16. Toledo-Arruda AC, Vieira RP, Guarnier FA, et al. Time-course effects of aerobic 
physical training in the prevention of cigarette smoke-induced COPD. J Appl 
Physiol (1985). 2017;123(3):674–83.

17. Rodrigues Brandao-Rangel MA, Bachi ALL, Oliveira-Junior MC, et al. Exercise 
inhibits the effects of smoke-induced COPD involving modulation of STAT3. 
Oxid Med Cell Longev. 2017;2017:6572714.

18. Vieira Ramos G, Choqueta de Toledo-Arruda A, Maria Pinheiro-Dardis C et al. 
Exercise prevents diaphragm wasting induced by cigarette smoke through 
modulation of antioxidant genes and metalloproteinases. Biomed Res Int 
2018, 2018:5909053.

19. Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for transcrip-
tomics. Nat Rev Genet. 2009;10(1):57–63.

20. Su J, Li J, Lu Y, et al. The rat model of COPD skeletal muscle dysfunction 
induced by progressive cigarette smoke exposure: a pilot study. BMC Pulm 
Med. 2020;20(1):74.

21. Knapp AE, Goldberg D, Delavar H, et al. Skeletal myofiber VEGF regulates con-
traction-induced perfusion and exercise capacity but not muscle capillarity in 
adult mice. Am J Physiol Regul Integr Comp Physiol. 2016;311(1):R192–199.

22. Martin M. CUTADAPT removes adapter sequences from high-throughput 
sequencing reads. EMBnetjournal 2011, 17.

23. Kim D, Paggi JM, Park C, et al. Graph-based genome alignment and genotyp-
ing with HISAT2 and HISAT-genotype. Nat Biotechnol. 2019;37(8):907–15.

24. Anders S, Pyl, et al. HTSeq—a Python framework to work with high-through-
put sequencing data. Bioinformatics. 2015;31(2):166–99.

25. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for 
differential expression analysis of digital gene expression data. Bioinformatics. 
2010;26(1):139–40.

26. Chuatrakoon B, Uthaikhup S, Ngai SP, et al. The effectiveness of home-based 
balance and pulmonary rehabilitation program in individuals with chronic 

obstructive pulmonary disease: a randomized controlled trial. Eur J Phys 
Rehabil Med. 2022;58(3):478–86.

27. Chen YH, Chen LR, Tsao CC et al. Effects of a pedometer-based walking 
program in patients with COPD-a pilot study. Med (Kaunas) 2022, 58(4).

28. Imagita H, Nishii Y, Fujita N, et al. Effects of appropriate-intensity treadmill 
exercise on skeletal muscle and respiratory functions in a rat model of 
emphysema. Biomed Res. 2020;41(1):13–22.

29. Li J, Lu Y, Li N, et al. Muscle metabolomics analysis reveals potential biomark-
ers of exercise–dependent improvement of the diaphragm function in 
chronic obstructive pulmonary disease. Int J Mol Med. 2020;45(6):1644–60.

30. Shi L, Yan J, Meng Y et al.,. Systematic pharmacology-based strategy to explore 
the mechanism of Bufei Huoxue Capsule in the treatment of chronic obstructive 
pulmonary disease. Evid Based Complement Alternat Med 2022, 2022:1129567

31. Liang G, He Z, Chen Y, et al. Existence of multiple organ aging in animal 
model of emphysema induced by cigarette smoke extract. Tob Induc Dis. 
2022;20:02.

32. Vieira RP, Claudino RC, Duarte AC, et al. Aerobic exercise decreases chronic 
allergic lung inflammation and airway remodeling in mice. Am J Respir Crit 
Care Med. 2007;176(9):871–7.

33. Charususin N, Sricharoenchai T, Pongpanit K, et al. Beneficial effect of water-
based exercise training on exercise capacity in COPD patients-a pilot study. 
Front Rehabil Sci. 2021;2:728973.

34. Sillen MJH, Vaes AW, Groenen MTJ, et al. Effects of pulmonary rehabilitation 
including inspiratory muscle training in patients with chronic obstructive 
pulmonary disease after stratification by the degree of static hyperinflation. 
Lung. 2022;200(4):487–94.

35. Cao Y, Li P, Wang Y, et al. Diaphragm dysfunction and rehabilitation strategy 
in patients with chronic obstructive pulmonary disease. Front Physiol. 
2022;13:872277.

36. Lou Y, Ye M, Xu C, et al. Insight into the physiological and pathological roles of 
USP44, a potential tumor target (review). Oncol Lett. 2022;24(6):455.

37. Zheng J, Wang B, Zheng R, et al. Linc-RA1 inhibits autophagy and promotes 
radioresistance by preventing H2Bub1/USP44 combination in glioma cells. 
Cell Death Dis. 2020;11(9):758.

38. Liu Q, Xu WG, Luo Y, et al. Cigarette smoke-induced skeletal muscle atrophy 
is associated with up-regulation of USP-19 via p38 and ERK MAPKs. J Cell 
Biochem. 2011;112(9):2307–16.

39. Liu S, Huang C, Li D, et al. Molecular cloning and expression analysis of a 
new gene for short-chain dehydrogenase/reductase 9. Acta Biochim Pol. 
2007;54(1):213–8.

40. Li J, Lu Y, Li N et al. Chemerin: A Potential Regulator of Inflammation and 
Metabolism for Chronic Obstructive Pulmonary Disease and Pulmonary 
Rehabilitation. BioMed research international 2020, 2020:4574509.

41. Buckingham M, Relaix F. PAX3 and PAX7 as upstream regulators of myogen-
esis. Semin Cell Dev Biol. 2015;44:115–25.

42. Sancho-Muñoz A, Guitart M, Rodríguez DA, et al. Deficient muscle regenera-
tion potential in sarcopenic COPD patients: role of satellite cells. J Cell Physiol. 
2021;236(4):3083–98.

43. Katzman A, Alberini CM. NLGN1 and NLGN2 in the prefrontal cortex: their 
role in memory consolidation and strengthening. Curr Opin Neurobiol. 
2018;48:122–30.

44. Maillard PY, Baer S, Schaefer É, et al. Molecular and clinical descriptions of 
patients with GABA(A) receptor gene variants (GABRA1, GABRB2, GABRB3, 
GABRG2): a cohort study, review of literature, and genotype-phenotype cor-
relation. Epilepsia. 2022;63(10):2519–33.

45. Eastus CC, Baez DE, Buckley ML, et al. The role of structured exercise interven-
tions on cognitive function in older individuals with stable chronic obstruc-
tive pulmonary disease: a scoping review. Front Rehabil Sci. 2022;3:987356.

46. Grace MS, Baxter M, Dubuis E, et al. Transient receptor potential 
(TRP) channels in the airway: role in airway disease. Br J Pharmacol. 
2014;171(10):2593–607.

47. Xing H, Ling JX, Chen M, et al. TRPM8 mechanism of autonomic nerve 
response to cold in respiratory airway. Mol Pain. 2008;4:22.

48. Li M, Li Q, Yang G, et al. Cold temperature induces mucin hypersecretion 
from normal human bronchial epithelial cells in vitro through a transient 
receptor potential melastatin 8 (TRPM8)-mediated mechanism. J Allergy Clin 
Immunol. 2011;128(3):626–e634621.

49. Stinson RJ, Morice AH, Sadofsky LR. Modulation of transient receptor poten-
tial (TRP) channels by plant derived substances used in over-the-counter 
cough and cold remedies. Respir Res. 2023;24(1):45.

50. Liu Y, Mikrani R, He Y, et al. TRPM8 channels: a review of distribution and clini-
cal role. Eur J Pharmacol. 2020;882:173312.



Page 15 of 15Li et al. BMC Pulmonary Medicine          (2024) 24:154 

51. Martínez de Toda I, De la Fuente M. The role of Hsp70 in oxi-inflamm-
aging and its use as a potential biomarker of lifespan. Biogerontology. 
2015;16(6):709–21.

52. da Rocha AL, Pinto AP, Kohama EB, et al. The proinflammatory effects of 
chronic excessive exercise. Cytokine. 2019;119:57–61.

53. Madani A, Alack K, Richter MJ, et al. Immune-regulating effects of exercise on 
cigarette smoke-induced inflammation. J Inflamm Res. 2018;11:155–67.

54. Abbott GW. KCNE4 and KCNE5: K(+) channel regulation and cardiac arrhyth-
mogenesis. Gene. 2016;593(2):249–60.

55. Dunham-Snary KJ, Wu D, Sykes EA, et al. Hypoxic pulmonary vasoconstric-
tion: from Molecular mechanisms to Medicine. Chest. 2017;151(1):181–92.

56. Berwick ZC, Dick GM, Moberly SP, et al. Contribution of voltage-dependent 
Ks channels to metabolic control of coronary blood flow. J Mol Cell Cardiol. 
2012;52(4):912–9.

57. Solé L, Roura-Ferrer M, Pérez-Verdaguer M, et al. KCNE4 suppresses Kv1.3 cur-
rents by modulating trafficking, surface expression and channel gating. J Cell 
Sci. 2009;122(Pt 20):3738–48.

58. Kaur M, Bell T, Salek-Ardakani S, et al. Macrophage adaptation in airway 
inflammatory resolution. Eur Respir Rev. 2015;24(137):510–5.

59. Lauzon-Joset JF, Marsolais D, Tardif-Pellerin É, et al. CD200 in asthma. Int J 
Biochem Cell Biol. 2019;112:141–4.

60. Lee PY, Wang JX, Parisini E, et al. Ly6 family proteins in neutrophil biology. J 
Leukoc Biol. 2013;94(4):585–94.

61. Pflugh DL, Maher SE, Bothwell AL. Ly-6I, a new member of the murine 
Ly-6 superfamily with a distinct pattern of expression. J Immunol. 
2000;165(1):313–21.

62. Hendrix AY, Kheradmand F. The role of Matrix metalloproteinases in 
Development, Repair, and Destruction of the lungs. Prog Mol Biol Transl Sci. 
2017;148:1–29.

63. Hunninghake GM, Cho MH, Tesfaigzi Y, et al. MMP12, lung function, and 
COPD in high-risk populations. N Engl J Med. 2009;361(27):2599–608.

64. Hou HH, Wang HC, Cheng SL, et al. MMP-12 activates protease-activated 
receptor-1, upregulates placenta growth factor, and leads to pulmonary 
emphysema. Am J Physiol Lung Cell Mol Physiol. 2018;315(3):L432–42.

65. Witayavanitkul N, Werawatganon D, Chayanupatkul M, et al. Genistein and 
exercise treatment reduced NASH related HDAC3, IL-13 and MMP-12 expres-
sions in ovariectomized rats fed with high fat high fructose diet. J Tradit 
Complement Med. 2021;11(6):503–12.

66. Neunhäuserer D, Patti A, Niederseer D, et al. Systemic inflammation, vascular 
function, and endothelial progenitor cells after an Exercise training interven-
tion in COPD. Am J Med. 2021;134(3):e171–80.

67. Uzeloto JS, de Toledo-Arruda AC, Silva BSA, et al. Effect of physical training on 
cytokine expression in CD4 + T lymphocytes in subjects with stable COPD. 
Ther Adv Respir Dis. 2022;16:17534666221091179.

68. Lowder T, Dugger K, Deshane J, et al. Repeated bouts of aerobic exercise 
enhance regulatory T cell responses in a murine asthma model. Brain Behav 
Immun. 2010;24(1):153–9.

69. Wang X, Wang Z, Tang D. Aerobic exercise alleviates inflammation, oxidative 
stress, and apoptosis in mice with chronic obstructive pulmonary disease. Int 
J Chron Obstruct Pulmon Dis. 2021;16:1369–79.

70. Dugger KJ, Chrisman T, Jones B, et al. Moderate aerobic exercise alters migra-
tion patterns of antigen specific T helper cells within an asthmatic lung. Brain 
Behav Immun. 2013;34:67–78.

71. Lakier Smith L. Overtraining, excessive exercise, and altered immunity: 
is this a T helper-1 versus T helper-2 lymphocyte response? Sports Med. 
2003;33(5):347–64.

72. Yu YB, Liao YW, Su KH, et al. Prior exercise training alleviates the lung inflam-
mation induced by subsequent exposure to environmental cigarette smoke. 
Acta Physiol (Oxf ). 2012;205(4):532–40.

73. Cazzola M, Bettoncelli G, Sessa E, et al. Prevalence of comorbidities in patients 
with chronic obstructive pulmonary disease. Respiration. 2010;80(2):112–9.

74. Park SS, Perez Perez JL, Perez Gandara B et al. Mechanisms linking COPD to 
type 1 and 2 diabetes mellitus: is there a relationship between diabetes and 
COPD? Med (Kaunas) 2022, 58(8).

75. Machado FVC, Pitta F, Hernandes NA, et al. Physiopathological relationship 
between chronic obstructive pulmonary disease and insulin resistance. 
Endocrine. 2018;61(1):17–22.

76. Liu J, Jiang N, Liu T, et al. Clinical effect of simvastatin combined with 
exercise training in the treatment of stationary chronic obstructive pul-
monary disease complicated with metabolic syndrome. Pak J Pharm Sci. 
2020;33(1Special):437–40.

77. Krüger K, Seimetz M, Ringseis R, et al. Exercise training reverses inflammation 
and muscle wasting after tobacco smoke exposure. Am J Physiol Regul Integr 
Comp Physiol. 2018;314(3):R366–76.

78. Costes F, Gosker H, Feasson L, et al. Impaired exercise training-induced 
muscle fiber hypertrophy and Akt/mTOR pathway activation in hypoxemic 
patients with COPD. J Appl Physiol (1985). 2015;118(8):1040–9.

79. Radom-Aizik S, Kaminski N, Hayek S, et al. Effects of exercise training on quad-
riceps muscle gene expression in chronic obstructive pulmonary disease. J 
Appl Physiol (1985). 2007;102(5):1976–84.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Lung transcriptomics reveals the underlying mechanism by which aerobic training enhances pulmonary function in chronic obstructive pulmonary disease
	Abstract
	Background
	Methods
	Animals, smoke exposure and exercise protocol
	Pulmonary function
	HE staining
	RNA sequence analysis and data processing
	Statistical analysis

	Results
	Exercise training improved the pulmonary function of mice with COPD
	The limited positive impact of exercise training on lung structure
	DEGs in pairwise comparisons
	Molecular functions of DEGs
	KEGG enrichment analysis

	Discussion
	Positive effects of exercise on the respiratory phenotype of COPD
	Potential gene targets for pulmonary rehabilitation
	Potential pathways of pulmonary rehabilitation

	Conclusions
	References


