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Objective: To establish a model of emphysema induced by tobacco smoke combined with elastin peptides (EP), explore the 
biochemical metabolic processes and signal transduction pathways related to emphysema occurrence and development at the 
transcriptional level, and identify new targets and signaling pathways for emphysema prevention and treatment.
Methods: Mice were randomly divided into the air pseudoexposure group (NORMAL group) and the tobacco smoke + EP group (EP 
group). The differentially expressed genes (DEGs) in lung tissue between the two groups were identified by RNA-seq, and functional 
annotation and Gene Ontology (GO)/ Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were 
performed. The differential expression of the selected genes were verified using qRT‒PCR and immunohistochemistry (IHC).
Results: EP group mice showed emphysema-like changes. The expression levels of 1159 genes in the EP group differed significantly 
(529 up-regulated and 630 down-regulated) from those in the NORMAL group. GO enrichment analysis showed that the DEGs were 
significantly enriched in the terms immune system, adaptive immune response, and phosphorylation, while KEGG pathway enrichment 
analysis showed that the DEGs were enriched mainly in the pathways cytokine‒cytokine receptor interaction, T-cell receptor signaling 
pathway, MAPK signaling pathway, Rap1 signaling pathway, endocytosis, chemokine signaling pathway, Th17 cell differentiation, and 
Th1 and Th2 cell differentiation. The differential expression of the selected DEGs were verified by qRT‒PCR and IHC, and the 
expression trends of these genes were consistent with those identified by RNA-seq.
Conclusion: Emphysema may be related to the inflammatory response, immune response, immune regulation, oxidative stress injury, 
and other biological processes. The Bmp4-Smad-Hoxa5/Acvr2a signaling pathway may be involved in COPD/ emphysema occurrence 
and development.
Keywords: emphysema, tobacco smoke, elastin peptide, RNA-seq, DEGs

Introduction
Chronic obstructive pulmonary disease (COPD) is a condition that is characterized by persistent respiratory symptoms and airflow 
limitations that are not fully reversible. The severe complications of the disease may adversely affect its morbidity and mortality.1 

According to World Health Organization (WHO) statistics, over 3 million people per year die from COPD, which is the third- 
leading cause of death worldwide.2–4 The state of COPD prevention and control is particularly grave. Previous studies have 
suggested that smoking is the main risk factor for COPD.1 However, we have not thoroughly studied the molecular mechanism 
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underlying the immunological regulation of the exacerbated inflammation caused by respiratory stimuli such as tobacco smoke, 
and the reasons that chronic airway inflammation and airflow limitation persistently progress after smoking cessation remain 
unclear. Thus, performing a systematic and comprehensive mechanistic study of COPD occurrence and development and 
identifying effective therapeutic targets are highly important for the early prevention and treatment of COPD.

Elastin is an extracellular matrix protein that plays an important role in maintaining reversible contraction and dilation of the 
lungs during breathing,5,6 and its degraded peptide fragment, elastin peptides (EP), has endogenous antigenicity.7 Evidence 
indicates that EP induces immune imbalance by inducing the release of proinflammatory cytokines and the differentiation of many 
kinds of immune cells (Type 1 T helper (Th1) cells, Type 17 T helper (Th17) cells, Type 1 CD8+ T(Tc1) cells, myeloid dendritic 
cells (mDCs), CD4+ T cells, etc.), thus promoting the occurrence and development of chronic inflammation in COPD/ 
emphysema.8–12 Under the stimulation of tobacco smoke, EP has a chemotactic effect on neutrophils and macrophages, which 
can not only result in the accumulation and release of many inflammatory factors to induce airway inflammation but also cause 
activated neutrophils and macrophages to secrete neutrophil elastase, MMP-9, and MMP-12, resulting in an imbalance in the 
protease-antiprotease system, destruction of the pulmonary interstitium and rupture of the lining septum.13 Several studies have 
reported that the autoimmune response caused by EP is related to tobacco smoke exposure. Under stimulation such as smoking/ 
environmental smoke inhalation, the immune response is triggered, various inflammatory factors and proteases are released, and 
elastin in the lungs is destroyed, resulting in bioactive EP. EP acts as a chemoattractant for various inflammatory cells, promotes 
cell activation, releases many inflammatory factors, and further aggravates the inflammatory response in COPD.5,13–18

The animal models of emphysema currently used to study the pathogenesis of COPD are complex and diverse. Given the 
complex pathogenesis of COPD, we referred to a newly reported autoimmune model19 of tobacco smoke exposure combined with 
elastin and established an emphysema model by treatment with tobacco smoke combined with EP. RNA-seq of lung tissue was 
performed to provide a more complete gene map for COPD research. In addition, we identified the differentially expressed genes 
(DEGs) and then performed functional annotation and Gene Ontology (GO) /Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analyses of the DEGs to determine the biological and biochemical metabolic pathways and signal 
transduction pathways related to COPD pathogenesis. Moreover, we further studied the genes of airway inflammation that cause 
oxidative stress (OS) and immunity to COPD. To this end, we selected DEGs screened by RNA-seq for verification at the mRNA 
and protein levels by qRT‒PCR and immunohistochemistry (IHC), respectively, to further understand the pathogenesis of COPD 
and search for additional biomarkers of disease risk or new targets for chemoprophylaxis.

Materials and Methods
Animals
Six- to eight-week-old male C57BL/6 mice (Guangxi Medical University Laboratory Animal Center, China) were housed 
individually in standard laboratory cages on a 12 h light-dark cycle. All experimental protocols were approved by the 
Animal Research Care Committee of Guangxi Medical University. Ethics review of the animal study was performed 
following the Guiding Opinions on the Treatment of Laboratory Animals issued by the Ministry of Science and 
Technology of the People’s Republic of China and the Laboratory Animal Guideline for Ethical Review of Animal 
Welfare issued by National Standard GB/T35892-2018 of the People’s Republic of China.

Models
Based on the protocol used by our previous research and by Zhou et al8,19–22 with slight modifications, tobacco smoke 
combined with EP was used to establish the emphysema model. Mice in the model group were exposed to smoke from 12 
cigarettes (Nanning Zhen long unfiltered cigarettes: 12 mg of tar and 0.9 mg of nicotine) in a closed 90×55×40 cm chamber. 
The smoke-to-air ratio was 1:6. Cigarette smoke exposure took 40 min per session and occurred 8 times a day and 5 days 
a week for a total of two weeks. Mice in the control group were exposed to room air (NORMAL group), and mice in the EP 
group were intranasally administered 50 µL of an EP suspension (VGVAPG, EPC company, America, dissolved in phosphate 
buffered saline, 100 µg/mL) at 14-day intervals after being anesthetized. On the 33rd day, the mice were anesthetized and 
sacrificed by cervical dislocation (Figure 1). The right upper lung lobes were isolated and sent to BGI (Wuhan, China) for 
RNA-seq. The rest of the lung tissue was used for histopathological analysis or RNA extraction or was stored at −80 °C.
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Histopathological Analysis
The left upper lung lobes of mice were fixed with 4% paraformaldehyde for 24–48 h and embedded in paraffin. After 
sectioning, they were stained with hematoxylin-eosin (H&E) to observe and quantify the alveolar airspace enlargement 
and inflammatory infiltration associated with emphysema. The mean linear intercept (MLI) was used to assess alveolar 
airspace enlargement.20,22 The MLI reflects the average alveolar diameter of mice and was compared with that of mice in 
the NORMAL group. All procedures were performed in a double-blind manner by two pathologists.

RNA-Seq
Sample Collection
A total of 8 samples from the EP group (n=4) and the NORMAL group (n=4) were quickly transported to BGI for RNA-seq. BGI 
performed RNA extraction, quality assessment, mRNA purification, mRNA fragmentation, and cDNA reverse transcription.

Total RNA Extraction and Quality Assessment
The TRIzol method was used to extract total RNA, and then a fragment analyzer was used for the assessment of quality, including 
measurements of the total RNA concentration, RNA integrity number (RIN) or RNA quality number (RQN), 28S/18S ratio, and 
fragment size. The integrity of the RNA was determined by agarose gel electrophoresis. Total RNA samples meeting the quality 
thresholds (RQN or RIN≥7.0, 28S/18S≥1.0) were selected (one sample in the NORMAL group was rejected).

RNA-Seq Library Construction and Sequencing
After the library was constructed and its quality was verified, the single-stranded circular DNA molecules were copied by 
rolling circle amplification to form DNA nanoballs (DNBs). A sequence read length of 150 bp was obtained by 
sequencing on the BGISEQ-500 platform powered by combinatorial probe-anchor synthesis (cPAS).

Bioinformatics Analysis
Data Quality Control
The sequencing data obtained on the BGISEQ500 platform were raw reads or raw data. The raw reads were quality 
controlled, and the raw data was filtered using the filtering software SOAPnuke (v1.5.2), which was independently 
developed by BGI.23 The data was saved in FASTQ format for subsequent bioinformatics analysis.

Gene Alignment
The filtered clean reads were aligned to the reference genome sequence using HISAT2 software (v2.0.4).24 The statistical 
alignment rate, distribution of reads on the reference sequence (base content distribution statistics and base quality 
distribution), saturation, etc., were used to determine whether the data passed the second quality control step for use in 
subsequent data interpretation.

Figure 1 Animal experimental protocol. 
Notes: The NORMAL group was exposed to room air from day 1 to day 33. The EP group was exposed to tobacco smoke from day 1 to day 14 and then intranasally 
administered 50 µL of an EP suspension (day 29 to day 31). Mice in the NORMAL and EP groups were sacrificed on day 33. 
Abbreviation: EP, elastin peptides.
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Gene Expression Quantification
After passing the second quality control step, Bowtie225 software was used to align the clean reads to the reference gene sequence, 
and RSEM26 was used to calculate the gene expression levels in each sample. Fragments per kilobase of exon model per million 
mapped fragments (FPKM) values were used to estimate gene expression levels, and the genes in each group with a mean FPKM 
value greater than 0.5 were considered to be expressed in the group and incorporated into downstream statistical analysis.

Identification of DEGs
The DEGs in different samples were analyzed. The DEGs between the two groups were identified with DESeq2 (v1.4.5).27 

Differences in gene expression between the two groups were calculated, and the significant DEGs were identified as those 
meeting the screening criteria of | log2(FoldChange)| > 0 and Q-value<0.05. A volcano plot of the DEGs was generated with 
the R package ggplot2 to show the distribution of the data and the situation of the differentially expressed genes. In addition, 
the R package pheatmap was used for hierarchical cluster analysis to draw a heatmap showing the union of the DEGs.

GO and KEGG Pathway Enrichment Analyses
The main biochemical and biological functions in which the identified DEGs were involved and the main related biochemical 
metabolic pathways and signal transduction pathways were determined through GO database28 (http://geneontology.org/) and 
KEGG database29 (http://www.kegg.jp/) analyses.

Quantitative Real-Time PCR
Selected DEGs (Homeobox A5(Hoxa5), Human hedgehog interacting protein (Hhip), Activin receptor IIA (Acvr2a), 
Bone morphogenetic protein-4(Bmp4), Family with sequence similarity 13 member A (Fam13a), Cytotoxic 
T-lymphocyte-associated protein 4(Ctla4), aryl hydrocarbon receptor nuclear translocator like (Arntl), and Glia matura-
tion factor gamma (Gmfg)) enriched in the KEGG pathways that differed between the EP group and NORMAL group 
were selected for qRT‒PCR to validate the RNA-seq results. qRT‒PCR was performed on an Agilent AriaMx Real-Time 
PCR System according to the reagent manufacturer’s protocol (Takara, China). Relative gene expression was calculated 
using the 2−ΔΔCt method. The primer sequences are listed in Table 1.

Table 1 The Primer Sequence of Quantitative PCR Required for This Experiment

Primer Name Sequence

Mouse β-Actin Forward5ʹ-GTGCTATGTTGCTCTAGACTTCG-3ʹ
Reverse5ʹ-ATGCCACAGGATTCCATACC-3ʹ

Mouse Hoxa5 Forward5ʹ-TAGTCACGACAATATAGGTGGC-3ʹ
Reverse5ʹ-GCATGAGCTATTTCGATCCTTC-3ʹ

Mouse Hhip Forward5ʹ-CATTCTTCGGGTTGTGGAATAC-3ʹ
Reverse5ʹ-TCTTCCATGTCATCCAATGTGA-3ʹ

Mouse Acvr2a Forward5ʹ-GGTGATAAAGATAAACGGCGAC-3ʹ
Reverse5ʹ-AGTTGATATCATCCAGCCAACA-3ʹ

Mouse Bmp4 Forward5ʹ-CGAATGCTGATGGTCGTTTTAT-3ʹ
Reverse5ʹ-GATCCCTCATGTAATCCGGAAT-3ʹ

Mouse Fam13a Forward5ʹ-AGCTACACTGGAAGGGATACTA-3ʹ
Reverse5ʹ-GCCCATGGATACTTTCGTAGTA-3ʹ

Mouse Ctla4 Forward5ʹ-GAGGTCTGTGCCACGACATTCAC-3ʹ
Reverse5ʹ-GTGTCAACAGCTCTCAGTCCTTGG-3ʹ

Mouse Arntl Forward5ʹ-CTATGGAGTACGTTTCTCGACA-3ʹ
Reverse5ʹ-TGGTAGATACGCCAAAATAGCT-3ʹ

Mouse Gmfg Forward5ʹ-CGGAGCTAAAGGAAACATTGAG-3ʹ
Reverse5ʹ-ATGAAGCACAAAGGATAGGACA-3ʹ

Note: Relative gene expression was calculated using the 2−ΔΔCt method. 
Abbreviations: β-Actin is a reference gene. Hoxa5, Homeobox A5; Hhip, Human hedgehog inter-
acting proteingen; Acvr2a, Activin receptor IIA; Bmp4, Bone morphogenetic protein-4; Fam13a, 
Family with sequence similarity 13 member A; Ctla4, Cytotoxic T-lymphocyte-associated protein 4; 
Arntl, Aryl hydrocarbon receptor nuclear translocator like; Gmfg, Glia maturation factor gamma.
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IHC Staining
Lung tissue sections were stained with anti-Bmp4 (Servicebio, China) and anti-Hoxa5/Arntl/Ctla4/Gmfg (Bioss, China) 
antibodies. The samples were observed and imaged with an Olympus microscope (10x40 magnification). Ten visual 
fields were randomly selected, and 100 cells were counted. Cells with brown staining in the cytoplasm or nucleus were 
considered positive, and the percentage of positive cells was calculated accordingly. The above process was performed in 
a double-blind manner by two pathologists.

Statistical Analysis
Data was shown as the mean ± standard deviation (x ± s). Since our data was normally or approximately normally 
distributed, comparisons between the two groups were performed with an independent samples t-test. All statistical tests 
were performed using SPSS 25.0 software (SPSS, Chicago, IL, USA). P values <0.05 were considered statistically 
significant. The statistical data were plotted with GraphPad Prism 7.0 (GraphPad Software, San Diego, USA).

Results
The Use of Tobacco Smoke Combined with EP to Establish an Emphysema Model
In the NORMAL mice, we observed minimal inflammatory infiltration and alveolar wall destruction (Figure 2A-NORMAL). 
Lung sections from EP mice showed emphysema-like changes: the alveolar walls exhibited thinning, the alveolar lining was 

Figure 2 Pathological changes in the lungs of each group of mice. 
Notes: (A) Representative H&E sections of lung tissues from the group NORMAL and EP mice, original magnification, ×200; (B) Comparison of MLI in the NORMAL group 
and the EP group. Data are expressed as x±s (n=15). The comparisons were determined by an independent sample t-test on ranks. *P<0.001. 
Abbreviations: H&E, hematoxylin-eosin; MLI, mean linear intercept.
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significantly enlarged and disrupted, and bronchiolar cilia were lost and misarranged. Disordered structures, massive inflamma-
tory cell infiltration, vessel wall destruction, alveolar cavity fusion, and pulmonary bullae were observed (Figure 2A-EP). 
Accordingly, with alveolar enlargement, the MLI values in the EP group were higher than those in the NORMAL group 
(P<0.001, Figure 2B).

RNA-Seq Analysis
Each sample yielded 11.19 G of data, and 18,020 genes were detected. The Q30 level of each sample was above 90%, and the 
sequence of clean reads was compared with the reference genome (Mus musculus GCF_000001635.26_GRCm38.p6). The 
alignment rate of the reads in each sample with the reference genome was greater than 80%.

DEG Mapping
The gene expression profiles in the NORMAL group and EP group were compared, and 1159 DEGs were identified (Q- 
value < 0.05, 529 up-regulated genes and 630 down-regulated genes, Figure 3). The FPKM values of the DEGs were 
used as the expression levels, and hierarchical cluster analysis was performed (Figure 4).

Figure 3 Volcano map of DEGs between the NORMAL group and EP group. 
Notes: The X-axis represents the fold change of the difference after conversion to log2, and the Y-axis represents the significance value after conversion to-log10. Red 
points represent up-regulation, green dots represent down-regulation, and gray points represent non-DEGs. 
Abbreviation: DEGs, differentially expressed genes.
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GO Functional Annotation and Enrichment Analysis
The DEGs were enriched in 26, 15, and 13 biological process (BP), cellular component (CC), and molecular function 
(MF) functional categories, respectively. As indicated above, more DEGs were enriched in the BP category, with the 
highest enrichment in terms of cellular process, biological regulation, regulation of the biological process, response to 
stimulus, and metabolic process. According to the annotation results, the DEGs were subjected to GO enrichment 
analysis, and the results are shown in bubble plots (Q-value <0.05, Figure 5). The BP terms significantly enriched with 
the DEGs included immune system process, adaptive immune response, immune response, phosphorylation, ERK1/ 
ERK2 signaling regulation pathway, inflammatory response, and positive regulation of GTPase activity.

KEGG Pathway Enrichment Analysis
The DEGs were then subjected to KEGG pathway enrichment analysis, and the results are shown in bubble plots 
(Q-value <0.05, Figure 6). The DEGs were mainly enriched in cytokine‒cytokine receptor interaction, endocytosis, 

Figure 4 Clustering heatmap of the DEGs. 
Notes: Red indicates high expression; green indicates low expression in the two groups. 
Abbreviation: DEGs, differentially expressed genes.
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MAPK signaling pathway, Rap1 signaling pathway, chemokine signaling pathway, Th17 cell differentiation, Th1 and 
Th2 cell differentiation, T-cell receptor T-cell receptor signaling pathway, etc.

qRT‒PCR Analysis
Some genes with high abundance and statistically significant fold changes were selected from the RNA-seq results 
(Table 2). The expression levels of Hoxa5, Hhip, Acvr2a, Bmp4, and Fam13a were significantly up-regulated and those 
of Ctla4, Arntl, and Gmfg were significantly down-regulated in the EP group compared with the NORMAL group (all 
P<0.05, Figure 7). The above results show that the expression trends of the candidate genes were consistent with those 
identified by RNA-seq, thus confirming the reliability of the sequencing results. This consistency supports our subsequent 
use of the sequencing analysis results to further study the pathogenesis of emphysema.

IHC Staining Results
The percentages of Bmp4+ and Hoxa5+ cells were significantly higher and those of Arntl+, Ctla4+, and Gmfg+ cells 
were significantly lower in the EP group than in the NORMAL group (P<0.05, Table 3, Figures 8, 9).

Discussion
Cigarette smoke is a major risk factor for COPD.1 Quitting may reduce chronic cough, sputum symptoms, shortness of 
breath, and wheezing in the short term.30 However, smoking cessation cannot completely reverse pulmonary inflamma-
tion or emphysema.1 To date, some studies have indicated that COPD is a chronic inflammatory disease with auto-
immune characteristics triggered by smoking8 and that foreign substances or autoantigens are the keys to activating the 
acquired immune response. Smoking can induce nonspecific immune responses to release proteases to degrade pulmon-
ary elastin, which is then processed into polypeptides with antigenic activity in COPD-susceptible people, thus 
stimulating the activation of adaptive immune responses that lead to lung tissue destruction and COPD development.13 

Figure 5 GO biological process enrichment analysis graph of DEGs. 
Notes: The X-axis is the enrichment ratio (the ratio of the number of genes annotated to an entry in the selected gene set to the total number of genes annotated to the 
entry in the species, calculated as Rich Ratio = Term Candidate Gene Num/Term Gene Num) It is GO Term. The size of the bubble represents the number of DEGs 
annotated to a GO Term. The color represents the enriched significance. The redder the color, the smaller the significance value. The items displayed on the Y-axis are as 
follows from top to bottom:1. immune system process; 2. adaptive immune response; 3. positive regulation of transcription by RNA polymerase II; 4. immune response; 5. 
chemotaxis; 6. positive regulation of GTPase activity; 7. neutrophil chemotaxis 8. inflammatory response; 9. cell surface receptor signaling pathway; 10. cell migration; 11. 
phosphorylation; 12. T cell differentiation; 13. positive regulation of T cell proliferation; 14. negative regulation of transcription by RNA polymerase II; 15. positive regulation 
of ERK1 and ERK2 cascade; 16. positive regulation of transcription, DNA-templated; 17. intracellular signal transduction; 18. T cell activation; 19. negative regulation of G1/S 
transition of mitotic cell cycle; 20. mast cell activation. 
Abbreviations: DEGs, differentially expressed genes; GO, Gene Ontology.
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Polosukhin VV showed that persistent airflow restriction in COPD is most closely related to the loss of radial alveolar 
attachment in small airways, and the destruction of alveolar attachments may be mediated by neutrophilic 
inflammation.31 OS not only causes endothelial and mitochondrial dysfunction, lipid peroxidation, and apoptosis to 
produce a large number of proinflammatory factors32 but also damages the function of antiproteases such as 
α1-antitrypsin and secretory leukocyte protease inhibitors, resulting in the accelerated decomposition of lung elastin, 
carbonyl modification to form highly immunogenic new antigens, and the stimulation of autoantibody production in 
patients with COPD. These events may lead to the persistence and amplification of the inflammatory response, which 
leads to the production of more oxides, further aggravating OS damage.33 RNA-seq has been widely used in many fields, 
such as disease mechanism discovery. Currently, most researchers mainly obtain abundant transcriptome data from 
peripheral blood and the airway epithelial cells of human COPD patients and identify the related differential genes and 

Figure 6 Bubble chart of DEGs KEGG pathway enrichment results. 
Notes: The X-axis is the enrichment ratio (the ratio of the number of genes annotated to an entry in the selected gene set to the total number of genes annotated to the 
entry in the species, calculated as Rich Ratio = Term Candidate Gene Num/Term Gene Num), Y-axis is KEGG Pathway. The size of the bubble represents the number of 
genes annotated to KEGG Pathway. The color represents the enriched significance. The redder the color, the smaller the significance value. The items displayed on the Y-axis 
are as follows from top to bottom: 1. Osteoclast differentiation; 2. T cell receptor signaling pathway; 3. Cytokine-cytokine receptor interaction; 4. Th1 and Th2 cell 
differentiation; 5. Endocytosis; 6. Natural killer cell mediated cytotoxicity; 7. Th17 cell differentiation; 8. Rap1 signaling pathway; 9. Chemokine signaling pathway; 10. 
Leukocyte transendothelial migration; 11. Fc gamma R-mediated phagocytosis; 12. Cell adhesion molecules (CAMs); 13. B cell receptor signaling pathway; 14. Hematopoietic 
cell lineage; 15. C-type lectin receptor signaling pathway; 16. MAPK signaling pathway; 17. Axon guidance; 18. Circadian rhythm; 19. Cellular senescence; 20. FoxO signaling 
pathway. 
Abbreviations: DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Table 2 Selected Differentially Expressed Genes

Up-Regulated Gene Log2 FC Q-value Down-Regulated Gene Log2 FC Q-value

Hoxa5 0.4779 0.0064 Ctla4 −1.8446 0.0000076

Hhip 0.6003 0.0139 Arntl −1.2992 9.44629e-7
Acvr2a 0.2983 0.0192 Gmfg −0.4980 0.0002793

Bmp4 0.4634 0.0415

Fam13a 0.4746 0.0232

Notes: The differentially expressed genes between the two groups were identified with DESeq2 (v1.4.5), see the description of 
the method for details. 
Abbreviations: Hoxa5, Homeobox A5; Hhip, Human hedgehog interacting proteingen; Acvr2a, Activin receptor IIA; Bmp4, Bone 
morphogenetic protein-4; Fam13a, Family with sequence similarity 13 member A; Ctla4, Cytotoxic T-lymphocyte-associated 
protein 4; Arntl, Aryl hydrocarbon receptor nuclear translocator like; Gmfg, Glia maturation factor gamma; FC, FoldChange.
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regulatory mechanisms. However, few transcriptomic studies have been conducted with lung tissue. According to 
previous literature and our previous studies, endogenous elastin peptide may play an important role in the occurrence 
and development of human COPD. To determine the possible targets of the elastin peptide and explore the possibility of 
its application in humans in the future, we established an emphysema model by combining tobacco smoke exposure and 
EP treatment, identified the DEGs between mice with and without emphysema by RNA-seq, and verified the differential 
expression of selected genes by qRT‒PCR and IHC staining to further explore the mechanism of pulmonary inflamma-
tion and destruction at the transcriptional level in mice with emphysema. Thus, new therapeutic methods and targets for 
the early prevention and treatment of COPD were identified.

In this study, we found that the expression of Bmp4, Hoxa5, Hhip, Acvr2a, and Fam13a was up-regulated but that of 
Ctla4, Arntl, and Gmfg was down-regulated in the EP group compared with the NORMAL group. The related literature 
shows that different genes maintain important biological functions through interactions, which may be the key factor in 
promoting chronic airway inflammation in COPD. Among these interactions, the Bmp4-Smad-Hoxa5/Acvr2a signaling 

Figure 7 Results of RT‒PCR analysis of DEGs. 
Notes: Horizontal bars indicate x±s, and the comparisons were determined by independent sample t-test between the two groups (n=15). 
Abbreviations: DEGs, differentially expressed genes; Hoxa5, homeobox A5; Hhip, human hedgehog interacting protein; Acvr2a, activin receptor IIA; Bmp4, bone 
morphogenetic protein-4; Fam13a, family with sequence similarity 13 member A; Ctla4, cytotoxic T-lymphocyte-associated protein 4; Arntl, aryl hydrocarbon receptor 
nuclear translocator like; Gmfg, glia maturation factor gamma.

Table 3 The Percentage of Positive Cells in Each Indicator of Mouse 
Lung Tissue (%, x±s)

Name NORMAL EP P-value

Bmp4 6.23 ± 1.09 14.00 ± 1.25 0.001

Hoxa5 26.13 ± 7.08 38.01 ± 11.64 0.014

Arntl 12.62 ± 4.37 6.924 ± 2.27 0.024
Ctla4 18.7 ±5.171 12.8 ±2.168 0.042

Gmfg 13.19±4.70 8.18±3.70 0.024

Notes: Data are expressed as x± s (n=15). The comparisons were determined by an 
independent sample t-test on ranks. 
Abbreviations: Hoxa5, Homeobox A5; Hhip, Human hedgehog interacting protein-
gen; Acvr2a, Activin receptor IIA; Bmp4, Bone morphogenetic protein-4; Fam13a, 
Family with sequence similarity 13 member A; Ctla4, Cytotoxic T-lymphocyte- 
associated protein 4; Arntl, Aryl hydrocarbon receptor nuclear translocator like; 
Gmfg, Glia maturation factor gamma.
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pathway attracted our attention. Bmp4, a member of the TGF-β superfamily, is a multifunctional growth factor that is 
expressed mainly in airway epithelial cells and the pulmonary interstitium. It plays an important role in pulmonary 
differentiation and morphogenesis.34–36 Bmp4 is considered to be a pro-inflammatory gene in systemic circulation and 
can trigger and activate inflammatory responses.37 By establishing a model of acute airway inflammation, Li38 found that 
the expression of Bmp4 was increased, suggesting that Bmp4 may participate as an anti-inflammatory factor in the feedback 
regulation of innate immunity and preventing lung injury caused by excessive airway inflammation by inhibiting the release 
of proinflammatory factors. However, the role of Bmp4 in chronic airway inflammation is still controversial, and it has been 
observed to be either upregulated or downregulated in animal models of allergic airway inflammation or tobacco smoke- 
induced chronic airway inflammation.34,39 Studies have shown that Modulation of BMP4 or the downstream receptors and 
signaling decades in human airway basal stem/progenitor cells may be a potential therapeutic approach to cure or prevent 
the pathogenesis of smoking induced airway disease.40 Currently, studies can only show that Bmp4 is involved in the 
damage or repair process of lung inflammation or chronic airway inflammation, the Smad signaling pathway, the p38- 
MAPK-ERK1/2 pathway, the activation of JNK and ID1 and blocking the anti-inflammatory effect of the NF-κB 
pathway.41–44 Hoxa5 reduces inflammation and enhances adipose tissue browning by negatively regulating TNC/TLR4/ 
NF-κB-mediated inflammatory signaling and activating the Bmp4/Smad1 pathway.45 Hoxa5 is involved in cell prolifera-
tion, differentiation and apoptosis; is required for embryonic airway morphogenesis, and is most abundantly expressed in 
adult lung tissue. It may also reduce airway inflammation by promoting M2 macrophage polarization.46,47 In addition, 
Acvr2a has been reported to participate in cell differentiation, proliferation, and inflammation through the SMAD signaling 
pathway by binding to activin.48 In BMP type II receptor-deficient pulmonary artery smooth muscle cells, BMP ligands 
perform signal transduction by activating Acvr2a.49 In this study, we found that Bmp4 was up-regulated in mice with 
emphysema in the EP group, suggesting that targeting Bmp4 signaling in the airway may constitute a new target for the 
prevention/treatment of COPD-related airway diseases and that the Bmp4-Smad-Hoxa5/Acvr2a signaling pathway may be 
involved in the occurrence and development of COPD.

COPD is often associated with abnormal inflammatory responses in the airways and/or alveoli caused by smoking or 
heavy exposure to toxic particles or gases.1 Cigarette smoking extracts can induce the expression of many interleukins, 
leading to lung injury.50 We found that the DEGs were significantly enriched in BP terms such as immune system 
process, protein kinase/kinase activity, adaptive immune response, phosphorylation, and inflammation and identified 
significant changes in important pathways such as cytokine receptor interaction, T-cell receptor, Th17 cell differentiation, 

Figure 8 The percentage of each indicator-positive cell in the lung in the NORMAL and EP groups. 
Abbreviations: Bmp4, bone morphogenetic protein-4; Hoxa5, homeobox A5; Arntl, Aryl hydrocarbon receptor nuclear translocator like; Ctla4, cytotoxic T-lymphocyte- 
associated protein 4; Gmfg, glia maturation factor gamma.
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Th1 and Th2 cell differentiation, Rap1 signaling pathway and MAPK signaling pathway in the EP group. These 
observations are consistent with previous studies on the relationship between COPD occurrence and development and 
OS and immune-inflammatory responses. These pathways play an important role in the immune response, immune- 
inflammatory defense, cell growth and differentiation, and apoptosis. Further study of these pathways will help elucidate 
the mechanism underlying the continuous amplification of chronic airway inflammation and the development of 
emphysema and will provide a theoretical basis for the development of new therapeutic drugs for COPD.

We used RNA-seq to preliminarily explore the transcriptomic changes, oxidation–antioxidation response, and 
immune response in emphysema induced by tobacco smoke combined with EPs and identified the key factors and 
signaling pathways. Although we performed preliminary verification of the findings regarding these genes at the 
molecular and/or protein levels, the number of sequencing samples in each group was small, which is a limitation. In 
addition, the mechanisms related to or affecting these changes remain controversial or unclear, and verification of gene 
expression levels and functions is needed.

Figure 9 The immunohistochemical results of Bmp4/Hoxa5/Arntl/Ctla4/Gmfg staining in the lung tissue of each group (×400). 
Notes: The arrow marks where the positive expression of the index is obvious. A1/B1: Bmp4; A2/B2: Hoxa5; A3/B3: Arntl; A4/B4: Ctla4; A5/B5: Gmfg. 
Abbreviations: Bmp4, bone morphogenetic protein-4; Hoxa5, homeobox A5; Arntl, aryl hydrocarbon receptor nuclear translocator like; Ctla4, cytotoxic T-lymphocyte- 
associated protein 4; Gmfg, glia maturation factor gamma.
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Conclusion
(1) KEGG pathway enrichment analysis showed that the interaction of cytokines and cytokine receptors, Th-cell 
differentiation, the Rap1 signaling pathway, the MAPK signaling pathway, and other signaling pathways may be involved 
in the development of emphysema. GO enrichment analysis indicated that emphysema may be mainly related to the 
inflammatory response, immune response, immune regulation, OS injury, apoptosis, and other biological processes. 
These findings provide a transcriptomic basis and a more complete gene map for studying the mechanism of COPD 
occurrence and development.
(2) The upregulated genes Hoxa5, Hhip, Acvr2a, Bmp4, and Fam13a and the downregulated genes Ctla4, Arntl, and 
Gmfg are related to OS and immunity, and the Bmp4-Smad-Hoxa5/Acvr2a signaling pathway may mediate the 
occurrence and development of COPD.
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