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Abstract: This study was aimed at investigating the pathogenesis of chronic obstructive pulmonary
disease (COPD) caused by smoking—based on bioinformatics analysis and in vitro experimental
evidence. The GEO, GEO2R, TargetScan, miRDB, miRWalk, DAVID, and STRING databases were
used for bioinformatics analysis. The mRNA expression and the protein levels were determined by
real-time PCR and ELISA. After taking the intersection of the diversified results of the databases,
four differentially expressed miRNAs (hsa-miR-146a, hsa-miR-708, hsa-miR-150, and hsa-miR-454)
were screened out. Subsequently, a total of 57 target genes of the selected miRNAs were obtained.
The results of DAVID analysis showed that the selected miRNAs participated in COPD pathogenesis
through long-term potentiation, the TGF-β signaling pathway, the PI3K-Akt signaling pathway,
etc. The results of STRING prediction showed that TP53, EP300, and MAPK1 were the key nodes
of the PPI network. The results of the confirmatory experiment showed that, compared with the
control group, the mRNA expression of ZEB1, MAPK1, EP300, and SP1 were up-regulated, while the
expression of MYB was down-regulated and the protein levels of ZEB1, MAPK1, and EP300 were
increased. Taken together, miRNAs (hsa-miR-146a, hsa-miR-708, hsa-miR-150, and hsa-miR-454) and
their regulated target genes and downstream protein molecules (ZEB1, EP300, and MAPK1) may be
closely related to the pathological process of COPD.

Keywords: smoking; COPD; Go analysis; KEGG analysis; protein interaction network; miRNA; validation

1. Introduction

Smoking is a major public health issue worldwide, with significant impacts on human
health and socio-economic development. It is estimated that the global number of smoking-
related deaths exceeds eight million annually, including both smokers themselves and
passive smokers. Numerous studies have shown that cigarette smoke contains a large
amount of inhalable particulate matter (IPM), which is the main source of IPM in indoor
environments [1,2]. For example, PM2.5 levels could reach an average of 84 µg/m3 in the
primary home smoking area [3]. Smoking is closely related to many serious health problems.
Smoking causes various diseases, including lung cancer, cardiovascular disease, chronic
obstructive pulmonary disease (COPD), and so on. The latest results from a prospective
study on chronic diseases in China (CKB project) explored the disease burden caused by
smoking in the Chinese population. The results showed that smoking is associated with
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the risk of various diseases and deaths among Chinese adults, and the burden of diseases
caused by smoking will further increase in the future among males [4].

COPD is a common chronic respiratory disease characterized by persistent airflow
limitation, which is related to increased chronic inflammatory response of airways and
lungs to toxic particles or gases, with high disability and mortality [5]. COPD is the third
leading cause of death globally, causing 3.23 million deaths in 2019. Smoking accounts for
70% and 30–40% of cases of COPD in high-income countries and low- and middle-income
countries, respectively (data sourced from WHO official website).

There are many pathologic mechanisms leading to COPD, and the role of miRNA
in this process has received much attention. MicroRNAs (MiRNAs) are one kind of non-
coding single-stranded RNAs with a length of approximately 19–24 nt, which partially
or completely complement the 3′-untranslated region (3′-UTR) of the target genes by
complementary base pairing and then cut the transcripts of the target genes or inhibit
the translation of the transcripts, thus directly regulating the functional expression of
the target genes after transcription. MiRNAs are involved in many biological processes,
including body development and cell differentiation, proliferation, and apoptosis, as well
as inflammatory response and the pathological processes of tumors and other diseases [6].
For example, Ouyang et al. found that miR-185-5p and miR-182-5p were involved in
the development of COPD and might serve as potential biomarkers for the diagnosis
of COPD [7]. Ding et al. also found that miR-150-5p could be used for the diagnosis
and disease assessment of COPD [8]. The expression levels of miR-203a-3p and miR-375
were significantly higher in both COPD patients and healthy people with smoking [9].
Fang et al.’s research indicated that miR-101-3p was closely related to the occurrence of
COPD, and that blocking it might provide a new method for the treatment of COPD [10].
In recent years, researchers have begun to explore the association between genes, signaling
pathways, biological effects regulated by miRNAs, and the pathological process of COPD.
For instance, Zhu et al.’s research suggested that miR-126-5p-MYC and miR-130b-5p-
FOXO1 might be used as biomarkers for the diagnosis and treatment of COPD patients [11].
Shen et al. reported that miR-221-3p and miR-92a-3p mediated inflammatory disorders that
were associated with COPD [12]. In summary, miRNAs indeed mediate the pathological
process of COPD with diverse roles. However, objectively speaking, there is still a long way
to go before fully revealing the roles of miRNAs and their regulatory molecular networks
in the pathogenesis of COPD.

In this study, a combination of database mining and experimental verification methods
was employed to reveal the role of miRNAs and their regulated gene protein networks in
smoking-induced COPD at the overall level. The results of this study can provide scientific
reference for the pathogenesis research, clinical diagnosis, and treatment of COPD.

2. Materials and Methods
2.1. Data Retrieval

Taking GEO (https://www.ncbi.nlm.nih.gov/gds/, accessed on 6 December 2022)
as the target database, “miRNA” and “COPD” as the keywords, “Homo sapiens” as the
species source, and “expression profiling by array” or “non-coding RNA profiling by
array” as the type, the miRNA chip data related to COPD were retrieved. Based on the
reference of relevant studies, the following data screening criteria were determined: Only
the original experimental design corresponding to chip data met the specifications of the
case-control study, and the number of tissue samples of case and control greater than or
equal to 2 were included in the study. If the amount of filtered data was too large, the
data were further filtered according to the sample size and data integrity. According to
the above standard, 6 miRNA chip data were screened out, and 3 miRNA chip data with
relatively large sample size and complete data containing COPD and control groups were
selected (GSE61741, GSE38974, and GSE136390). To be specific, the GSE61741 data set
included 9 COPD cases (GSM1512504–GSM1512509, GSM1512530–GSM1512532) and 2
control cases (GSM1512502 and GSM1512503), the GSE38974 data set included 8 COPD
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cases (GSM953120–GSM953127) and 19 control cases (GSM953128–GSM953146), and the
GSE136390 data set included 7 COPD cases (GSM4047866–GSM4047872) and 14 control
cases (GSM4047873–GSM4047886). GSE61741 and GSE136390 were derived from the
peripheral blood samples of COPD and normal controls, and GSE38974 was derived from
lung tissue samples of COPD patients who smoked and the normal control lung tissue
samples of healthy smokers.

2.2. Screening of COPD-Related Differentially Expressed miRNA and Prediction of Target Genes

The GEO2R online analysis tool (https://www.ncbi.nlm.nih.gov/geo/geo2r/, ac-
cessed on 13 December 2022) was used in the screening of microRNAs associated with
COPD chip differentially expressed microRNAs screening criteria for |log2(FC)| > 1 and
p.Val < 0.05 or adp.Val < 0.05. The online tool (https://www.cloudtutu.com, accessed on
13 December 2022) was used to draw volcano plots and cluster heat maps. The intersec-
tion of differentially expressed miRNAs was obtained from 3 data samples (GSE61741,
GSE38974, and GSE136390) using the online tool Venny 2.1 (https://bioinfogp.cnb.csic.es/
tools/venny/index.html, accessed on 15 December 2022). Based on this, TargetScan (http:
//www.targetscan.org/, accessed on 18 December 2022), miRDB (http://www.mirdb.org/,
accessed on 18 December 2022), and MiRWalk (http://mirwalk.umm.uni-heidelberg.de/
search-miRNAs/, accessed on 18 December 2022) were used to predict mRNAs regulated
by differentially expressed miRNAs [13–15].

2.3. Analysis of Functional Enrichment of Target Genes Regulated by COPD-Related miRNAs

The Database for Annotation, Visualization, and Integrated Discovery (DAVID) (https:
//david.ncifcrf.gov/, accessed on 19 December 2022) was used for analyzing the function of
enrichment of miRNA target genes [11]. The database included gene ontology (GO) analysis
and pathway enrichment analysis of the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. GO analysis included biological process (BP), cellular component (CC),
and molecular function (MF).

2.4. Construction of Interaction Network of Target Gene Proteins Regulated by COPD-Related
miRNAs

The online tool STRING (https://string-db.org/, accessed on 20 December 2022)
was used for protein interaction analysis of predicted target genes, and a protein–protein
interaction (PPI) network was constructed to obtain the key nodes [16].

2.5. Experimental Validation of Target Genes Regulated by COPD-Related miRNAs
2.5.1. Cell Culture

Fetal bovine serum (10%) and penicstreptomycin (1%) were added into DMEM
basal medium as a complete culture medium for human lung adenocarcinoma A549 cells
(TCHu150, Cell Bank of Chinese Academy of Sciences, Shanghai, China). The cells were
cultured in a 5% carbon dioxide incubator at 37 ◦C. Trypsin containing 0.01% EDTA was
used for digestion and passage.

2.5.2. Construction of COPD Cell Model

A549 cells were exposed to 5% cigarette smoke extracts (CSE) for 48 h. CSE raw
liquid was prepared by suction filter method [17,18]. Briefly, the smoke of 10 standard
cigarettes (84 mm × 8 mm, nicotine content: 1.5 mg/tablet, tar content: 15 mg/tablet) was
continuously collected with a smoke collection device. Then, it was dissolved in 50 mL
serum-free DMEM basic medium. A 0.22 µm membrane filter was used for the sterilizing
filtration. The filtered solution was defined as 100% CSE stock solution. Referring to the
relevant research and our pre-experimental results, the concentration of working solution
in the subsequent experiment was 5%. The theoretical concentration of nicotine in 5% CSE
working solution was 0.015 mg/mL.

https://www.ncbi.nlm.nih.gov/geo/geo2r/
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2.5.3. Determination of mRNA Expression Levels

The total RNA in A549 cells was extracted by a total RNA extraction kit (Tiangen
Biotech, Beijing, China), and the concentration of total RNA was measured with Nan-
oDrop2000 (Thermo Scientific, Waltham, MA, USA). RNA was reverse transcribed into
cDNA by a reverse transcription kit, and the relative expression of gene mRNA was mea-
sured by RT-PCR assays (Tiangen Biotech, Beijing, China) in a Light-Cycler 480 real-time
PCR system (Roche, Basel, Switzerland). The above operation was carried out in strict
accordance with the operating instructions of the commercial kits and Molecular Cloning: A
Laboratory Manual. The primer sequences are shown in Table 1. β-actin was selected as the
internal reference gene. The gene expression levels were analyzed by the classical 2−∆∆CT

method.

Table 1. The primer information used in this study.

Symb Genbank Accession No. Primer Sequences (5′-3′)

β-actin NM_001101.5 F: GACTACCTCATGAAGATCCTCACC
R: TCTCCTTAATGTCACGCACGATT

EP300 NM_001362843.2 F: GTTCCTTCCTCAGACTCAGTTC
R: CATTATAGGAGAGTTCACCGGG

MYB NM_001130172.2 F: GAAGCAGATTTTTCACCTAGCC
R: CTAGGTTCTCCTGCAGGTTTAG

EGR2 NM_000399.5 F: CGAATCCACACTGGGCATAAG
R: AAACTTTCGGCCACAGTAGTC

PRKCA NM_002737.3 F: GGTGAAGGACCACAAATTCATC
R: CACCCGGACAAGAAAAAGTAAC

TP53 NM_000546.6 F: TTCCTGAAAACAACGTTCTGTC
R: AACCATTGTTCAATATCGTCCG

MAPK1 NM_002745.5 F: ATGGTGTGCTCTGCTTATGATA
R: TCTTTCATTTGCTCGATGGTTG

SP1 NM_001251825.2 F: TCACTCCATGGATGAAATGACA
R: CAGAGGAGGAAGAGATGATCTG

ZEB1 NM_001128128.3 F: CAGGCAAAGTAAATATCCCTGC
R: GGTAAAACTGGGGAGTTAGTCA

2.5.4. Determination of the Protein Contents

ZEB1, MAPK1, and EP300 levels were determined by ELISA with commercial kits
according to the product instructions (Dogesce, Beijing, China). The product codes for these
three test kits are DG96287Q, DG96290Q, and DG96293Q, respectively. Before determining
the protein concentrations in A549 cells after exposure to 5% CSE working solution, a
reasonable dilution ratio was determined according to the preliminary experimental results
to ensure that the determination results were within the linear determination range of the
kits. According to the operation instructions of the corresponding kits, the OD values of
standards and samples were measured at 450 nm with a microplate reader (SpectraMax
i3x, Vienna, Austria).

2.6. Statistical Analysis

The experimental data were analyzed by SPSS 25.0 software, and the results were
plotted using Graphpad Prism 7.0. The experimental data were expressed as mean and
standard deviation (SD) and analyzed by independent sample T test and Dunnett’s T3 test;
p < 0.05 was considered to be statistically significant and p < 0.01 was considered to be
extremely statistically significant.

3. Results
3.1. Differentially Expressed miRNAs in COPD

By analyzing the differential expression profiles of the samples from the subjects in the
COPD and control groups, miRNAs with differential expression were screened. To be specific,
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99 (64↓ vs. 35↑), 17 (11↓ vs. 6↑), and 53 (22↓ vs. 31↑) miRNAs with differential expression were
screened from GSE61741, GSE38974, and GSE136390, respectively (Tables S1–S3). Volcano
maps (Figures 1–3) and heat maps (Figures 4–6) showed that the screened miRNAs with
differential expression had relatively good discrimination between the COPD group and
the normal group.
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Figure 1. Volcano plot of GSE61741. Figure 1. Volcano plot of GSE61741.

3.2. Screening of COPD-Related Differentially Expressed miRNA and Prediction of Target Genes

The intersection of differentially expressed miRNAs was taken as the miRNAs for
the subsequent prediction of gene regulation, and four miRNAs were obtained, namely,
hsa-miR-146a, hsa-miR-708, hsa-miR-150, and hsa-miR-454 (Figure 7). TargetScan, miRDB,
and miRWalk were used to predict the target genes of the above miRNAs, respectively. A
total of 57 differentially expressed miRNA target genes were obtained.

3.3. Functional Analysis Results of Target Genes with Differentially Expressed miRNAs Related
to COPD

Gene function enrichment analysis was performed on the target genes regulated by
miRNAs in the regulatory network from the DAVID database. The enrichment items of bio-
logical processes mainly included the negative regulation of substrate adhesion-dependent
cell spreading and the regulation of sequence-specific DNA binding transcription factor
activity (Figure 8); the enrichment items of cell components mainly included lipid par-
ticles and cytoplasm (Figure 9); and the enrichment items of molecular function mainly
included transcription factor activity, sequence specific DNA binding, and GTPase activity
(Figure 10). KEGG pathway analysis showed that the first five enrichment items were
long-term potentiation, hepatitis B, renal cell carcinoma, adherens junction, and non-small
cell lung cancer (Figure 11).
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3.4. PPI Network Diagram of COPD-Related miRNA Target Genes with Differential Expression

After selecting the intersection of all mRNAs predicted by Targetscan, miRDB, and
miRWalk, the protein interaction was predicted through the STRING database and the
PPI network map was constructed. According to the PPI network diagram, TP53, EP300,
and MAPK1 were associated with more than five groups of proteins. In addition, PRKCA
SP1, EGR2, ZEB1, and MYB were also associated with other proteins (Figure 12). The
quantitative data of PPI analysis are shown in Table S4. These results suggested that these
proteins were at the key nodes of the PPI network and might play important roles in the
pathological process of COPD.
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3.5. Real-Time PCR Results

Compared with the control group, exposure to 5% CSE working solution could lead to
significant changes in the mRNA expression levels of the selected key molecules. Specifi-
cally, ZEB1, MAPK1, and SP1 expression levels were significantly increased (p < 0.05); EP300
level was extremely significantly increased (p < 0.01); while MYB level was significantly
decreased (p < 0.05) (Figure 13).

3.6. ELISA Results

CSE exposure could up-regulate the protein levels of ZEB1, MAPK1, and EP300 to
a certain extent. To be specific, the protein levels of these three molecules in A549 cells
after exposure to 5% CSE working solution were equivalent to 116%, 134%, and 147% of
those of the control group, respectively, which were consistent with the results of mRNA
expression levels (Figure 14).
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4. Discussion
4.1. The Combination of Bioinformatics and Molecular Biology May Be the Key to Opening the

“Door” of Understanding the Pathological Process of COPD

Numerous studies have shown that smoking, fuel smoke, air pollution, occupational
dusts, infection, chronic bronchitis, and socio-economic status are all inducing factors for
COPD. Among them, smoking is the main cause of this disease, and there is a positive
correlation between the onset of smoking age, cumulative smoking time, and smoking
volume and the incidence of the disease [19–21].

It is widely known that COPD is a degenerative disease, which is mainly characterized
by airway obstruction and inability of gas to enter and leave the respiratory tract, mainly
including chronic bronchitis and emphysema, etc. The pathological process of the disease
is closely related to smoking and a variety of environmental factors (such as indoor and
outdoor air pollution). Because of this, CSE was used for in vitro experimental validation
modeling. In addition, COPD is a disease with obvious genetic characteristics. The genome-
wide association studies have screened out several gene loci that are closely related to the
occurrence and development of COPD. In view of this, on one hand, it is necessary to
intervene in the corresponding environmental risk factors. On the other hand, it is very
meaningful to use bioinformatics and molecular biology methods to systematically predict
and experimentally verify the factors related to the pathological process of COPD so as to
provide scientific reference for the pathogenesis research, clinical diagnosis, and treatment
of COPD [22].

4.2. Bioinformatics Analysis Showed That Several Molecules Were Closely Related to the
Pathological Process of COPD

The reliability of the analysis results is closely related to the preciseness and flexibility
of the research strategy. In this study, by referring to the suggested research paradigm
available in the literature, the differentially expressed miRNAs were determined according
to the intersection of two or more data sets [23]. When the intersection of three data sets
was taken at the same time, zero results were screened out. When the intersection of
two data sets was taken at the same time, three (hsa-miR-146a, hsa-miR-708, and hsa-
miR-150, GSE61741 ∩ GSE136390), one (hsa-miR-454, GSE61741 ∩ GSE38974), and zero
(GSE38974 ∩ GSE136390) results were obtained, respectively. The expression levels of hsa-
miR-150 and hsa-miR-454 showed the same trends, while hsa-miR-146a and hsa-miR-708
exhibited different trends in the arrays. This result may be related to the temporal and
spatial specificities of miRNA expression, which is often encountered in miRNA-related
research [24]. Then, the target genes regulated by these four miRNAs were studied.
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Sato et al. found that the expression of miR-146a decreased in the lung fibroblasts of
COPD patients. Further studies showed that, after the deletion of miR-146a, the expres-
sion level of COX-2, the target gene regulated by the miRNA, was down-regulated, and
then the expression level of prostaglandin E2 (PGE2) was up-regulated [25–27]. Osei et al.
co-cultured human bronchial epithelial cells with primary human lung fibroblasts (from a
control population and COPD patients) and then detected the expression of miR-146a-5p.
The results showed that the expression level of miR-146a-5p decreased significantly in
fibroblasts of COPD patients, and that miR-146a-5p was involved in the functional regula-
tion of lung fibroblasts and negatively regulated epithelia-derived IL-1α induction of IL-8
in fibroblasts. Combined with these results, the authors speculated that the expression level
of miR-146a-5p in lung fibroblasts was closely related to the inflammatory phenotype of
COPD patients [28]. Keller et al. investigated the whole genome miRNA expression profile
of whole blood samples from patients with COPD and carried out survival correlation
analysis of the subjects. The results showed that, among a large number of candidate
markers, miR-150-5p was differentially expressed between surviving and non-surviving
patients. Further analysis showed that miR-150-5p could regulate proliferation-related
genes (such as p53) [29,30]. The research of Liu et al. showed that the expression level
of miR-708-3p was decreased during pulmonary fibrosis and was negatively correlated
with idiopathic pulmonary fibrosis (IPF) [31]. Zhu et al. confirmed that miR-454 overex-
pression was an adverse prognostic factor in patients with non-small cell lung cancer. The
down-regulation of miR-454 significantly reduced proliferation, enhanced apoptosis, and
inhibited the invasion and migration of non-small cell lung cancer cells [32]. Taken together,
the above four miRNAs are closely related to the pathological process of COPD.

In this study, KEGG pathway enrichment analysis showed that the pathways with
significant enrichment included TGF-β, PI3K-Akt, ErbB, viral carcinogenesis, non-small
cell lung cancer, and the proteoglycan pathway of cancer, etc. Similarly, Liu et al. compared
the miRNA expression profiles of COPD patients with healthy controls, and the results
showed that miR-23a, miR-25, miR-145, and miR-224 might play important roles in inflam-
mation, oxidative stress, lipid metabolism disorder, cell proliferation, and apoptosis. The
enriched pathways included the TGF-β signaling pathway, the p53 signaling pathway, the
Wnt signaling pathway, the VEGF signaling pathway, the MAPK signaling pathway, the
oxidative stress signaling pathway, and the Notch signaling pathway [33].

It is noteworthy that these signaling pathways are closely related to the pathological
process of COPD. For example, studies have shown that the TGF-β signaling pathway plays
an important role in the pathogenesis of COPD by regulating cell proliferation, differentia-
tion, extracellular matrix synthesis, and apoptosis. In animal models, an attenuated TGF-β
level can cause emphysema. In patients with COPD, TGF-β level is elevated significantly
compared with normal controls. TGF-β1, for example, plays an important regulatory role in
the pathogenesis of COPD and has a multidirectional effect on adaptive immunity. On one
hand, TGF-β1 can regulate T cell response to limit the proliferation of activated T cells and
then directly limit the activation of inflammatory Th1 and Th2 by inhibiting T cell prolifera-
tion and inducing T cell death. Eventually, it produces anti-inflammatory effects [34–36].
On the other hand, TGF-β1 can induce the proliferation of Treg cells, promote the survival
of activated T cells, and promote the differentiation of Th17 cells through the Smad and
p38 MAPK-dependent intracellular pathways, thus promoting inflammation [37,38]. What
is more, the PI3K-Akt signaling pathway plays a key role in regulating cell growth and
metabolism. Akt phosphorylated by PI3K can phosphorylate various substrate molecules
and regulate a variety of biological effects. Studies have shown that the pulmonary and
systemic inflammatory response of COPD can be reduced by regulating the PI3K-Akt
signaling pathway. As a key regulator downstream of the PI3K-Akt signaling pathway,
FoxO3 plays a key role in the regulation of pneumonia response and antioxidant genes.
FoxO3 deficiency can lead to COPD [39–41].
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4.3. The Confirmatory Experimental Results Were Relatively Consistent with the Bioinformatics
Analysis Results

The results of the literature search show that there are many methods to simulate
the pathogenesis of COPD in vitro. In this experiment, based on the results of relevant
studies and our pre-experiments, A549 cells were exposed to 5% CSE working solution
to simulate the pathogenesis of COPD. By analyzing the PPI network diagram of COPD-
related differentially expressed miRNA target genes, it could be seen that TP53, EP300,
and MAPK1 were the key nodes of the protein interaction network. Real-time PCR and
ELISA results confirmed that 5% CSE working solution exposure could significantly up-
regulate the expression levels of ZEB-1, MAPK1, and EP300, which is relatively consistent
with the experimental results in the literature. Sun et al. found that the ZEB-1 level
of smokers with COPD was significantly higher than that of smokers and non-smokers
without COPD [42]. In vitro studies showed that the level of ZEB-1 in the CSE-exposed
group was significantly up-regulated compared with the control group. MAPK can induce
a variety of chronic airway inflammatory diseases, including COPD, through oxidative
stress and inflammation [43,44]. Rubio et al. showed that the inhibition of EP300 level could
improve the fibrosis characteristics in a mouse IPF model (modeled with bleomycin) [45].
Based on this, considering many similarities in the pathogenesis processes between COPD
and IPF, it was not difficult to understand that exposure to 5% CSE working solution could
significantly increase the expression level of EP300 in A549 cells (as mentioned earlier, this
in vitro model was used to simulate the pathological process of COPD).

Bioinformatics analysis results showed that miR-150 had regulatory relationships
with ZEB1 and EP300 and miR-454 had a regulatory relationship with MAPK1. Although
miR-146a and miR-708 may not have direct regulatory effects on these three targets, we
should still pay attention to the other possible regulatory effects of these two miRNAs on
the pathological process of COPD.

In fact, the confirmatory experimental results are not completely consistent with
the results of bioinformatics analysis, such as the expression levels of TP53 and MYB,
suggesting that the research evidence obtained only by bioinformatics analysis was limited.
However, the development of bioinformatics technology is not only a simple analysis of
genomic and proteomic data; it can also be the comprehensive analysis of known or new
gene products. That being said, bioinformatics as a means of screening for early biomarkers
has limitations, in that it only makes predictions based on big data and previous research
results, so the accuracy of prediction results cannot be 100%. Because of this, a confirmatory
experiment was designed in this study. The combination of bioinformatics analysis and
confirmatory experiments may be a better research paradigm for related research.

The incidence of COPD is lower in non-smokers than in smokers. Compared with
COPD patients who smoke, non-smoking patients have less impairment in airflow limita-
tion and gas exchange modes and have a lower prevalence of emphysema, chronic cough,
etc. It should not be ignored that smoking is only one of the factors leading to COPD. It is
necessary to compare the differences in microRNA expression and molecular regulatory
networks in COPD caused by different types of exogenous factors.

5. Conclusions

In conclusion, four differentially expressed miRNAs related to COPD (hsa-miR-146a,
hsa-miR-708, hsa-miR-150, and hsa-miR-454) were screened out by using the miRNA chip
data of COPD in the GEO database. The results of functional enrichment analysis showed
that long-term enhancement, the TGF-β signal pathway, and the PI3K-Akt signal pathway
were closely related to the pathological process of COPD. PPI analysis showed that ZEB1,
EP300, and MAPK1 were the key molecules regulating the pathological process of COPD,
which was confirmed by the results of real-time PCR and ELISA. This study provides a
theoretical basis for an in-depth understanding of the role of miRNAs and their regulatory
targets in the pathological process of COPD and has certain guiding significance for the
pathological study, clinical diagnosis, and treatment of the disease. In order to increase
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readability, a diagrammatic sketch summarizing the various roles of miRNAs and signaling
pathways in COPD has been included in Figure 15.
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The main limitation of this study is that only an in vitro cell experiment is used to
preliminarily verify the results of bioinformatics analysis. From the perspective of seamless
integration between bioinformatics analysis and downstream validation experiments,
detecting the expression levels of differentially expressed miRNAs in serum or lung tissue
samples of COPD patients (compared to healthy individuals) is more meaningful than
conducting in vitro validation experiments. From this perspective, in future research we
should consider using the clinical specimens of COPD patients to further verify the research
conclusion obtained in this study. Meanwhile, we should also pay attention to the potential
regulatory effects of genes that play key roles in the pathological process of COPD on the
upstream miRNAs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics11120995/s1, Table S1: Differentially expressed miRNAs
screened in GSE61741; Table S2: Differentially expressed miRNAs screened in GSE38974; Table S3:
Differentially expressed miRNAs screened in GSE136390; Table S4: Quantitative data for PPI analysis.

Author Contributions: Conceptualization, Y.Z., H.L. and H.X.; methodology, Y.Z., H.L. and H.X.;
software, Y.Z. and Y.S.; validation, Y.Z. and Y.S.; formal analysis, Y.Z. and Y.S.; investigation, Y.Z. and
Y.S.; resources, Y.Z., Y.S., and Y.G.; data curation, Y.L. and B.C.; writing—original draft preparation,
Y.Z., Y.S. and H.X.; writing—review and editing, H.L., L.Z. and H.X.; visualization, H.L. and H.X.;
supervision, H.L., L.Z. and H.X.; project administration, H.L. and H.X.; funding acquisition, H.X. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ningxia Natural Science Foundation (2022AAC05027)
and the National Natural Science Foundation of China (81660527).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/toxics11120995/s1
https://www.mdpi.com/article/10.3390/toxics11120995/s1


Toxics 2023, 11, 995 18 of 19

References
1. Soleimani, F.; Dobaradaran, S.; De-La-Torre, G.E.; Schmidt, T.C.; Saeedi, R. Content of toxic components of cigarette, cigarette

smoke vs cigarette butts: A comprehensive systematic review. Sci. Total Environ. 2022, 813, 152667. [CrossRef] [PubMed]
2. Gerlach, G.; Braun, M.; Dröge, J.; Groneberg, D.A. Do budget cigarettes emit more particles? An aerosol spectrometric comparison

of particulate matter concentrations between private-label cigarettes and more expensive brand-name cigarettes. Int. J. Environ.
Res. Public Health 2022, 19, 5920. [CrossRef] [PubMed]

3. Van Deusen, A.; Hyland, A.; Travers, M.J.; Wang, C.; Higbee, C.; King, B.A.; Alford, T.; Cummings, K.M. Secondhand smoke and
particulate matter exposure in the home. Nicotine Tob. Res. 2009, 11, 635–641. [CrossRef] [PubMed]

4. Chan, K.H.; Wright, N.; Xiao, D.; Guo, Y.; Chen, Y.; Du, H.; Yang, L.; Millwood, I.Y.; Pei, P.; Wang, J.; et al. Tobacco smoking
and risks of more than 470 diseases in China: A prospective cohort study. Lancet Public Health 2022, 7, e1014–e1026. [CrossRef]
[PubMed]

5. Decramer, M.; Janssens, W.; Miravitlles, M. Chronic obstructive pulmonary disease. Lancet 2012, 379, 1341–1351. [CrossRef]
[PubMed]

6. Esteller, M. Non-coding RNAs in human disease. Nat. Rev. Genet. 2011, 12, 861–874. [CrossRef] [PubMed]
7. Ouyang, C.; Wang, W.; Wu, D.; Wang, W.; Ye, X.; Yang, Q. Analysis of serum exosome microRNAs in the rat model of chronic

obstructive pulmonary disease. Am. J. Transl. Res. 2023, 15, 138–150.
8. Ding, Y.; Tang, S.; Zhou, Z.; Wei, H.; Yang, W. Plasma miR-150-5p as a Biomarker for Chronic Obstructive Pulmonary Disease. Int.

J. Chron. Obstruct. Pulmon. Dis. 2023, 18, 399–406. [CrossRef]
9. van Nijnatten, J.; Brandsma, C.A.; Steiling, K.; Hiemstra, P.S.; Timens, W.; van den Berge, M.; Faiz, A. High miR203a-3p and

miR-375 expression in the airways of smokers with and without COPD. Sci. Rep. 2022, 12, 5610. [CrossRef]
10. Fang, L.; Wang, X.; Zhang, M.; Khan, P.; Tamm, M.; Roth, M. MicroRNA-101-3p Suppresses mTOR and Causes Mitochondrial

Fragmentation and Cell Degeneration in COPD. Can. Respir. J. 2022, 2022, 5933324. [CrossRef]
11. Zhu, M.; Ye, M.; Wang, J.; Ye, L.; Jin, M. Construction of Potential miRNA-mRNA Regulatory Network in COPD Plasma by

Bioinformatics Analysis. Int. J. Chron. Obstruct. Pulmon. Dis. 2020, 15, 2135–2145. [CrossRef] [PubMed]
12. Shen, Y.; Lu, H.; Song, G. MiR-221-3p and miR-92a-3p enhances smoking-induced inflammation in COPD. J. Clin. Lab. Anal. 2021,

35, e23857. [CrossRef] [PubMed]
13. Agarwal, V.; Bell, G.W.; Nam, J.W.; Bartel, D.P. Predicting effective microRNA target sites in mammalian mRNAs. eLife 2015, 4,

e05005. [CrossRef] [PubMed]
14. Liu, W.; Wang, X. Prediction of functional microRNA targets by integrative modeling of microRNA binding and target expression

data. Genome Biol. 2019, 20, 18. [CrossRef] [PubMed]
15. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Bioinformatics enrichment tools: Paths toward the comprehensive functional analysis

of large gene lists. Nucleic Acids Res. 2009, 37, 1–13. [CrossRef] [PubMed]
16. Szklarczyk, D.; Morris, J.H.; Cook, H.; Kuhn, M.; Wyder, S.; Simonovic, M.; Santos, A.; Doncheva, N.T.; Roth, A.; Bork, P.; et al.

The STRING database in 2017: Quality-controlled protein-protein association networks, made broadly accessible. Nucleic Acids
Res. 2017, 45, D362–D368. [CrossRef] [PubMed]

17. Kode, A.; Rajendrasozhan, S.; Caito, S.; Yang, S.-R.; Megson, I.L.; Rahman, I. Resveratrol induces glutathione synthesis by
activation of Nrf2 and protects against cigarette smoke-mediated oxidative stress in human lung epithelial cells. Am. J. Physiol.
Lung Cell. Mol. Physiol. 2008, 294, L478–L488. [CrossRef] [PubMed]

18. Yang, S.R.; Chida, A.S.; Bauter, M.R.; Shafiq, N.; Seweryniak, K.; Maggirwar, S.B.; Kilty, I.; Rahman, I. Cigarette smoke induces
proinflammatory cytokine release by activation of NF-kappaB and posttranslational modifications of histone deacetylase in
macrophages. Am. J. Physiol. Lung Cell. Mol. Physiol. 2006, 291, L46–L57. [CrossRef]

19. GBD 2019 Chronic Respiratory Diseases Collaborators. Global burden of chronic respiratory diseases and risk factors, 1990-2019:
An update from the Global Burden of Disease Study 2019. EClinicalMedicine 2023, 59, 101936. [CrossRef]

20. Holtjer, J.C.; Bloemsma, L.D.; Beijers, R.J.; Cornelissen, M.E.; Hilvering, B.; Houweling, L.; Vermeulen, R.C.; Downward, G.S.; der
Zee, A.-H.M.-V. Identifying risk factors for COPD and adult-onset asthma: An umbrella review. Eur. Respir. Rev. 2023, 32, 230009.
[CrossRef]

21. Huang, Q.; Li, S.; Wan, J.; Nan, W.; He, B. Association between ethylene oxide exposure and prevalence of COPD: Evidence from
NHANES 2013–2016. Sci. Total Environ. 2023, 885, 163871. [CrossRef] [PubMed]

22. Barnes, P.J. COPD 2020: New directions needed. Am. J. Physiol. Lung Cell. Mol. Physiol. 2020, 319, L884–L886. [CrossRef]
[PubMed]

23. Kuhn, D.E.; Martin, M.M.; Feldman, D.S.; Terry, A.V.; Nuovo, G.J.; Elton, T.S. Experimental validation of miRNA targets. Methods
2008, 44, 47–54. [CrossRef] [PubMed]

24. Wu, Y.; Li, Q.; Zhang, R.; Dai, X.; Chen, W.; Xing, D. Circulating microRNAs: Biomarkers of disease. Clin. Chim. Acta 2021, 516,
46–54. [CrossRef] [PubMed]

25. Sato, T.; Liu, X.; Nelson, A.; Nakanishi, M.; Kanaji, N.; Wang, X.; Kim, M.; Li, Y.; Sun, J.; Michalski, J.; et al. Reduced miR-146a
increases prostaglandin E2 in chronic obstructive pulmonary disease fibroblasts. Am. J. Respir. Crit. Care Med. 2010, 182, 1020–1029.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.scitotenv.2021.152667
https://www.ncbi.nlm.nih.gov/pubmed/34963586
https://doi.org/10.3390/ijerph19105920
https://www.ncbi.nlm.nih.gov/pubmed/35627457
https://doi.org/10.1093/ntr/ntp018
https://www.ncbi.nlm.nih.gov/pubmed/19351784
https://doi.org/10.1016/S2468-2667(22)00227-4
https://www.ncbi.nlm.nih.gov/pubmed/36462513
https://doi.org/10.1016/S0140-6736(11)60968-9
https://www.ncbi.nlm.nih.gov/pubmed/22314182
https://doi.org/10.1038/nrg3074
https://www.ncbi.nlm.nih.gov/pubmed/22094949
https://doi.org/10.2147/COPD.S400985
https://doi.org/10.1038/s41598-022-09093-0
https://doi.org/10.1155/2022/5933324
https://doi.org/10.2147/COPD.S255262
https://www.ncbi.nlm.nih.gov/pubmed/32982206
https://doi.org/10.1002/jcla.23857
https://www.ncbi.nlm.nih.gov/pubmed/34097306
https://doi.org/10.7554/eLife.05005
https://www.ncbi.nlm.nih.gov/pubmed/26267216
https://doi.org/10.1186/s13059-019-1629-z
https://www.ncbi.nlm.nih.gov/pubmed/30670076
https://doi.org/10.1093/nar/gkn923
https://www.ncbi.nlm.nih.gov/pubmed/19033363
https://doi.org/10.1093/nar/gkw937
https://www.ncbi.nlm.nih.gov/pubmed/27924014
https://doi.org/10.1152/ajplung.00361.2007
https://www.ncbi.nlm.nih.gov/pubmed/18162601
https://doi.org/10.1152/ajplung.00241.2005
https://doi.org/10.1016/j.eclinm.2023.101936
https://doi.org/10.1183/16000617.0009-2023
https://doi.org/10.1016/j.scitotenv.2023.163871
https://www.ncbi.nlm.nih.gov/pubmed/37149189
https://doi.org/10.1152/ajplung.00473.2020
https://www.ncbi.nlm.nih.gov/pubmed/33050739
https://doi.org/10.1016/j.ymeth.2007.09.005
https://www.ncbi.nlm.nih.gov/pubmed/18158132
https://doi.org/10.1016/j.cca.2021.01.008
https://www.ncbi.nlm.nih.gov/pubmed/33485903
https://doi.org/10.1164/rccm.201001-0055OC
https://www.ncbi.nlm.nih.gov/pubmed/20522791


Toxics 2023, 11, 995 19 of 19

26. Dang, X.; Qu, X.; Wang, W.; Liao, C.; Li, Y.; Zhang, X.; Xu, D.; Baglole, C.J.; Shang, D.; Chang, Y. Bioinformatic analysis of
microRNA and mRNA Regulation in peripheral blood mononuclear cells of patients with chronic obstructive pulmonary disease.
Respir. Res. 2017, 18, 4. [CrossRef] [PubMed]

27. Sun, G.; Wang, R.; Li, M.; Zhou, S.; Zeng, D.; Xu, X.; Xu, R. Effect of a single nucleotide polymorphism in miR-146a on COX-2
protein expression and lung function in smokers with chronic obstructive pulmonary disease. Int. J. Chron. Obstruct. Pulmon. Dis.
2015, 10, 463–473. [CrossRef]

28. Osei, E.T.; Florez-Sampedro, L.; Tasena, H.; Faiz, A.; Noordhoek, J.A.; Timens, W.; Postma, D.S.; Hackett, T.L.; Heijink, I.H.;
Brandsma, C.A. miR-146a-5p plays an essential role in the aberrant epithelial-fibroblast cross-talk in COPD. Eur. Respir. J. 2017,
49, 1602538. [CrossRef]

29. Keller, A.; Ludwig, N.; Fehlmann, T.; Kahraman, M.; Backes, C.; Kern, F.; Vogelmeier, C.F.; Diener, C.; Fischer, U.; Biertz, F.; et al.
Low miR-150-5p and miR-320b Expression Predicts Reduced Survival of COPD Patients. Cells 2019, 8, 1162. [CrossRef]

30. Xue, H.; Li, M.X. MicroRNA-150 protects against cigarette smoke-induced lung inflammation and airway epithelial cell apoptosis
through repressing p53: MicroRNA-150 in CS-induced lung inflammation. Hum. Exp. Toxicol. 2018, 37, 920–928. [CrossRef]

31. Liu, B.; Li, R.; Zhang, J.; Meng, C.; Zhang, J.; Song, X.; Lv, C. MicroRNA-708-3p as a potential therapeutic target via the
ADAM17-GATA/STAT3 axis in idiopathic pulmonary fibrosis. Exp. Mol. Med. 2018, 50, e465. [CrossRef]

32. Zhu, D.Y.; Li, X.N.; Qi, Y.; Liu, D.L.; Yang, Y.; Zhao, J.; Zhang, C.Y.; Wu, K.; Zhao, S. MiR-454 promotes the progression of human
non-small cell lung cancer and directly targets PTEN. Biomed. Pharmacother. 2016, 81, 79–85. [CrossRef]

33. Liu, X.; Qu, J.; Xue, W.; He, L.; Wang, J.; Xi, X.; Liu, X.; Yin, Y.; Qu, Y. Bioinformatics-based identification of potential microRNA
biomarkers in frequent and non-frequent exacerbators of COPD. Int. J. Chron. Obstruct. Pulmon. Dis. 2018, 13, 1217–1228.
[CrossRef] [PubMed]

34. Aschner, Y.; Downey, G.P. Transforming growth factor-β: Master regulator of the respiratory system in health and disease. Am. J.
Respir. Cell. Mol. Biol. 2016, 54, 647–655. [CrossRef] [PubMed]

35. Mahmood, M.Q.; Reid, D.; Ward, C.; Muller, H.K.; Knight, D.A.; Sohal, S.S.; Walters, E.H. Transforming growth factor (TGF) β(1)
and Smad signalling pathways: A likely key to EMT-associated COPD pathogenesis. Respirology 2017, 22, 133–140. [CrossRef]
[PubMed]

36. Lachapelle, P.; Li, M.; Douglass, J.; Stewart, A. Safer approaches to therapeutic modulation of TGF-β signaling for respiratory
disease. Pharmacol. Ther. 2018, 187, 98–113. [CrossRef] [PubMed]

37. Hasan, M.; Neumann, B.; Haupeltshofer, S.; Stahlke, S.; Claudio Fantini, M.; Angstwurm, K.; Bogdahn, U.; Kleiter, I. Activation of
TGF-β-induced non-Smad signaling pathways during Th17 differentiation. Immunol. Cell Biol. 2015, 93, 662–672. [CrossRef]

38. Travis, M.A.; Sheppard, D. TGF-β activation and function in immunity. Annu. Rev. Immunol. 2014, 32, 51–82. [CrossRef]
39. Xie, Y.; He, Q.; Chen, H.; Lin, Z.; Xu, Y.; Yang, C. Crocin ameliorates chronic obstructive pulmonary disease-induced depression

via PI3K/Akt mediated suppression of inflammation. Eur. J. Pharmacol. 2019, 862, 172640. [CrossRef]
40. Sun, X.; Chen, L.; He, Z. PI3K/Akt-Nrf2 and Anti-Inflammation Effect of macrolides in chronic obstructive pulmonary disease.

Curr. Drug Metab. 2019, 20, 301–304. [CrossRef]
41. Hwang, J.-W.; Rajendrasozhan, S.; Yao, H.; Chung, S.; Sundar, I.K.; Huyck, H.L.; Pryhuber, G.S.; Kinnula, V.L.; Rahman, I.

FOXO3 deficiency leads to increased susceptibility to cigarette smoke-induced inflammation, airspace enlargement, and chronic
obstructive pulmonary disease. J. Immunol. 2011, 187, 987–998. [CrossRef] [PubMed]

42. Sun, J.; Gu, X.; Wu, N.; Zhang, P.; Liu, Y.; Jiang, S. Human antigen R enhances the epithelial-mesenchymal transition via regulation
of ZEB-1 in the human airway epithelium. Respir. Res. 2018, 19, 109. [CrossRef] [PubMed]

43. Guan, R.; Wang, J.; Li, D.; Li, Z.; Liu, H.; Ding, M.; Cai, Z.; Liang, X.; Yang, Q.; Long, Z.; et al. Hydrogen sulfide inhibits cigarette
smoke-induced inflammation and injury in alveolar epithelial cells by suppressing PHD2/HIF-1α/MAPK signaling pathway. Int.
Immunopharmacol. 2020, 81, 105979. [CrossRef] [PubMed]

44. Wu, D.; Yuan, Y.; Lin, Z.; Lai, T.; Chen, M.; Li, W.; Lv, Q.; Yuan, B.; Li, D.; Wu, B. Cigarette smoke extract induces placental growth
factor release from human bronchial epithelial cells via ROS/MAPK (ERK-1/2)/Egr-1 axis. Int. J. Chron. Obstruct. Pulmon. Dis.
2016, 11, 3031–3042. [CrossRef]

45. Rubio, K.; Singh, I.; Dobersch, S.; Sarvari, P.; Günther, S.; Cordero, J.; Mehta, A.; Wujak, L.; Cabrera-Fuentes, H.; Chao, C.-M.;
et al. Inactivation of nuclear histone deacetylases by EP300 disrupts the MiCEE complex in idiopathic pulmonary fibrosis. Nat.
Commun. 2019, 10, 2229. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s12931-016-0486-5
https://www.ncbi.nlm.nih.gov/pubmed/28057018
https://doi.org/10.2147/COPD.S74345
https://doi.org/10.1183/13993003.02538-2016
https://doi.org/10.3390/cells8101162
https://doi.org/10.1177/0960327117741749
https://doi.org/10.1038/emm.2017.311
https://doi.org/10.1016/j.biopha.2016.03.029
https://doi.org/10.2147/COPD.S163459
https://www.ncbi.nlm.nih.gov/pubmed/29713155
https://doi.org/10.1165/rcmb.2015-0391TR
https://www.ncbi.nlm.nih.gov/pubmed/26796672
https://doi.org/10.1111/resp.12882
https://www.ncbi.nlm.nih.gov/pubmed/27614607
https://doi.org/10.1016/j.pharmthera.2018.02.010
https://www.ncbi.nlm.nih.gov/pubmed/29462659
https://doi.org/10.1038/icb.2015.21
https://doi.org/10.1146/annurev-immunol-032713-120257
https://doi.org/10.1016/j.ejphar.2019.172640
https://doi.org/10.2174/1389200220666190227224748
https://doi.org/10.4049/jimmunol.1001861
https://www.ncbi.nlm.nih.gov/pubmed/21690325
https://doi.org/10.1186/s12931-018-0805-0
https://www.ncbi.nlm.nih.gov/pubmed/29866111
https://doi.org/10.1016/j.intimp.2019.105979
https://www.ncbi.nlm.nih.gov/pubmed/31771816
https://doi.org/10.2147/COPD.S120849
https://doi.org/10.1038/s41467-019-10066-7

	Introduction 
	Materials and Methods 
	Data Retrieval 
	Screening of COPD-Related Differentially Expressed miRNA and Prediction of Target Genes 
	Analysis of Functional Enrichment of Target Genes Regulated by COPD-Related miRNAs 
	Construction of Interaction Network of Target Gene Proteins Regulated by COPD-Related miRNAs 
	Experimental Validation of Target Genes Regulated by COPD-Related miRNAs 
	Cell Culture 
	Construction of COPD Cell Model 
	Determination of mRNA Expression Levels 
	Determination of the Protein Contents 

	Statistical Analysis 

	Results 
	Differentially Expressed miRNAs in COPD 
	Screening of COPD-Related Differentially Expressed miRNA and Prediction of Target Genes 
	Functional Analysis Results of Target Genes with Differentially Expressed miRNAs Related to COPD 
	PPI Network Diagram of COPD-Related miRNA Target Genes with Differential Expression 
	Real-Time PCR Results 
	ELISA Results 

	Discussion 
	The Combination of Bioinformatics and Molecular Biology May Be the Key to Opening the “Door” of Understanding the Pathological Process of COPD 
	Bioinformatics Analysis Showed That Several Molecules Were Closely Related to the Pathological Process of COPD 
	The Confirmatory Experimental Results Were Relatively Consistent with the Bioinformatics Analysis Results 

	Conclusions 
	References

