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Abstract: Background: MicroRNAs (miRNAs) play an important role in the pathogenesis of chronic obstructive pul-
monary disease (COPD). However, the molecular mechanisms underlying the function of miRNAs remain to be 
fully understood. This study aimed to explore the profile of serum exosome-derived miRNAs in the rat model of 
COPD. Methods: We established the COPD rat model by cigarette smoke exposure (CSE). The pulmonary function 
and morphological changes were analyzed. Serum exosomes were examined by transmission electron microscopy 
(TEM) and western blotting. The differentially expressed miRNAs between COPD and healthy rats were screened 
from exosome-derived small RNA library using bioinformatics analysis and experimentally verified in rat lung tissues 
by quantitative real-time polymerase chain reaction (qRT-PCR). Results: The pulmonary function indexes in COPD 
rats were significantly decreased compared to control rats. The typical pathological manifestations of emphysema 
were observed in COPD rats. Marker proteins (CD9, CD63, and TSG101) and characteristic morphology features 
were detected in serum exosomes. Fifteen differentially expressed miRNAs were identified in the small RNA library. 
In addition, we confirmed that the expression of miR-185-5p and miR-182-5p was significantly down-regulated in 
the lung tissues of COPD rats compared to control rats. Conclusion: The expression of miR-185-5p and miR-182-5p 
was down-regulated in serum-derived exosomes and lung tissues of COPD rats, indicating that these two miRNAs 
might be involved in the development of COPD and might serve as potential biomarkers for the diagnosis of COPD.
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Introduction

Chronic obstructive pulmonary disease (COPD) 
is a common respiratory disease, ranking as 
the third leading cause of death worldwide [1]. 
A total of 384 million people have been diag-
nosed as COPD worldwide with about 3 million 
deaths each year, imposing a serious economic 
and medical burden [2]. Studies have shown 
that COPD is a chronic inflammatory airway dis-
ease which is related to long-term exposure to 
cigarette smoke or other harmful gases and is 
characterized by irreversible pulmonary func-
tion damage and persistent respiratory symp-
toms [3]. However, the pathogenesis of COPD 
and the mechanism of COPD progression have 
not been fully elucidated, which are critical for 
the early diagnosis, the development of effec-
tive therapies, and the improvement of pro- 
gnosis.

Exosomes were first discovered in reticulocytes 
in 1983 and named “exosomes” in 1987 [4]. 
Exosomes are cystic vesicles secreted by differ-
ent cells, such as cancer cells, endothelial cells, 
and macrophagocytes, and are involved in cell-
cell communication in various physiological and 
pathophysiological processes [5]. A variety of 
substances have been found in exosomes, 
including proteins, microRNAs (miRNAs), long 
non-coding RNAs (lncRNAs), and lipids [6]. miR-
NAs are a class of short-sequence non-coding 
RNAs of about 21-25 nucleotides long found in 
eukaryotes and regulate many cellular process-
es, including cell proliferation, cell migration, 
epithelial-mesenchymal transformation (EMT), 
and immune responses [7]. In addition, exo-
some-derived miRNAs have been found to be 
involved in the pathogenesis of a lot of diseases 
and to serve as promising biomarkers for the 
early diagnosis and the prognosis of these dis-
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eases [8, 9]. For example, a study that com-
pared the plasma-derived exosomal miRNAs of 
10 lung adenocarcinoma patients and their 
matched healthy controls has revealed that 
exosomal miR-23b-3p, miR-10b-5p, and miR-
21-5p were significantly and independently re- 
lated to the poor overall survival of non-small-
cell lung cancer (NSCLC) patients [8].

Furthermore, exosomes and miRNAs have 
been implicated as promising biomarkers for 
the early detection, severity assessment, and 
the prognosis prediction of COPD [10-12]. For 
example, a study has reported the changes in 
the components of exosomes derived from 
bronchial epithelial cells exposed to cigarette 
smoke [10]. Additionally, these exosomes were 
involved in the enhanced differentiation of myo-
fibroblasts through up-regulating tumor sup-
pressors and hypoxia-inducible factor-1α sig-
naling pathway, which regulates the airway 
remodeling of COPD [10]. Another study on the 
role of miRNA in COPD found that miR-181c 
was down-regulated in the lung tissues of CO- 
PD patients compared with individuals who had 
never smoked [11]. These results demonstrat-
ed the importance of exosomes and miRNAs in 
COPD. Moreover, studies focusing on the exo-
somal miRNAs in COPD have been carried out 
[10, 12]. For example, differential expression 
analysis conducted by DESeq2 has identified 
distinct plasma-derived extracellular vesicular 
miRNAs as the expression of miR-22-3p, miR-
99a-5p, miR-151a-5p, miR-320b, and miR-
320d was up-regulated, while the expression  
of miR-335-5p, miR-628-3p, miR-887-5p, and 
miR-937-3p was down-regulated in COPD pa- 
tients of smokers vs. non-smokers [12]. How- 
ever, differentially expressed miRNAs from 
serum-derived exosomes in the rat model of 
COPD and further verification with lung tissues 
have not yet been carried out.

In this study, we used long-term cigarette 
smoke exposure (CSE) to construct a rat COPD 
model to identify the significant serum mi- 
RNAs involved in the development of COPD. 
Pulmonary function tests and histopathological 
analysis were utilized to evaluate the rat COPD 
model. In addition, exosomes were isolated 
from the serum, and differentially expressed 
exosomes miRNAs were identified by bioinfor-
matics analysis. Furthermore, we experimen-

tally verified the differential expression level of 
these exosomal miRNAs in the lung tissues of 
COPD rats. Taken together, our results highlight 
the importance of exosomes miRNAs in the 
development of COPD and suggest exosomes 
miRNAs as potential diagnostic markers of 
COPD.

Material and methods 

Antibodies

Antibodies against CD9, CD63, and TSG101 
were purchased from Wuhan Proteintech 
Biotechnology Co., Ltd. and used at 1:500 
dilution.

Animals

Male Sprague-Dawley (SD) rats (age of 8 weeks 
and weighing about 180±20 g) were obtained 
from Changsha Tianqin Laboratory Animal Te- 
chnology Company (Production License: Hunan 
SCXK2019-0013). These rats were housed in 
the facility of the Department of Animal Science 
of Nanchang University under a temperature-
controlled environment (22-25°C) with 12-hour 
light/dark cycle. All rats were fed with standard 
chow and water. All experiments were per-
formed following the National Institutes of 
Health (NIH) Guide for the Care and Use of 
Laboratory Animals and were approved by the 
Animal Ethical Committee of the Second Affi- 
liated Hospital of Nanchang University.

Establishment of the rat model of COPD and 
sample collection

As described in Figure 1, 20 rats were random-
ly assigned to two groups, the COPD group (n = 
10) and the control group (n = 10). Since long-
term cigarette smoke exposure (CSE) was an 
effective modeling method for COPD as report-
ed previously [13]. The rat in the COPD group 
were exposed to cigarette smoke, while the 
control rats were exposed to fresh air. The con-
secutive CSE was started in September 2020 
and ended in December 2020. To enhance the 
tolerance of animals to CSE, the first week was 
an acclimation week in which rats were exposed 
to CSE for only one hour every day. After that, 
rats in COPD group were exposed to CSE twice 
a day for 14 weeks. The total CSE time was 15 
weeks. Rats were placed in a passive smoking 
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Figure 1. The flowchart of the experiment. COPD: Chronic Obstructive Pul-
monary Disease; W: Weeks; CSE: Cigarette Smoke Exposure; HE: Hema-
toxylin-Eosin; qRT-PCR: Quantitative Real-Time Polymerase Chain Reaction.

animal poisoning system (PAB-S200, Beijing 
Bestlab High-Tech Co., Ltd., Beijing, China). The 
smoke was generated by ten commercially 
available filtered cigarettes (Liqun cigarette 
containing 1.0 mg of nicotine, 11 mg of carbon 
monoxide, and 11 mg of tar per cigarette) which 
were placed towards the cages to create a pas-
sive CSE. During the study, two rats in the con-
trol group died from bite injuries, while two rats 
in the COPD group died of respiratory tract 
inflammation. At the end of the study, pulmo-
nary function test was performed in all rats, 
and 10-15 mL of blood was extracted from the 
rat heart under deep anesthesia before the 
rats were euthanized by decapitation after 
deep anesthesia. After cardiac arrest and the 
disappearance of nerve reflex, lung tissues 

were removed from rats. A por-
tion of lung tissues was frozen 
at -80°C, and the rest was 
fixed in 4% paraformaldehyde 
for further analysis.

Pulmonary function test 

A multichannel physiological 
signal acquisition and pro- 
cessing system (RM-6280XC, 
Chengdu Instrument Factory, 
Chengdu, China) was utilized 
to evaluate the pulmonary 
function indexes of rats. The 
animals were anesthetized wi- 
th pentobarbital sodium intra-
peritoneal injection (40 mg/
kg, Sigma) and were fixed on 
the operating table. Then, the 
skin was separated, and the 
trachea was opened to be con-
nected to the sensor of the 
instrument. Forced vital ca- 
pacity (FVC), forced expiratory 
volume in 300 milliseconds 
(FEV300) and maximal mid-
expiratory flow (MMEF) were 
detected to evaluate the rats’ 
pulmonary function.

Histological staining and lung 
tissue morphological analysis

Standard hematoxylin-eosin 
(HE) staining was used to 
observe the morphological ch- 

anges in lung tissues. Briefly, paraffin-embed-
ded lung tissues were sectioned, dewaxed, 
hydrated, stained with HE, and observed un- 
der optical microscope (DP80, Olympus, Tokyo, 
Japan). The images were analyzed under 200-
fold magnification, and three visual fields were 
randomly selected for analysis per sample. Five 
alveoli cross-sectional areas (CSA) in one field 
were measured to calculate the average CSA of 
this field. The average of the three fields was 
considered as the CSA of the specimen.

Exosome isolation and identification

Briefly, peripheral blood was collected and 
placed at room temperature for 30 min before 
stored at 4°C for 4 h. The clear supernatant 
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was then obtained by centrifugation at 3000 g 
and 4°C for 15 min twice before subjected to 
hypervelocity centrifugation (CP100MX, Hita- 
chi, Tokyo, Japan) for exosome purification  
[14]. The morphology of exosomes was ana-
lyzed under transmission electron microscope 
(TEM) (HT-7700, Hitachi, Tokyo, Japan) as 
described previously [15]. To confirm the pres-
ence of exosomes in the samples, the total pro-
tein from exosomes was extracted with RIPA 
buffer (Wuhan Boster Biological Technology 
Co., Ltd., Wuhan, China), separated on SDS 
PAGE, and subjected to western blot analysis 
with exosomal marker proteins (CD9, CD63, 
and TSG101). The protein bands were imaged 
by the Bio-Rad Chemidoc system (Bio-Rad 
Laboratories, California, USA) and analyzed by 
Image Lab software (version 6.1).

Exosomal RNA isolation

Total exosomal RNAs were extracted by Trizol 
reagent following the protocol (Invitrogen, 
California, USA). MicroRNAs were purified by 
using miRNeasy Mini kit (Qiagen, Hilden, 
Germany). cDNAs were synthesized with the 
PrimeScript RT reagent kit (TaKaRa, California, 
USA).

Bioinformatics analysis of exosomal miRNAs

QsRNA-seq was carried out for the preparation 
of sequenced RNA (sRNA) libraries using exo-
somal miRNA samples. Based on the unique 
molecular identifiers (UMIs) added to the li- 
brary construction process, amplification devi-
ation in polymerase chain reaction (PCR) was 
corrected to accurately quantify exosomal miR-
NAs. Additionally, Transcripts Per Million (TPM) 
was utilized to normalize the expression of exo-
somal miRNAs. The small RNA library was pre-
pared from exosome RNAs isolated from the 
serum. Raw data (raw reads) of fastq format 
were first processed through in-house perl 
scripts. Quality control of the raw reads was 
performed to acquire high-quality sequences 
(clean reads) to ensure the accuracy of bioinfor-
matics analysis. Specifically, not only the reads 
in which the portion of unknown base N (N is an 
unidentifiable base) was ≥ 10% were excluded, 
but also the reads without 3’ joint sequence 
were excluded. In addition, the sequences 
shorter than 15 or longer than 35 nucleotides 

were excluded. Then, utilizing BowTie Pro (ver-
sion 1.0), clean reads were executed in the 
sequence alignment with GtRNAdb database, 
Silva database, Repbase database, and Rfam 
database to filter transfer RNA (tRNA), ribosom-
al RNA (rRNA), small nucleolar RNA (snoRNA), 
small nuclear RNA (snRNA), and other ncRNAs 
and repeats. Furthermore, the known miRNAs 
and novel miRNAs were predicted through com-
paring to genome and known miRNAs from miR-
Base. Moreover, Randfold (version 2.0) was 
utilized for novel miRNA secondary structure 
prediction. We also performed differential 
expression analysis using the edgeR package 
(version 3.12.1). EdgeR provided statistical rou-
tines to identify the differential expression in 
digital miRNA expression data based on the 
Poisson distribution model and empirical Ba- 
yes method. |log2(FC)| ≥ 0.584962500721156 
and false discovery rate (FDR) value of < 0.05 
were used as the cutoff value. Gene Ontology 
(GO) enrichment analysis of the genes predict-
ed by differentially expressed miRNAs was 
implemented by the GO R packages. KOBAS 
software (version 3.0) was used to test the sta-
tistical enrichment of the genes predicted by 
differentially expressed miRNAs in Kyoto En- 
cyclopedia of Genes and Genomes (KEGG) 
pathways.

Quantitative real-time PCR (qRT-PCR)

Rat lung tissues were used to verify the differ-
entially expressed miRNAs identified by bioin-
formatics analysis. The miRNA level was deter-
mined by qRT-PCR. Primers used for miRNAs 
were synthesized by Qiagen (Qiagen, Hilden, 
Germany). The relative gene expression of miR-
NAs was calculated by 2-∆∆CT. Based on log2(FC), 
the top five differentially expressed miRNAs 
were selected for verification. The primer se- 
quences of miRNAs used in this study were pre-
sented in Table 1.

Statistical analysis

Statistical analysis was performed by SPSS 
software (version 21.0), and figures were cre-
ated by GraphPad Prism software (version 8.0). 
All data sets were analyzed for normality by 
Shapiro-Wilk test. Results were presented as 
the mean ± standard deviation (SD) for data 
exhibiting normal distribution. Student’s t-test 
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Table 1. Primer sequences of miRNAs
ID Orientation Primer sequences
rno-miRNA-185-5p Forward 5’-TGGAGAGAAAGGCAGT-3’
rno-miRNA-182-5p Forward 5’-GCCGAGTTTGGCAATGGTAGAACT-3’
rno-miRNA-1843a-5p Forward 5’-TATGGAGGTCTCTG-3’
rno-miRNA-1843b-5p Forward 5’-ATGGAGGTCTCTGTCTG-3’
rno-miRNA-214-3p Forward 5’-ACAGCAGGCACAGACA-3’
miRNAs Reverse 5’-CAGTGCAGGGTCCGAGGTAT-3’
U6 Forward 5’-CTCGCTTCGGCAGCACA-3’
U6 Reverse 5’-AACGCTTCACGAATTTGCGT-3’
GAPDH Forward 5’-CAAGGTCATCCATGACAACTTTG-3’
GAPDH Reverse 5’-GTCCACCACCCTGTTGCTGTAG-3’

Figure 2. Pulmonary function indexes of rats in the two groups. A: FEV300 
of the two groups. B: FVC of the two groups. C: FEV300/FVC of the two 
groups. D: MMEF of the two groups. COPD: Chronic Obstructive Pulmonary 
Disease; FVC: Forced Vital Capacity; FEV300: Forced Expiratory Volume in 
300 milliseconds; MMEF: Maximal Mid-Expiratory Flow. *P < 0.05.

was used to compare the dif-
ference between two groups. 
Rank-sum test was utilized for 
non-normally distributed data. 
A P value of < 0.05 was con- 
sidered statistically significant.

Results

Phenotypical analysis of COPD 
rats 

As CSE intervention progress- 
ed, the COPD rats exhibited 
sluggish activity, sweat, and 
shortness of breath, which 
were more obvious with mouth 
breathing and coughing. In 
addition, the hair of the COPD 
rats was partly lost, and the 
color of furs also turned yellow. 
Furthermore, the food and wa- 
ter intake of the COPD rats 
decreased. In contrast, the 
control rats presented no irri- 
tation, and their respiratory 
rhythm, diet, and hair color 
remained unchanged.

A pulmonary function test was 
conducted on every rat to as- 
sess the effect of long-term 
CSE. Compared to the con- 
trol rats, the pulmonary func-
tion indexes (FEV300, FVC, 
FVE300/FVC, and MMEF) we- 
re all lower in the COPD rats (P 
< 0.05, Figure 2), indicating 
that CSE obviously damaged 
the pulmonary function of CO- 
PD rats. 

We further examined the mor-
phology of lung tissues and 
observed the typical pathologi-
cal changes in COPD rats such 
as the thickened bronchial wall 
of the small airways and the 
inflammatory cells around the 
airways (Figure 3B). Additiona- 
lly, the disturbed alveolar str- 
ucture, the thinned or broken 
alveolar wall, and the enlarg- 
ed alveolar cavity were also 
observed in the COPD rats 
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Figure 3. Histological structure of lung tissues. A: Histological structure 
of lung tissues in control rats. Magnification: × 200. Scale bar = 50 μm. 
B: Histological structure of lung tissues in COPD rats. Magnification: × 
200. Scale bar = 50 μm. C: Comparison of the alveolar cross-sectional 
area between the two groups. *P < 0.05. COPD: Chronic Obstructive Pul-
monary Disease.

(Figure 3B). However, in the control rats, there 
was no obvious fracture or thickening and no 
inflammatory cell infiltration in the small airway 
wall, and the alveolar structure was normal 
(Figure 3A). Moreover, the alveolar CSA in the 
COPD rats was higher than that in the control 
rats (P < 0.05, Figure 3C).

Serum exosomes isolation and analysis

We compared the structure of exosomes 
between COPD rats and control rats. In both 
groups, the exosomes were spherical and rela-
tively uniform in size under the TEM (Figure 4A 
and 4B). NanoSight analysis showed that the 
diameter distribution of exosomes ranged from 
40 to 140 nm, and the percentage of the diam-
eter distribution in the two groups was almost 
identical (Figure 4C). Moreover, western blot 
analysis identified the expression of exosome 
marker proteins (CD9, CD63, and TSG101) in 
these samples (Figure 4D).

Bioinformatics analysis of exosomal miRNAs

We performed bioinformatics analysis and 
identified 15 differentially expressed miRNAs 

(8 up-regulated miRNAs and 7 
down-regulated miRNAs) betwe- 
en rats in these two groups, 
which were presented on the vol-
cano plot (Figure 5). Except for 
the two up-regulated unknown 
miRNAs, the other 13 exosomal 
miRNAs were displayed in Table 
2. The seven down-regulated mi- 
RNAs were rno-miRNA-185-5p, 
rno-miRNA-182-5p, rno-miRNA-
214-3p, rno-miRNA-183-5p, rno-
miRNA-20b-5p, rno-miRNA-221- 
3p, and rno-miRNA-122-5p, whi- 
le the six up-regulated miRNAs 
were rno-miRNA-1843a-5p, rno-
miRNA-1843b-5p, rno-miRNA-
206-3p, rno-miRNA-1-b, rno-miR-
NA-1-3p, and rno-miRNA-133a- 
3p. We also predicted the target 
genes for these 13 differentially 
expressed miRNAs as shown in 
Table 3.

GO enrichment and KEGG sig- 
naling pathway analyses of tar- 
get genes on these differentially 
expressed exosomal miRNAs we- 

re conducted. GO analysis revealed the enri- 
chments of three biological processes (Figure 
6A), cell components (Figure 6B), and molecu-
lar functions (Figure 6C). Seven biological pro-
cesses were significantly enriched, including 
positive regulation of transcription from RNA 
polymerase II promoter, negative regulation of 
transcription from RNA polymerase II promo- 
ter, positive regulation of transcription, DNA-
templated, positive regulation of GTPase activ-
ity, regulation of ion transmembrane transport, 
negative regulation of transforming growth fac-
tor-beta receptor signaling pathway, and skele-
tal system development (Figure 6A). We found 
that 10 cell components were significantly 
enriched, including postsynaptic density, neu-
ronal cell body, cell junction, receptor complex, 
dendrite, cytoplasm, actin cytoskeleton, post-
synaptic membrane, Golgi membrane, and 
lamellipodium (Figure 6B). The following 10 
molecular functions were significantly enriched: 
adenosine triphosphate (ATP) binding, zinc ion 
binding, chromatin binding, RNA polymerase  
II proximal promoter sequence-specific DNA 
binding, GTPase activator activity, RNA poly-
merase II proximal promoter sequence-specific 
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Figure 4. Characterization of serum exosomes derived from rats in the two groups. A: Morphology of exosomes, 
scale bar = 500 nm. B: Morphology of exosomes, scale bar = 200 nm. C: The diameter distribution of serum exo-
somes in the two groups. D: The expression of exosomal marker proteins: CD9, CD63, and TSG101. COPD: Chronic 
Obstructive Pulmonary Disease.

DNA binding, sequence-specific DNA binding, 
metal ion binding, protein kinase binding, and 
RNA polymerase II transcription factor activity 
(Figure 6C). The top 20 KEGG signaling path-
ways associated with these miRNAs were 
MAPK signaling pathway, axon guidance, gluta-
matergic synapse, endocytosis, dilated cardio-
myopathy, oxytocin signaling pathway, focal 
adhesion, pathways in cancer, microRNAs in 
cancer, GABAergic synapse, arrhythmogenic 
right ventricular cardiomyopathy, PI3K-Akt sig-
naling pathway, FoxO signaling pathway, circa-
dian entrainment, proteoglycans in cancer, ret-
rograde endocannabinoid signaling, extrace- 
llular matrix-receptor interaction, transcription-
al mis-regulation in cancer, Ras signaling path-
way, and GnRH signaling pathway (Figure 6D). 
All p values were < 0.05.

Verification of differentially expressed miRNAs 
by qRT-PCR

From bioinformatics analysis, 5 miRNAs, inclu- 
ding rno-miRNA-185-5p, rno-miRNA-182-5p, 
rno-miRNA-1843a-5p, rno-miRNA-1843b-5p, 
and rno-miRNA-214-3p, were identified as the 
top five differentially expressed miRNAs bet- 
ween COPD and control group rats. We then 
experimentally validated this result in lung tis-
sues by qRT-PCR. Among them, the expression 
of rno-miRNA-1843a-5p was extremely low in 
both groups, which was excluded from further 
analysis. The expression of rno-miRNA-185-5p 
and rno-miRNA-182-5p was significantly lower 
in the lung tissues of COPD rats than that of 
control rats (P < 0.05, Figure 7A and 7B). 
However, the expression of rno-miRNA-1843b- 
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Table 2. Differentially expressed exosomal miRNAs between the 
two groups

ID False discovery 
rate (FDR) Value log2(FC) Regulation

rno-miRNA-185-5p 0.0002631255 3.9436890428 down
rno-miRNA-182-5p 0.0034008831 3.7639013408 down
rno-miRNA-1843a-5p 0.0073710707 3.3334493873 up
rno-miRNA-1843b-5p 0.0118173479 3.3303379701 up
rno-miRNA-214-3p 0.0222977659 3.2528878810 down
rno-miRNA-183-5p 0.0175177892 2.9833260937 down
rno-miRNA-20b-5p 0.0168263766 2.7734000581 down
rno-miRNA-206-3p 0.0270485281 2.5252089760 up
rno-miRNA-1-b 0.0094377401 2.4562624443 up
rno-miRNA-1-3p 0.0088476963 2.4206143470 up
rno-miRNA-221-3p 0.0206170504 2.0600218250 down
rno-miRNA-133a-3p 0.0398251446 1.8346564169 up
rno-miRNA-122-5p 0.0255105868 1.5394332695 down

Figure 5. Differentially expressed exosomal miRNAs between the two 
groups, which was visualized by volcano plot. 

5p and rno-miRNA-214-3p in lung tissues had 
no difference between the two groups (P < 
0.05, Figure 7C and 7D).

Discussion

Since cigarette smoke is the 
main risk factor for the devel-
opment of COPD, passive CSE 
has been used as the stan-
dard animal model of COPD 
[16]. Previous studies found 
that CSE of 8-10 cigarettes/
day, 7 days/week, for 12-16 
weeks was an effective and 
tolerable modeling method 
[13, 17]. Consistently, our 
study also showed that the 
pulmonary function indexes 
decline in COPD rats after 
CSE, an indicator of the devel-
opment of COPD.

Exosomes are single-mem-
brane secreted organelles wi- 
th 30-200 nm in diameter 
[18]. The exosome protein 
markers include fusion pro-
teins, membrane transporter 
proteins, heat shock proteins, 
and quad transmembrane pro-
tein superfamily such as CD9 
and CD63 [19]. In this study, 
the diameter of serum exo-
somes ranged from 40 to 140 
nm, and maker proteins (CD9 
and CD63) were positively ex- 
pressed, indicating that these 
exosomes were suitable for 
further analysis.

Our study found 15 differently 
expressed exosomal miRNAs 
that might be involved in the 
development of COPD. Emer- 
ging studies have shown that 
exosomal miRNAs not only 
serve as biomarkers but also 
participate in the pathogene-
sis of COPD [20-22]. For exam-
ple, one previous study report-
ed that, compared to phos- 
phate-buffered saline (PBS) 

treatment, CSE treatment enhanced the ex- 
pression of exosomal miR-210 in human bron-
chial epithelial cells, which might act as a para-
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Table 3. Prediction of target genes for differentially expressed exosomal miRNAs
ID Target genes
rno-miRNA-185-5p Myo18b; Large2; Eda; Phyhip; LOC103690098; LOC102555189; Clec2l; Git1; Zfp362; 

Prkd3; Htra4; Nif3l1; Gin1; Gsdma; Galnt2; Edem1; Adarb1; Odf2; Zfp94; Hn1l; Ccdc71l; 
Rgs7bp; Sphkap; Elof1; Zfp609; Tmem63c; LOC100911196; Crygd; Lmbr1; Cacna1d; 
Nucb1; LOC103690141; LOC108348161; Insrr; Sap25; Tcf12; Ovol1 

rno-miRNA-182-5p Slc2a3; LOC100909595; Taok2; Cobl
rno-miRNA-1843a-5p LOC683404; Elfn1; Alpp; Tmtc1; Traf7; Fcgbpl1; Phc3; Tnfaip2
rno-miRNA-1843b-5p Dzip1; Samd10; Alms1; Arhgap23; Crispld1; Ift88; Cer1; Rbm25; Mnda; Gdf10; Setd2; 

Traf7; Hip1r; Tnfaip2; Pkd1
rno-miRNA-214-3p Lmo3; Ptcd2; Zzz3; Apeh; Fam193a; Aacs; LOC499240; Lrba; Abt1; Kpna3; Sptbn5; 

Pkhd1l1; Lrp1; Anapc1; Lmo1; Agpat1; Rcc2; rf1; Mia3; Uba7; Ugt1a1; Papd7; Suv39h2; 
Dlk2; LOC102546589; Tpd52; Nkain4; Supt3h; Stam; Fam134a; Nrg1; LOC691083; 
Lrp5; Rfng; Map2; LOC689081; Slc45a4; Ciz1; Mybbp1a; Smad3; Cdc42se1

rno-miRNA-183-5p Dcaf5
rno-miRNA-20b-5p Tnfsf12; LOC690299; Adamts15
rno-miRNA-206-3p Miga2; LOC100911428
rno-miRNA-1-b -
rno-miRNA-1-3p -
rno-miRNA-221-3p Pml
rno-miRNA-133a-3p Ptpn4; Card10; Zzef1; Lilrb3
rno-miRNA-122-5p Mapkapk3; MGC95210; Myo1h; Tshz3; Zfp169; Kcnd2

crine autophagy mediator for regulating the  
differentiation of myofibroblast [22]. Another 
study showed that miR-122-5p in the lung-
derived exosomes of COPD patients was three-
fold down-regulated compared with healthy 
non-smokers control and five-fold down-regu-
lated compared with healthy smokers, indicat-
ing the potential role of exosomal miRNAs as 
biomarkers in COPD [20]. Interesting results 
were also reported that when comparing miR-
NAs level in plasma exosomes derived from 
cigarette smokers, water pipe smokers, dual 
smokers (cigarette and water pipe) and heal- 
thy non-smokers, seven miRNAs (hsa-let-7a-5p, 
hsa-miR-21-5p, hsa-miR-29b-3p, hsa-let-7f-5p, 
hsa-miR-143-3p, hsa-miR-30a-5p and hsa-let-
7i-5p) were differentially expressed between  
all smoking groups and non-smokers [21]. 
However, when compared cigarette smokers 
group with non-smoker group, five differentially 
expressed miRNAs (hsa-miR-224-5p, hsa-miR-
193b-3p, hsa-miR-30e-5p, hsa-miR-423-3p, 
hsa-miR-365a-3p, and hsa-miR-365b-3p) were 
detected, which were not expressed in other 
three groups [21]. Collectively, these results 
indicate the important role of exosomal miR-
NAs in COPD.

In our study, we revealed that the levels of  
rno-miRNA-185-5p and rno-miRNA-182-5p we- 
re significantly lower in COPD rats than those in 
control rats. The function of miRNA-185-5p has 
been studied in cancer [23, 24]. For example,  
a study showed that miR-185-5p suppressed 
tumor cell-derived exosome-mediated prolifer-
ation, invasion, and migration of NSCLC cells by 
down-regulating RAB35 [23]. Our study was the 
first to report that miR-185-5p might be 
involved in the development of COPD. Other 
important functions of miR-185-5p have been 
reported too. Serum miR-185-5p level has 
been suggested as a biomarker for the early 
diagnosis of asthma [25]. Further mechanistic 
study showed that the downregulation of miR-
185-5p enhanced the expression of periostin 
in bronchial smooth muscle cells and small air-
way epithelial cells, which regulated smooth 
muscle contraction in asthma [26]. Further- 
more, compared with healthy controls, a decre- 
ase in miR-185-5p expression in sputum cells 
from asthmatics was detected, consistent with 
our result that miR-185-5p was declined in 
COPD [26]. Moreover, bioinformatics analysis 
of lung tissues between pulmonary arterial 
hypertension patients and healthy controls 
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Figure 6. GO enrichment and KEGG signaling pathway analyses of the predicted target genes of the differentially ex-
pressed exosomal miRNAs. A: GO enrichment analysis of target genes predicted by differentially expressed miRNAs 
from biological processes. B: GO enrichment analysis of target genes predicted by differentially expressed miRNAs 
from cell components. C: GO enrichment analysis of target genes predicted by differentially expressed miRNAs from 
molecular functions. D: KEGG signaling pathway analysis of target genes predicted by differentially expressed exo-
somal miRNAs. GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.

Figure 7. The verification of differentially expressed miRNAs by qRT-PCR in 
lung tissues of the two groups. (A-D) The relative expression of rno-miRNA-
182-5p (A), rno-miRNA-185-5p (B), rno-miRNA-1843b-5p (C), and rno-miR-
NA-214-3p (D). *P < 0.05. COPD: Chronic Obstructive Pulmonary Disease; 
qRT-PCR: quantitative Real-Time Polymerase Chain Reaction.

revealed that the predicted target genes of 
these differentially expressed miRNAs (miR-

103a-3p, miR-185-5p, and 
miR-515-5p) were strongly re- 
lated to idiopathic pulmonary 
arterial hypertension [27]. Ex- 
osomal miR-185-5p was also 
studied in bronchopulmonary 
dysplasia [28]. When analyzing 
the exosomal miRNAs from 
bronchoalveolar lavage fluid of 
bronchopulmonary dysplasia 
patients, a decreased expres-
sion of hsa-miR-103a-3p and 
hsa-miR-185-5p was found in 
patient samples compared to 
healthy controls [28]. These 
results, together with our re- 
sults, indicate the involvement 
of miR-185-5p in the physio-
logical and pathophysiological 
processes, such as airway de- 
velopment and remodeling.

Similar to miR-185-5p, the 
function of miRNA-182-5p is 
mainly studied in cancer [29, 
30]. For example, the upregu-
lation of miR-182-5p is report-
ed to be strongly related to the 
early recurrence and poor pro- 
gnosis of patients with hepa- 
tocellular carcinoma who have 
undergone curative surgery, 
and miR-182-5p enhances the 
motility and the invasive abi- 
lity of hepatocellular carcino-
ma cells both in vitro and in 
vivo [30]. However, only few 
studies explore the function of 
miR-182-5p in COPD. Our study 
was the first to determine the 
functional connection between 
them. Our study was based on 
several previous findings. First, 
it was reported that miR-182-

5p was related to pulmonary diseases and that 
miR-182-5p was overexpressed in the lung tis-
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sues of bleomycin (BLM)-induced fibrotic mice 
model. Second, downregulation of miR-182-5p 
suppressed the level of profibrotic proteins 
including fibronectin, α-smooth muscle actin, 
and p-Smad2/p-Smad3, which suppressed pul-
monary fibrosis [31]. In addition, miR-182-5p 
inhibited tumor necrosis factor (TNF)-α-induced 
proliferation and migration of airway smooth 
muscle cells by decreasing the activation of 
nuclear factor-κB (NF-κB) via targeting TRIM8, 
indicating the potential role of miR-182-5p in 
the airway remodeling of asthma [32]. Fur- 
thermore, mesenchymal stem cells-derived 
exosomes transmitted miR-23a-3p and miR-
182-5p which were involved in reversing the 
epithelial-mesenchymal transition (EMT) during 
lipopolysaccharide (LPS)-induced lung injury 
and fibrosis [33]. These findings suggest that 
miR-182-5p is involved in EMT and the airway 
remodeling of lung, which plays a similar role in 
the development of COPD.

In summary, we employed a small RNA-se- 
quencing analysis to identify the differentially 
expressed exosomal miRNAs in the rat model 
of COPD. Our data suggested that miR-185-5p 
and miR-182-5p might be involved in the patho-
genesis of COPD and might serve as potential 
biomarkers for the diagnosis of COPD. However, 
there are some limitations in this study. First, 
the number of animals was small; hence our 
results need to be validated with larger sample 
size. Second, we used lung tissue to verify the 
differential expression of blood-derived exo-
somal miRNA, which should be further validat-
ed using the blood samples of COPD patients. 
Nevertheless, two miRNAs presented in this 
article could be new targets for the subsequent 
study on the mechanism of COPD.
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