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Abstract. Exosomal microRNAs (exo‑miRNAs or miRs) have 
demonstrated diagnostic value in various diseases. However, 
their diagnostic value in chronic obstructive pulmonary 
disease (COPD) has yet to be fully established. The purpose 
of the present study was to screen differentially expressed 
exo‑miRNAs in the plasma of patients with COPD and healthy 
individuals and to evaluate their potential diagnostic value in 
COPD. Differentially expressed exo‑miRNAs in the plasma 
of patients with COPD and controls were identified using 
high‑throughput sequencing and confirmed using reverse 
transcription‑quantitative PCR (RT‑qPCR). Bioinformatics 
analysis was then performed to predict the function of the 
selected exo‑miRNAs and their target genes in COPD. 
After a network model was constructed, linear regression 
analysis was performed to determine the association between 
exo‑miRNA expression and the clinical characteristics of 
subjects in a validated cohort (46 COPD cases; 34 matched 
healthy controls). Receiver operating characteristic curve was 
subsequently plotted to test the diagnostic value of the candi‑
date biomarkers. The top 20 significantly aberrantly expressed 
COPD‑associated exo‑miRNAs were verified using RT‑qPCR. 

Of these, nine were then selected for subsequent analysis, 
five of which were found to be upregulated (miR‑23a, miR‑1, 
miR‑574, miR‑152 and miR‑221) and four of which were down‑
regulated (miR‑3158, miR‑7706, miR‑685 and miR‑144). The 
results of Gene Ontology and KEGG pathway analysis revealed 
that these miRNAs were mainly involved in certain biological 
functions, such as metabolic processes, such as galactose 
metabolism and signaling pathways (PI3K‑AKT) associated 
with COPD. The expression levels of three exo‑miRNAs 
(miR‑23a, miR‑221 and miR‑574) were found to be nega‑
tively associated with the forced expiratory volume in the 1st 
second/forced vital capacity. Furthermore, the area under the 
curve values of the three exo‑miRNAs (miR‑23a, miR‑221 and 
miR‑574) for COPD diagnosis were 0.776 [95% confidence 
interval (CI), 0.669‑0.882], 0.688 (95% CI, 0.563‑0.812) and 
0.842 (95% CI, 0.752‑0.931), respectively. In conclusion, the 
three circulating exosomal miRNAs (miR‑23a, miR‑221 
and miR‑574) may serve as novel circulating biomarkers for 
the diagnosis of COPD. These results may also enhance our 
understanding and provide novel potential treatment options 
for patients with COPD.

Introduction

Chronic obstructive pulmonary disease (COPD) is a 
common respiratory disease with a high rate of morbidity 
and mortality  (1‑3). As the rates of COPD incidence have 
increased, so too has its social and economic burden. It is 
estimated that by 2020, COPD will rank fifth in the list of 
diseases that most impacts the world's economy  (4). The 
pathological characteristics of COPD include chronic inflam‑
mation of the lung parenchyma and the surrounding airways, 
emphysema and small airway stenosis or remodeling (5‑7). A 
number of processes, including oxidative stress, inflammation 
and mitochondrial dysfunction have all been reported to serve 
mechanistical roles (8‑11). However, additional research is 
required to determine the molecular mechanisms underlying 
COPD.

MicroRNAs (miRNA or miRs) are a group of non‑coding 
RNAs that consist of 18‑25 nucleotides and serve to increase 
mRNA degradation or repress target‑specific mRNA 
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translation (12). miRNAs can modulate almost all biological 
processes, including proliferation, differentiation, inflam‑
matory response, autophagy, tissue remodeling, immune 
regulation, angiogenesis, aging and tumorigenesis  (13‑15). 
Previous reports have confirmed that miRNAs can also serve 
an important role in the pathology of COPD (16‑18). Therefore, 
regulating miRNA expression may be a potential therapeutic 
strategy for COPD.

Exosomes are nano‑sized membrane‑bound vesicles that 
are released into the extracellular environment by almost all 
cell types (19‑21). Once stimulated by inflammation, hypoxia, 
oxidative stress and immune activation, macromolecules 
contained inside exosomes, such as DNA and RNA, are 
transformed and exuded to affect the biology of receptor 
cells  (22‑24). In addition, exosomes can be successfully 
isolated from different types of body fluids, including sputum, 
plasma and bronchoalveolar lavage (25‑27). Exosomes contain 
non‑coding RNA, protein, lipid and other substances, which 
change with the state of diseases including COPD (28). This 
implies that there may be an association between exosomes 
and COPD pathogenesis (29).

Unfortunately, sensitive biomarkers that can potentially 
be used for the prognosis of COPD remain lacking. Previous 
studies have demonstrated that the levels of miR‑29c and 
miR‑126 in the peripheral blood are potential biomarkers for 
the diagnosis of COPD (30,31). However, the miRNA in the 
peripheral circulation is susceptible to interference by other 
components, making circulating miRNA results less consis‑
tent. Exosomes have a dual‑membrane structure that protects 
them from being degraded by ribonucleases, rendering 
exosomal miRNAs (exo‑miRNAs) ideal for use as circulating 
biomarkers (32).

Therefore, the present study isolated exosomes from 
the plasma samples of patients with COPD and healthy 
individuals. High‑throughput sequencing was performed to 
identify enriched miRNAs in the exosomes of patients with 
COPD. The exo‑miRNAs closely associated with the clinical 
characteristics of COPD were subsequently screened and their 
diagnostic values were analyzed.

Materials and methods

Study subjects. The present study was approved by the Research 
Ethics Committee of Taizhou Clinical Medical School of 
Nanjing Medical University (approval no.  KY201904701; 
Taizhou, China) and conducted according to the Declaration 
of Helsinki. All the selected patients voluntary participated 
and provided their written informed consent.

Between January  2019 and August  2020, a total of 
46 patients with COPD were selected for the current study 
at Taizhou Clinical Medical School of Nanjing Medical 
University (Taizhou, China). At the same time, 34 healthy 
non‑smoking individuals (range, 45‑85 years) were recruited 
as the controls at Taizhou Clinical Medical School of Nanjing 
Medical University (Taizhou, China). To reduce heterogeneity, 
the age and sex of the healthy controls were matched to the 
patients with COPD. The average age of the patients with 
COPD was 62 years (age range, 45‑85 years) with moderate to 
severe pulmonary dysfunction [the post bronchodilator ratio of 
the forced expiratory volume in the 1st second (FEV1) to the 

forced vital capacity (FVC) value, <0.70; FEV1% predicted 
value, <80%], were included in the present study. COPD diag‑
nosis and severity classification were established by the same 
respiratory physician HL, according to the GOLD criteria (33). 
Patients with COPD were either current or ex‑smokers 
(lifetime smoking exposure, smoking index ≥10 pack‑years; 
smoking cessation, <1 year). Prior to enrollment, patients were 
included if they had a documented history of at ≥ two COPD 
exacerbations leading to oral or intravenous glucocorticoid 
therapy or antibiotic therapy, or at ≥ one COPD exacerbation 
leading to hospitalization within the previous year. Patients 
were excluded if they presented with other diseases, including 
severe cardiovascular disease, uncontrolled high blood pres‑
sure, bleeding, hepatic failure, renal failure, rheumatoid 
immune disease and malignant tumors.

Study design. The present study was divided into two sections: 
Discovery and validation. In the discovery stage (stage I), 
high‑throughput sequencing was performed to screen the 
differentially expressed plasma‑derived exo‑miRNAs 
between samples from the group of five patients with COPD 
and the group with five healthy individuals. The function 
of differentially expressed miRNAs was evaluated using 
Gene Ontology (GO) and Kyoto Encyclopedia of Gene and 
Genomes  (KEGG) pathway analysis. Exosomal miRNAs 
exhibiting the most significant (according to the multiple of 
differential expression calculated by log2FC; P<0.05) differen‑
tial expression were selected for further validation.

In the validation stage (stage  II), the expression of the 
potential plasma‑derived exo‑miRNAs in 41 patients with 
COPD and 29  healthy individuals were analyzed using 
reverse transcription‑quantitative PCR (RT‑qPCR). Receiver 
operating characteristic (ROC) curve‑based risk assessment 
analysis was performed to evaluate the sensitivity and speci‑
ficity of using exo‑miRNAs to diagnose COPD.

Plasma sample collection. After overnight fasting, 20  ml 
whole blood was drawn from each participant through the ante‑
cubital vein and injected into an EDTA‑coated vacutainer tube 
(lavender top EDTA tubes; BD Biosciences). The tubes were 
incubated at 4˚C for 3‑4 h and centrifuged at 4,000 x g at 4˚C 
for 5 min. The supernatants containing plasma were collected 
and stored in a 2‑ml falcon tube at ‑80˚C for further analysis.

Exosome isolation and characterization. Plasma‑derived 
exosomes were isolated using an ExoQuick commercial kit 
Ribo™ Exosome Isolation Reagent (Guangzhou RiboBio Co., 
Ltd.) according to the manufacturer's protocol. Transmission 
electron microscopy (TEM) was performed to observe the size 
and morphology of exosomes as described previously (34,35). 
Exosomes were placed on a copper mesh surface, fixed with 
3% glutaraldehyde at room temperature for 5 min and stained 
with 4% uranium acetate at room temperature for 1 min. 
Finally, the copper mesh was transferred to 1% methylcel‑
lulose and suspended at room temperature for 3 min. Excess 
liquid at the edge of the copper mesh was dried using filter 
paper for ≥30  min. Stained samples were observed using 
TEM (magnification, x80,000) (Hitachi‑7650; Hitachi, Ltd.) 
and imaged for preservation. Nanoparticle tracking analysis 
(NTA) was used to evaluate the size and concentration of 
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plasma exosomes. Brownian particles were tracked, following 
which their hydrodynamic diameters and concentrations 
were calculated using the Stockes‑Einstein equation  (36). 
NTA assay was performed using the ZetaView  PMX  110 
(Particle Metrix GmbH). The data obtained with the ZetaView 
instrument were analysed using the corresponding software 
ZetaView v.8.02.28 (Particle Metrix GmbH).

Western blotting. Western blotting was used to detect the 
specific marker proteins (CD9, CD63, TSG101) on the 
surface of plasma exosomes. Exosome samples were lysed 
using RIPA lysis buffer (cat.  no.  20‑188; Sigma‑Aldrich, 
Merck KGaA) on ice for 30 min. A bicinchoninic acid (BCA) 
Protein Assay kit (cat.  no.  23225; Pierce; Thermo  Fisher 
Scientific, Inc.) was used to detect protein concentrations, and 
a 12% sodium dodecyl sulfate‑polyacrylamide gel was used 
for total protein (30 µg/lane) separation. The proteins in the 
gel were transferred to a 0.45‑µM pore size PVDF membrane 
(cat. no. IPVH00010; EMD Millipore) via wet electrophoretic 
transfer. The membranes were blocked with 5% skimmed milk 
powder for 1 h at room temperature and incubated overnight 
at 4˚C with anti‑CD9 (cat. no. ab92726; Abcam), anti‑CD63 
(cat. no. ab216130), anti‑TSG101 (cat. no. ab125011) antibodies, 
all diluted to 1:1,000 in TBS‑1% Tween‑20. Subsequently, 
the membranes were incubated with a horseradish perox‑
idase‑conjugated goat anti rabbit (1:3,000; cat. no. A0208; 
Beyotime Institute of Biotechnology) or goat anti mouse IgG 
secondary antibodies (1:3,000; cat.  no.  A0216; Beyotime 
Institute of Biotechnology) for 1  h at room temperature. 
The membranes were visualized using LumiBest enhanced 
chemiluminescence (cat. no. SB‑WB011; Shanghai Shenger 
Biotechnology Co., Ltd.).

Exosomal miRNA sequencing. A total of 4 ml plasma was mixed 
with Ribo™ Exosome Isolation Reagent (Guangzhou RiboBio 
Co., Ltd.), after which exosomes were isolated. Exosomal RNA 
was extracted using the HiPure Plasma miRNA kit (cat. no. R314; 
Guangzhou Guangzhou Meiji Biological Technology Co., Ltd.). 
The quantity and integrity of exosomal RNA was assessed using 
the Qubit®2.0 (Thermo Fisher Scientific, Inc.) and Agilent 2200 
TapeStation (Agilent Technologies, Inc.), respectively. For 
each sample, 50 ng exosomal RNA was used to prepare small 
RNA libraries using the NEBNext® Multiplex Small RNA 
Library Prep Set for Illumina (cat. no. E7580; New England 
BioLabs® Inc.). Libraries were sequenced using HiSeq 2500 
(Illumina, Inc.) with single‑end 50 bp at Guangzhou RiboBio 
Co., Ltd.. The final loading concentration of each sample was 
above 2.5 nmol/l. The raw reads were processed by filtering 
out containing adapter, poly ‘N’, low quality, smaller than 17 nt 
reads by FastQC v.0.11.9 (https://directory.fsf.org/wiki/FastQC) 
to get clean reads. Mapping reads were obtained by mapping 
clean reads to reference genome of by BWA v.0.7.12 (37). The 
differential expression between two sets of samples was calcu‑
lated using the edgeR algorithm (38): Log2 (fold change) ≥1 and 
P<0.05. R software v.3.1.3 (www.r‑project.org) was used for 
data analysis.

RT‑qPCR validation. As previously described (32), plasma 
samples were thawed and centrifuged at 1,000 x g for 5 min 
at room temperature to form granules. The absorbance of 

oxyhemoglobin was then determined via spectrophotometry 
at 414  nm. Once hemolysis occurred, the specimen was 
discarded. Total RNA was extracted from plasma exosomes 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). The primers (One RT primer and a pair of qPCR primers 
for each set) specific for miRNAs were designed by RiboBio 
(Guangzhou RiboBio Co., Ltd.). The primer sequences were 
patented. cDNA was synthesized from 500 ng RNA using 
a reverse transcriptase kit (cat.  no. R10031.8; Guangzhou 
RiboBio Co., Ltd.) with the following temperature protocol: 
42˚C for 60 min, and followed by 70˚C for 10 min. qPCR 
was carried out in accordance with the protocols of the 
Bulge‑Loop™ miRNA qRT‑PCR Starter kit (cat. no. c10211‑1; 
Guangzhou RiboBio Co., Ltd.) and ABI  Prism  7900HT 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
following thermocycling conditions were used: Initial dena‑
turation at 95˚C for 20 sec, followed by 40 cycles of 95˚C for 
10 sec, 60˚C for 20 sec and 70˚C for 10 sec. U6 small nuclear 
RNA and cel‑miR‑39 were used as endogenous (39) and exog‑
enous controls, respectively. The expression of exo‑miRNAs 
was calculated using the 2‑ΔΔCq method (40).

GO and KEGG pathway analysis. TargetScan (version 7.2, 
https://www.targetscan.org/), miRDB (version 5.0, http://www.
targetscan.org/), miRTarBase (version 7.0, http://starbase.sysu.
edu.cn/) and miRWalk (version  7.0, http://mirwalk.umm.
uni‑heidelberg.de/) databases were used to predict the target 
genes of selected miRNAs. Those simultaneously predicted by 
≥ two of the tools aforementioned were selected as candidate 
target genes. KOBAS release number 3.0 (http://kobas.cbi.
pku.edu.cn/) was used for further GO and KEGG pathway 
analyses (41). The significance of GO and KEGG pathway 
analysis was then determined using Fisher's exact and 
χ2 tests. The subsequent P‑value was corrected using the false 
discovery rate (FDR). GO and KEGG terms with an adjusted 
P‑value <0.05 and an FDR <0.05 were selected and considered 
to be enriched.

miRNA‑mRNA network construction. An exosome 
miRNA‑mRNA network was constructed. Pearson's correla‑
tion of each gene pair was calculated and pairs with significant 
correlations were selected for network creation. Exo‑miRNAs 
and mRNAs with Pearson correlation coefficients ≥0.99 were 
selected to construct the network using Cytoscape bioinfor‑
matics software v.3.8.0 (https://cytoscape.org/) (42). During 
network analysis, connectivity was defined as the number 
of connections between nodes. In addition, the degree (the 
number of target genes targeted by miRNAs) was subse‑
quently calculated, which is the simplest and most important 
measure used to determine the relative importance of genes in 
a network (43).

Statistical analysis. Demographic and clinical characteristics 
were presented as the mean ± standard deviation. Experiments 
were repeated at least 3 times. All analyses were performed 
using SPSS 24.0 software (IBM Corp.) and GraphPad Prism 5 
software (GraphPad Software, Inc.). Student's paired t‑test 
and Mann‑Whitney unpaired test analysis were used to 
evaluate statistical differences between patients with COPD 
and controls. Categorical variables were analyzed using the 
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χ2 test. The differential expression of miRNAs was evaluated 
via the U Mann Whitney test. Furthermore, Spearman's linear 
regression method, with Bonferroni's correction for multiple 
comparisons, was used to analyze the correlation between 

lung function parameters (FEV1/FVC) and the expression of 
miRNAs. The ROC curve was used to analyze the efficiency 
of exo‑miRNA as a biomarker for COPD diagnosis. The 
sensitivity and specificity of each exo‑miRNA to diagnose 
COPD were calculated using the area under the ROC curve 
(AUC) with 95% confidence intervals (CI). The optimal cut 
off point was where the ‘true positive rate’ was high and the 
‘false positive rate’ was low. Youden's index was determined 
to identify the optimal cut‑off point for calculating exact diag‑
nostic indices. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Patient clinical characteristics. In the present study, a total of 
80 individuals were enrolled, including 46 patients with COPD 
and 34 healthy controls (Table I). There was no difference in 
age and sex between the two groups.

Exosome isolation and identification. Extracted exosomes 
were found to be 50‑150  nm in size and exhibited round 
or spindle shapes (Fig. 1A). No significant difference was 
observed in the size or total number of exosomes between 
patients with COPD and healthy controls (Fig. 1B). Exosome 
markers TSG101, CD63 and CD9 were also highly expressed 
in the exosomes isolated from the plasma samples of the 
two groups (Fig. 1C).

Exosomal miRNAs are dysregulated in patients with COPD. 
The exosomal miRNA profiles of five patients with COPD and 
five healthy individuals were assessed (Fig. 2). Compared with 
those in healthy individuals, 39 upregulated and 20 downregu‑
lated exo‑miRNAs were identified in patients with COPD. The 
top 20 miRNAs with the most significant differential expres‑
sion are presented in Table II. These miRNAs were selected 
for further functional analysis.

GO and KEGG pathway analysis. GO analysis revealed that 
the most enriched biological processes were ‘single‑organism 
process’, ‘metabolic process’ and ‘biological regulation’. The 
top enriched cellular components were ‘intracellular part’, 
‘membrane‑bounded organelle’, ‘cytoplasm’ and ‘cytoplasmic 
part’. Finally, the top enriched molecular functions included 

Table I. Characteristics of patients.

Parameters 	 Control 	 COPD	 P‑value

Number of subjects	 34	 46	 NA
Male/Female	 27/7	 36/10	 NA
Age, years (range)	 61.2±6.3	 62.3±5.6	 >0.05
Smoking, pack years	 N/A	 52.6±12.5	 <0.001
Smoking/currently smoking 	 N/A	 46	 NA
Predicted FEV1% 	 97.8±9.1	 49.0±13.7 	 <0.001
FEV1/FVC%	 81.6±5.3	 54.8±12.6	 <0.001
Inhaled corticosteroids	 0	 46/46	 <0.001

FEV1, Forced Expiratory Volume in 1 sec; FVC, Forced Vital Capacity; COPD, chronic obstructive pulmonary disease; NA, not applicable.

Table II. Top 10 miRNAs exhibiting the most significant 
difference in expression levels.

A, Upregulated			 

Rank	 miRNAs	 Log2 (FC)	 P‑value

  1	 hsa‑miR‑23a	 3.0915	 0.0047
  2	 hsa‑miR‑3138	 2.8479	 0.0214
  3	 hsa‑miR‑1268a	 2.7234	 0.0161
  4	 hsa‑miR‑143	 2.6790	 0.0041
  5	 hsa‑miR‑6515	 2.5967	 0.0084
  6	 hsa‑miR‑1	 2.2773	 0.0094
  7	 hsa‑miR‑221	 2.0883	 0.0493
  8	 hsa‑miR‑574	 2.0538	 0.0271
  9	 hsa‑miR‑335	 1.7488	 0.0204
10	 hsa‑miR‑152	 1.7204	 0.0364

B, Downregulated			 

Rank	 miRNAs	 Log2 (FC)	 P‑value

  1	 hsa‑miR‑6859	 ‑2.9372	 0.0303
  2	 hsa‑miR‑3682	 ‑2.8839	 0.0365
  3	 hsa‑miR‑3158	 ‑2.8433	 0.0311
  4	 hsa‑miR‑147b	 ‑2.7802	 0.0338
  5	 hsa‑miR‑7706	 ‑2.7076	 0.0300
  6	 hsa‑miR‑6850	 ‑2.4224	 0.0217
  7	 hsa‑miR‑144	 ‑2.3069	 0.0382
  8	 hsa‑miR‑3192	 ‑2.1125	 0.0307
  9	 hsa‑miR‑7704	 ‑2.0504	 0.0102
10	 hsa‑miR‑1299	 ‑1.9180	 0.0017

miRNAs are arranged in descending order from highest to lowest. 
miR, microRNA; Log2(FC), Log2 (Fold change).
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‘heterocyclic compound binding’, ‘nucleic acid binding’ and 
‘transferase activity’ (Fig. 3A). The primarily enriched path‑
ways included the mTOR, chemokine, MAPK and PI3K‑AKT 
signaling pathways (Fig. 3B).

Validation of dysregulated miRNAs in patients with COPD. 
The 20 exo‑miRNAs with the most significant differential 
expression in patients with COPD were further validated via 
RT‑qPCR. Nine of the exo‑miRNAs were determined to be 
significantly differentially expressed by exosome sequencing, 
including five that were upregulated (miR‑23a, miR‑1, 
miR‑574, miR‑152 and miR‑221) and four that were downregu‑
lated (miR‑3158, miR‑7706, miR‑685 and miR‑144) in patients 
with COPD compared with those in healthy individuals. These 
results were consistent with data obtained using RT‑qPCR 
(Fig. 4). However, expression of the other 11 exo‑miRNAs 
did not significantly differ between patients with COPD and 
healthy controls.

Construction of the exosomal miRNA‑mRNA network. A 
network was established based on the association between 
the differentially expressed exo‑miRNAs and mRNAs. 
The network presented the interaction of the five miRNAs 

and 98 mRNAs (Fig. 5). This network confirmed that one 
exo‑miRNA targeted one or two mRNAs, and one mRNA 
was regulated by multiple miRNAs simultaneously, which 
suggested that a regulatory mechanism existed between 
exo‑miRNAs and mRNAs in COPD.

Correlation between exo‑miRNA expression with clinical 
parameters. The correlation between the exo‑miRNA expres‑
sion levels and the FEV1/FVC value was further assessed 
using linear regression. Potential confounding factors were 
adjusted, including age, sex, smoking status and corticosteroid 
therapy were adjusted using Bonferronis correction. The 
results indicated that the expression levels of three upregulated 
exo‑miRNAs (miR‑23a, miR‑221 and miR‑574) correlated 
significantly with the FEV1/FVC values, even after adjusting 
for the confounding factors. The correlation analysis between 
exo‑miRNA and FEV1/FVC is presented in Fig. 6. miR‑23a 
(R2=0.706; P<0.01; Fig.  6A), miR‑221 (R2=0.757; P<0.01; 
Fig.  6B) and miR‑574 (R2=0.677; P<0.01; Fig.  6C) were 
analyzed.

Diagnostic value of the exo‑miRNAs. ROC curves were plotted 
to evaluate the diagnostic value of exo‑miRNAs for COPD, 

Figure 1. Isolation of plasma‑derived exosomes from patients with COPD and healthy individuals. (A) Representative transmission electron microscopy images 
of plasma‑derived exosomes isolated using the ExoQuick method. Scale bar, 100 nm. (B) Nanoparticle tracking analysis of the plasma‑derived exosomes. 
Representative graphs showing the concentration and size of the isolated particles are presented. n=3/group. (C) Western blotting was performed to detect 
TSG101, CD63 and CD9 expression, protein markers of exosomes. TSG101, CD63 and CD9, were highly expressed in the exosomes separated from the plasma 
samples of patients with chronic obstructive pulmonary disease and healthy individuals. n=5/group. COPD, chronic obstructive pulmonary disease; TSG101, 
tumor susceptibility gene 101.
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Figure 3. Functional analysis of exo‑miRNAs. (A) Gene Ontology enrichment histogram of the differentially expressed exo‑miRNAs. (B) Pathway 
analysis based on exo‑miRNAs target genes. P‑values represent the significance level of target gene enrichment in this pathway. Exo, exosomal; miRNAs, 
microRNAs.

Figure 2. Hierarchical clustering (made with R language package) and scatter plot results of differentially expressed exo‑miRNAs in the plasma of 
patients with COPD and healthy individuals. (A) Hierarchical clustering images of the exo‑miRNA expression of pooled RNA samples from the plasma 
of patients with COPD. Brick‑red indicates upregulated miRNA and green indicates downregulated miRNAs. (B) Scatter plot of miRNA expression. 
Values on the x‑ and y‑axis represent the normalized signal values of the samples (log2 scaled). Red and green dots represent up‑ and downregulated 
miRNAs, respectively. Exo, exosomal; miRNA, microRNA; COPD, chronic obstructive pulmonary disease; HP, healthy individuals; AC, patients with 
COPD.
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which was expressed by sensitivity and specificity. The AUC 
of ex‑miR‑23a was 0.776 (95% CI, 0.669‑0.882; P<0.001). The 
sensitivity and specificity at the optimal cut‑off were 70.3 and 
61.8%, respectively (Fig. 7A). The AUC of exo‑miRNA‑221 was 
0.688 (95% CI, 0.563‑0.812; P<0.001), where the sensitivity 
and specificity at the optimal cut‑off were 69.4 and 60.2%, 
respectively (Fig. 7B). Finally, the AUC of exo‑miRNA‑574 
was 0.842 (95% CI, 0.752‑0.931; P<0.001) with a sensitivity 
and specificity value at the optimal cut‑off of 74.3 and 65.7%, 
respectively (Fig. 7C). Combining all three miRNAs together, 
the AUC increased to 0.892 (95% CI, 0.820‑0.973; P<0.001). 
The sensitivity and specificity at the optimal cut‑off were 
85.7 and 77.1%, respectively (Fig. 7D).

Discussion

Accumulating evidence has demonstrated that exosomes 
mediate a variety of molecular and cellular events by facili‑
tating intercellular signaling (13,15,44,45). Next‑generation 
sequencing is a powerful tool that can identify novel circulating 
biomarkers in various diseases, such as heart disease (46,47), 

cancer  (48) and polycystic ovary syndrome (49). In recent 
years, the relative distribution of miRNAs in different body 
fluids, including blood, plasma, serum, saliva and urine have 
been determined (50). In addition, it was hypothesized that the 
components of exosomes may be altered during the develop‑
ment of COPD (51). Therefore, the present study performed a 
comprehensive analysis of exo‑miRNAs that were aberrantly 
expressed in patients with COPD. The results suggested that 
three exo‑miRNAs, miR‑23a, miR‑221 and miR‑574, may 
serve as potential diagnostic biomarkers of COPD.

Previous studies have verified the crucial role of miRNAs in 
modulating gene expression under diverse conditions (15,44). 
Dysregulation of miRNA expression in airway epithelial cells, 
peripheral blood and lung tissues has been associated with the 
pathogenesis of COPD (17,52‑54). Ezzie et al (52) compared 
the expression of miRNAs in the lung tissue samples of 
COPD and smokers without COPD, which elucidated 
70 miRNAs that were differentially expressed. In another 
study, Van Pottelberge et al (55) revealed that 34 miRNAs 
were differentially expressed between non‑smokers and 
smokers without airflow restriction, where the expression of 

Figure 4. Validation of the differentially expressed exosomal‑miRNAs (41 patients with chronic obstructive pulmonary disease and 29 healthy controls). 
Relative expression of (A) miR‑23a, (B) miR‑1, (C) miR‑574, (D) miR‑152, (E) miR‑221, (F) miR‑3158, (G) miR‑7706, (H) miR‑6850 and (I) miR‑144 in the 
validation cohort. Data are presented as median. #P<0.05 vs. HP. °represents a mild outlier, and *represents an extreme outlier. miRNA/miR, microRNA; HP, 
healthy individuals; AC, patients with COPD.
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eight miRNAs in smokers with COPD was significantly lower 
compared with that in non‑smokers. The results of the present 
study differed from the aforementioned studies. This was 
mainly as miRNAs were extracted from different samples, 
namely airway epithelial cells, serum or lung tissues, diffi‑
culty remains in obtaining a comprehensive comparison with 
previous experimental results. In addition, these results may 
demonstrate discrepancy, arising from other factors, including 
different sample sizes, analytical tools and statistical methods.

Results from the current study suggested that exosomal 
miRNAs were differentially expressed in patients with COPD. 

Furthermore, 59 differentially expressed exo‑miRNAs were 
identified, including 39 that were upregulated and 20 that were 
downregulated. GO enrichment analysis provides a unified 
vocabulary to elaborate gene and gene product properties in 
various organisms (56). GO analysis in the present study indi‑
cated that the identified exo‑miRNAs were enriched in various 
annotations associated with COPD, as demonstrated by the 
top enriched biological processes and molecular functions, 
including ‘metabolic process’, ‘biological regulation’, ‘intra‑
cellular membrane‑bounded organelle’, ‘transferase activity’, 
‘catalytic activity’ and ‘enzyme binding’.

Figure 5. Regulatory network between exosomal‑miRNAs and mRNAs. The miRNA‑mRNA co‑expression interaction network was constructed using the 
Cytoscape software. The network consists of five nodes (miRNA). Blue and green circles represent miRNAs and mRNAs, respectively. The pink nodes signify 
that the genes have a targeted regulatory relationship with two or more miRNAs. The interaction between two factors is represented by one edge. miRNA, 
microRNA.
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High‑throughput sequencing, such as small RNA 
sequencing technology makes it possible to measure the 
expression of almost all coding genes, which assists in 
identifying genes and pathways related to the development 
of diseases (51). In the present study, based on the KEGG 
pathway result, the target genes of dysregulated exo‑miRNAs 
were involved in pathways that are closely associated with the 
pathophysiology of COPD, such as the mTOR, chemokine, 
MAPK and PI3K‑Akt signaling pathways. Additionally, the 
present network analysis indicated a potential association 
between miRNAs and their target genes, suggesting that 
exo‑miRNAs and their target genes cooperate to regulate 
the pathogenesis of COPD. Furthermore, to determine the 
function of the identified exo‑miRNAs, interactions between 
exo‑miRNAs and their target mRNAs were theoretically 
predicted using conserved seed‑matching sequences with 
software for miRNA target prediction, such as TargetScan and 
miRDB. This network suggested the potential associations 
between exo‑miRNAs and their target genes. The network 
also provided an important reference value for studying the 
interaction of other differentially expressed exo‑miRNAs 
with their potential targets. The current study predicted that 
the interaction of exo‑miRNAs and their target genes was 
associated with COPD. The present study found 3 common 
target genes [encoding α1‑antitrypsin (SERPINA1), matrix 

metalloproteinase 1 (MMP1), heme oxygenase‑1 (HOMX1)] 
of the 5 miRNAs, which are closely related to the pathogenesis 
of COPD. SERPINA1 has been shown to affect the suscepti‑
bility of COPD (57). Dysregulation in the production of MMP 
has been associated with lung matrix destruction and small 
airways disease in COPD (58). HOMX1 (induction attenu‑
ated senescence in chronic obstructive pulmonary disease 
lung fibroblasts by protecting against mitochondria dysfunc‑
tion (59).

Exo‑miRNAs that were differentially expressed between 
patients with COPD and healthy controls were screened and 
analyzed in an independent validation cohort. Through this 
method, nine differentially expressed exo‑miRNAs were 
identified, of which five were upregulated and four were 
downregulated. To remove various confounding factors, linear 
regression analysis was performed to assess the relationship 
between plasma miRNA expression and FEV1/FVC. As a 
result, three exo‑miRNAs (miR‑23a, miR‑221 and miR‑574) 
were significantly correlated with FEV1/FVC after adjusting 
for age, sex and treatment with corticosteroids. These results 
suggested that these 3 exo‑miRNAs may be used to assess the 
severity of COPD lung function.

Exosomal molecules have the potential to serve as disease 
biomarkers for a number of reasons. Exosomes contain 
specific proteins and nucleic acids that carry information 

Figure 6. Correlation analysis of exo‑miRNA expression and FEV1/FVC%. Correlation between the expression of exo‑miRNAs (A) miR‑23a, (B) miR‑221 
and (C) miR‑574 independently and FEV1/FVC% are presented as scatter plots, combined with the regression line. Data are derived from the validation 
cohort (n=70). Exo‑miRNA, exosomal microRNA; FEV1, forced expiratory volume in the 1st second; FVC, forced vital capacity; COPD, chronic obstructive 
pulmonary disease.
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regarding the physiology and microenvironment of their cells 
of origin (60‑62). In addition, exosomes can exist in various 
biological fluids, including blood (25), urine (63), sputum, 
bronchoalveolar lavage (26), synovial fluid (64), pleural fluid 
and ascites (65). Due to the bilayer structure of phospholipids, 
exosomes are highly stable in the extracellular environ‑
ment (66). Therefore, many exosomal proteins and miRNAs 
have been reported to be potential biomarkers of multiple 
diseases, particularly in cancer (22,23). There is considerable 
evidence to support the notion that exo‑miRNAs can serve 
an important role in multiple pulmonary diseases, such as 
COPD (67). ROC analysis in the present study revealed that 
three candidate miRNAs (miR‑23a, miR‑221 and miR‑574) 
can be used as new biomarkers of COPD. Furthermore, when 
the three exo‑miRNAs were combined together, the diagnostic 
efficiency was improved further.

The present study provided genome‑wide profiles of 
exosomal miRNAs from human blood samples, demonstrating 
the feasibility of identifying COPD biomarkers based on 
exosomal miRNA profiling. Additionally, due to the double 
membrane structure of exosomes, exosomal miRNAs can 
overcome certain limitations of current biomarkers due to 
increased stability. However, the present study also had a 

number of limitations. A single center, small sample size, 
various forms of bias in the present study may lead to inac‑
curate conclusions. Therefore, a large‑scale, multi‑center and 
prospective validation study should be performed in future 
studies. Additionally, the underlining mechanism of the asso‑
ciation between exosomal miRNAs and COPD remain unclear 
and should be investigated further.

In summary, to the best of our knowledge, the present 
study determined for the first time that miR‑23a, miR‑221 and 
miR‑574 may serve as novel diagnostic biomarkers of COPD. 
The results indicated that the evaluation of exosomal miRNA 
expression could provide useful information regarding the 
diagnosis of patients with COPD.
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