
O R I G I N A L  R E S E A R C H

Bone Marrow Mesenchymal Stem Cells-Derived 
Exosomes Inhibit Apoptosis of Pulmonary 
Microvascular Endothelial Cells in COPD Mice 
Through miR-30b/Wnt5a Pathway
Qing Song1–4, Aiyuan Zhou5, Wei Cheng 1–4, Yiyang Zhao 6, Cong Liu1–4, Yuqin Zeng1–4, Ling Lin1–4, 
Zijing Zhou1–4, Yating Peng 1–4, Ping Chen 1–4

1Department of Respiratory and Critical Care Medicine, the Second Xiangya Hospital, Central South University, Changsha, Hunan, 410011, People’s 
Republic of China; 2Clinical Medical Research Center for Pulmonary and Critical Care Medicine in Hunan Province, Changsha, 410011, People’s 
Republic of China; 3Diagnosis and Treatment Center of Respiratory Disease, Central South University, Changsha, Hunan, 410011, People’s Republic of 
China; 4Research Unit of Respiratory Disease, Central South University, Changsha, Hunan, 410011, People’s Republic of China; 5Department of 
Respiratory and Critical Care Medicine, the Xiangya Hospital of Central South University, Changsha, Hunan, 410011, People’s Republic of China; 
6Ultrasound Imaging Department, Xiangya Hospital of Central South University, Changsha, Hunan, 410083, People’s Republic of China

Correspondence: Ping Chen, Department of Respiratory and Critical Care Medicine, the Second Xiangya Hospital, Central South University, Renmin 
Middle Road, Changsha, Hunan, 410011, People’s Republic of China, Tel 13873115563, Email pingchen0731@csu.edu.cn 

Background: Bone marrow mesenchymal stem cells (BMSCs)-derived exosomes are rich in a variety of active substances, including 
microRNA (miR) and have shown powerful therapeutic effects to ameliorate cell injury and diseases. However, the role of BMSCs- 
derived exosomes on chronic obstructive pulmonary disease (COPD) has been poorly studied. In addition, pulmonary microvascular 
endothelial cells (PMVECs) apoptosis contributes to the onset of COPD. Inhibition of PMVECs apoptosis can reverse COPD changes. 
Therefore, the aim of this study was to explore the role of BMSCs-derived exosomes in the apoptosis of PMVECs in COPD and to 
investigate the potential mechanisms.
Methods: We isolated and characterized normal mouse BMSCs-derived exosomes and PMVECs. We performed miR sequencing of 
BMSCs-derived exosomes. We transfected PMVECs with the miR-30b mimic and Wnt5a overexpression plasmid to assess the 
underlying mechanisms. Cigarette smoke extract (CSE)-induced COPD mice were treated with exosomes and HBLV-mmu-miR-30b 
via intratracheal instillation. Finally, we determined the expression of miR-30b and Wnt5a in tissues from patients with COPD.
Results: BMSCs-derived exosomes could significantly reduce apoptosis of CSE-induced PMVECs and increase the expression of miR- 
30b (p<0.05). Based on miR sequencing, miR-30b was highly enriched in BMSCs-derived exosomes. The knockdown of miR-30b in 
BMSCs-derived exosomes could increase the apoptosis of CSE-induced PMVECs (p<0.05). miR-30b overexpression significantly reduced 
apoptosis and repressed Wnt5a protein expression in CSE-induced PMVECs (p<0.05). Furthermore, Wnt5a overexpression reversed the 
anti-apoptotic effect of miR-30b on CSE-induced PMVECs (p<0.05). In addition, compared with the COPD group, treatment with BMSCs- 
derived exosomes and miR-30b overexpression could alleviate emphysema changes, decrease the mean linear intercept and alveolar 
destructive index, reduce apoptosis, increase the expression of miR-30b, and decrease the expression of Wnt5a in lung tissue (p<0.05). 
Finally, miR-30b expression was decreased in patients with COPD, while Wnt5a expression was increased in these patients (p<0.05).
Conclusion: BMSCs-derived exosomes could improve the damage of COPD perhaps by delivering miR-30b. miR-30b could reduce 
apoptosis of CSE-induced PMVECs by targeting Wnt5a.
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Introduction
Chronic obstructive pulmonary disease (COPD) is one of the most serious chronic respiratory diseases that can be 
prevented and treated. As the disease progresses, patients’ quality of life declines sharply, leading to heavy social and 
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economic burden.1,2 Currently, pharmacological therapy for COPD including bronchodilators, antimuscarinic drugs, 
methylxanthines, anti-inflammatory agents, oral glucocorticoids, and inhaled corticosteroids is used to reduce the 
symptoms and the frequency of exacerbations, and to improve exercise tolerance and the health status. However, current 
pharmacotherapy cannot restore the damage to alveolar and pulmonary blood vessels structure in patients with COPD.3 

Therefore, it is extremely urgent to find an effective treatment for COPD.
Smoking is the most significant risk factor for COPD: It can increase oxidative stress and apoptosis to promote cell 

death.4 Studies have shown that apoptosis of pulmonary microvascular endothelial cells (PMVECs) participates in the 
development of COPD. Inhibition of this apoptosis can reverse or partially reverse impaired lung function and 
emphysema in mouse.5–7 It is possible that inhibiting the apoptosis of cigarette smoke extract (CSE)-induced 
PMVECs may become an effective treatment for COPD.

Bone marrow mesenchymal stem cells (BMSCs) are adult stem cells that can differentiate into endothelial cells and 
fibroblasts to help repair tissue damage.8 Exosomes are extracellular vesicles with a size range of 40 to 160 nm (average 
~100 nm) in diameter with an endosomal origin. Exosomes can contain many cellular constituents, including DNA, 
RNA, lipids, metabolites, and cytosolic and cell-surface proteins. Exosomes are associated with immune responses, 
cardiovascular diseases, and cancer progression. Proteins, DNA, and RNA delivered by exosomes into recipient cells 
effectively alter their biological response.9 In addition, exosomes play an important role in the development of lung 
disease including COPD, asthma, lung cancer, and pulmonary fibrosis.10 MicroRNAs (miRs) are a type of non-coding 
RNA with a length of 22–25 nucleotide that have regulatory effects.11 miRs also play an important role in lung disease.12 

Park et al13 found that miR-6238 is a novel regulator of pulmonary inflammation and a putative biomarker that 
distinguishes particulate matter induced acute lung injury from endotoxin-mediated acute lung injury.

Graphical Abstract
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Wnt5a is a member of the non-classical Wnt signaling pathway, which is involved in inflammation, proliferation, 
apoptosis, and differentiation. Functionally, mature Wnt5a has the ability to reverse the canonical Wnt-driven alveolar 
epithelial cell wound healing in vitro.14 In addition, Wnt5a can promote neoplastic transformation and small cell lung 
cancer cell proliferation, whereas Wnt5a deficiency inhibits small cell lung cancer development.15 However, the role of 
Wnt5a in COPD has not been fully elucidated.

Therefore, the aim of this study was to explore the role of BMSCs-derived exosomes in the apoptosis of PMVECs in 
COPD and to investigate the potential mechanisms.

Materials and Methods
Isolation and Culture of BMSCs
We obtained six-week-old male C57BL/6J mice from the SJA Lab Animals corporation (Hunan, China) and isolated 
BMSCs by using the whole bone marrow adherent method described previously.16 Briefly, the mice were sacrificed by 
cervical dislocation. The femur and tibia were isolated in a sterile manner and the metaphysis was removed to expose the 
marrow cavity. Low-glucose Dulbecco’s Modified Eagle Medium (DMEM; 8122386, Gibco, USA) supplemented with 
10% fetal bovine serum (FBS; 10100147, Gibco, USA) was used to rinse the contents of the marrow cavity into a sterile 
petri dish (Nest, 704202). The liquid was pipetted into a single cell suspension and filtered with a 100 µm filter. Next, the 
single cell suspension was subjected to centrifugation at 1000 rpm for 10 minutes at room temperature. Finally, the 
BMSCs were incubated at 37°C with 95% air and 5% CO2 and labeled as passage 1 (P1). The BMSCs were identified by 
flow cytometry analysis for the surface markers, including CD11b (11–0112-82, eBioscience, USA), CD29 (11–0291-80, 
eBioscience, USA), CD34 (11–0341-82, eBioscience, USA), CD44 (11–0451-81, eBioscience, USA), CD45 (11–0451- 
82, eBioscience, USA), CD73 (127219, Biolegend, USA), and CD105 (53–1051-82, eBioscience, USA). In addition, the 
BMSCs were identified by osteogenic differentiation, adipogenic differentiation, and chondrogenic differentiation.

This study was approved by the Ethics Committee of the Second Xiangya Hospital of Central South University 
(Number: 2022200) (Hunan, China) and the animal experimental procedures are in accordance with the provisions of the 
“Experimental Animal Care and Use Guide”.

Extraction and Identification of BMSCs-Derived Exosomes
The BMSCs from P3-P6 were selected for exosomes extraction. Exosomes were isolated by differential centrifugation as 
described previously with some modifications.17 Briefly, culture supernatant of BMSCs was collected and then centri-
fuged at 300 g for 10 min at 4°C, at 2000 g for 10 min at 4°C, and at 12000 g for 45 min at 4°C. Next, the BMSCs 
supernatant was filtered through a 0.22 µm filter. The BMSCs supernatant was centrifuged two times at 140000 g for 
70 min at 4°C to obtain exosomes (Beckman Coulter, USA). Finally, the exosomes were resuspended in phosphate 
buffered solution (PBS) and stored at −80°C.

Western blot was used to identify the surface markers of exosomes, including CD9 (ab92726, Abcam, USA), CD63 
(ab231975, Abcam, USA), CD81 (ab109201, Abcam, USA), TSG101 (ab125011, Abcam, USA), and calnexin (ab22595, 
Abcam, USA). Nanoparticle tracking analysis was used to determine the size distribution and concentration of the 
exosomes with a ZetaView particle tracker (Flow NanoAnal, China). Transmission electron microscopy was performed 
to observe the morphology of the exosomes (HT-7800, HITACHI).

miR Sequencing
First, total RNA was extracted from BMSCs exosomes by using TRIzol reagent (15596026, Invitrogen, USA). The quality 
and integrity of the total RNA were assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies, USA). Next, RNA 
was ligated with 5′ and 3′ adapters, followed by complementary DNA (cDNA) synthesis using adaptor-specific primers. 
Following polymerase chain reaction amplification, the RNA libraries underwent gel purification, and the quality of the 
libraries was evaluated. Subsequently, miR sequencing was performed on the DNBSEQ platform (BGI, China).
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Study Participants
We obtained lung tissues from eleven COPD patients and seventeen controls participants undergoing lung resection due 
to lung cancer in the Second Xiangya Hospital’s Cardiothoracic Surgery Department (Hunan, China). The basic 
demographic data was shown in Supplement Table 1. The diagnosis of COPD complies with GOLD 2017 guideline,3 

individuals with significant heart and other lung diseases including pulmonary fibrosis, asthma, pneumonia, and 
bronchiectasis were excluded.

This study was conducted following the principles of the Declaration of Helsinki and received ethical approval from 
the Ethics Committee of the Second Xiangya Hospital of Central South University (Number: Z0208-01). Informed 
consent was obtained from all participating patients.

Preparation of CSE
The CSE preparation protocol has been optimized based on previous descriptions.18 First, we burned five cigarettes 
(Furong, Changde Cigarette Company, China) and bubbled the smoke with 10 mL of PBS. We extracted 35 mL of smoke 
every 15 seconds. Afterwards, the obtained CSE was filtered using a 0.22 µm filter to obtain a concentration of 100% 
CSE for the animal experiments.

In terms of in vitro study, only half a cigarette was burned, and the following steps are similar to above description. 
100% CSE was diluted to a concentration of 1%, 2.5%, and 4% for the subsequent cell experiments.

Animal Model
Six-week-old male C57BL/6J mice were purchased from the SJA Lab Animals Corporation (Hunan, China). All mice 
were kept in a clean room in the experimental animal center of the Second Xiangya Hospital. After 1 week of 
acclimatization to the laboratory conditions, the mice were randomly divided into five groups (eight mice each group): 
the control group, the COPD group, the COPD + miR-30b negative control (COPD + miR-NC) group, the COPD + miR- 
30b overexpression (COPD + miR-OV) group, and the COPD + exosomes (COPD + Ex) group. To establish the COPD 
model, the mice were injected intraperitoneally with CSE following a previously described method.18 First, the mice in 
the COPD, COPD + miR-NC, COPD + miR-OV, and COPD + Ex groups were given an intraperitoneal injection of CSE 
(0.01 mL/g body weight) on days 1, 11, 23, and 32, while the control group was given an intraperitoneal injection of PBS 
at the same times and with the same volume. On day 28, all mice were anesthetized with 1% sodium pentobarbital 
(50 mg/kg body weight). The COPD + Ex group was given an intratracheal instillation of BMSCs-derived exosomes 
(6.35 × 108 particles/50 µL).19 The COPD + miR-NC group was given an intratracheal instillation of HBLV-ZsGreen- 
PURO negative control. The COPD + miR-OV group was given an intratracheal instillation of HBLV-mmu-miR-30b– 
ZsGreen-PURO to overexpress miR-30b (3 × 107 TU/50 µL/mouse, Hanbio Biotechnology Co. Ltd., Shanghai, China). 
Finally, the control and COPD groups were treated with same volume of PBS. On day 35, all mice were sacrificed by 
cervical dislocation. The right lung was rapidly frozen in liquid nitrogen and stored for subsequent protein and RNA 
extraction. The left lung was fixed in 4% paraformaldehyde for histology.

Histomorphology of Lung Tissue
The left lung was fixed in 4% paraformaldehyde for 24 h in a cold room. Next, the lung tissue was embedded in paraffin 
and then cut into 4 µm sections. Finally, the sections were stained with hematoxylin-eosin (HE) (H3136, Sigma, USA). 
We measured mean linear intercept (MLI) and the destructive index (DI) as described previously.18,20 The MLI was 
measured by dividing the length of a line drawn across the lung section by a total number of intercepts counted within 
this line (100× magnification); a total of 36 lines were drawn and measured for each mouse. The DI was calculated by 
dividing the defined destructive alveoli by the total number of alveoli counted; it is presented as percentage of the 
destructive alveoli relative to the total alveoli. A destructive alveolus had at least one of the following abnormalities: 
alveolar wall defects; obviously abnormal morphology; intraluminal parenchymal rags in alveolar ducts; and typical 
emphysematous changes (200× magnification).
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Immunohistochemistry
Lung tissue from mice and patients was fixed in 4% paraformaldehyde for 24 h and embedded in paraffin. Then, 4 µm 
sections were cut and used for staining. Initially, the sections were subjected to antigen retrieval in citrate buffer for 
10 min in a microwave and then incubated in 0.3% hydrogen peroxide to block endogenous peroxidase activity. Next, the 
sections were incubated with anti-Wnt5a (BA2839, BOSTER, China, 1:100) at 4°C overnight. After this incubation, the 
sections were washed and incubated with a secondary antibody for 30 min. Finally, diaminobenzidine was added and 
hematoxylin was applied for counterstaining. The protein expression level was scored based on the staining intensity 
using Image J software 1.8.0 (National Institutes of Health, Bethesda, MD, USA) as follows: 0, no staining; 1, weak 
staining; 2, moderate staining; and 3, strong staining. The percentage of staining area was classified as: 0 (0%), 1 
(1–10%), 2 (11–50%), and 3 (51–100%). The staining index was calculated as the proportion of positive cells and the 
staining intensity score. Each section collected three different representative nonoverlapping fields for analysis.21

Apoptosis in Lung Tissue
Apoptosis was identified by double staining: terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling 
(TUNEL) (G1501, Servicebio, China) and CD31 labeling (SAF005, AIFang Biological, China), following the manu-
facturer’s instructions. Briefly, lung sections were permeabilized with proteinase K (G1205, Servicebio) and the 
membrane was broken. Next, the reaction solution was added to the lung tissues and 4′,6-diamidino-2′-phenylindole 
(DAPI) (G1012, Servicebio, China) was applied to counterstain the nuclei. A microscope (Olympus, Japan) was used to 
assess the fluorescence of sections.

Isolation and Culture of PMVECs
PMVECs were sorted by magnetic beads.21 Briefly, mice lung tissue was collected under sterile conditions. Then, the 
lung tissue was digested with type I collagenase solution (V900891, Sigma, USA) for 45 min at 37°C, centrifuged, and 
filtered with 100 µm and 40 µm cell mesh. Next, microbeads with mouse CD31 (130–097-418, Miltenyi, Germany) were 
added and the mixture was incubated for 15 min at 4°C. Finally, the cells were passed through an LS column (130–042- 
401, Miltenyi, Germany) and then centrifuged to obtain PMVECs. These cells were grown in 5% CO2 at 37°C with 
a specific pulmonary vascular endothelial cell medium (1001, Sciencell, USA).

Identification of PMVECs
The von Willebrand factor (vWF) was used to identify the purity of PMVECs. Briefly, cells were blocked with 10% 
bovine serum albumin, and then incubated with a vWF antibody (SA00006-4, Proteintech, USA) for 12 h at 4°C. 
Incubate the section with a secondary antibody for 1 h and then stained with DAPI (G1012, Servicebio, China). Finally, 
the cells were mounted with Fluoromount-G (0100–01, SourthernBiotech, USA) and viewed under a fluorescence 
microscope.

Cell Transfection and Interference
PMVECs were seeded into 6-well plates until they reached 70–80% confluence. Lipofectamine 3000 (L3000015, 
Invitrogen, USA) was used to transfect PMVECs with the miR-30b mimic (to achieve miR-30b overexpression), the 
NC mimic (negative control), the Wnt5a overexpression plasmid (pEXP-RB-Mam-EGFP2-Wnt5a, pEXP-Wnt5a), and 
empty plasmid (pEXP-RB-Mam-EGFP2, pEXP-empty) (RiboBio Corporation, Guangzhou, China). Twenty-four hours 
after transfection, PMVECs were treated with 2.5% CSE for 24 h.

The BMSCs were seeded and when the density reached 50–60%, an MOI value of 30 was used, knockdown of 
lentivirus miR-30b (HBLV-mmu-miR-30b-sponge-ZsGreen-PURO, miR-sponge) and lentivirus negative control (HBLV- 
ZsGreen-PURO, NC) (Hanbio Biotechnology Co. Ltd., Shanghai, China) were added; the solution was changed after 
16 h. The culture supernatant of BMSCs was collected to obtain exosomes for subsequent experiments.
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Western Blot
The protocol was similar to what has been published previously.18 In brief, total protein from the cells or lung tissue was 
extracted, and the protein concentration was determined. After protein separation and transfer to a membrane, the 
membrane was incubated with the appropriate primary antibody for 24 h at 4°C: Bcl-2 (#3498, CST, USA, 1:1000), Bax 
(14796, CST, USA, 1:1000), cleaved caspase-3 (#9661, CST, USA, 1:1000), GAPDH (10494-1-AP, Proteintech, USA, 
1:5000), Wnt5a (BA2839, Boster, China, 1:1000), and β-actin (AC038, ABclonal, China, 1:10,000). After incubation, the 
membrane was washed and incubated with the appropriate secondary antibody for 1 h at room temperature: goat anti- 
rabbit IgG conjugated to horseradish peroxidase (HRP) (SA00001-2, Proteintech, USA, 1:10000) or goat anti-mouse IgG 
conjugated to HRP (SA00001-1, Proteintech, USA, 1:10,000). Finally, the protein bands were detected using enhanced 
chemiluminescence substrate (GE2301, GENVIEW).

Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)
Total RNA was extracted using the TRIzol reagent (15596026, Invitrogen, USA). After determining the RNA concen-
tration, it was reverse transcribed using the RevertAid First Strand cDNA Synthesis Kit (K1622, Thermo, USA). Then, 
RT-qPCR was performed with SYBR green master mix (11184ES08, Yeasen, China) following the manufacturer’s 
instructions. The stem-loop method was used to reverse transcribe miRs. The primers of miR-30b (Lot 2131), mmu-let 
-7f-5p (Lot U0413), mmu-let-7a-5p (Lot Q0111), mmu-let-7c-5p (Lot R0815), mmu-let-7d-5p (Lot R0506), and U6 (Lot 
Q1124) were designed and constructed by RiboBio Corporation (Guangzhou, China). Each reaction was run in triplicate.

Flow Cytometry Analysis
Annexin V and propidium iodide (PI) staining (2324718, Invitrogen, USA) were used to analyze PMVECs apoptosis. 
After the PMVECs were washed and centrifuged, they were suspended in 200 µL of binding buffer and incubated with 
Annexin V for 15 min. Finally, the cells were incubated with PI. To set gates and to establish appropriate compensation 
settings, cells were stained with Annexin V alone, PI alone or neither reagent (blank). In this study, apoptotic PMVECs 
were positive for Annexin V and negative for PI (Quadrants 3, Q3).

Luciferase Assay
First, wild-type and mutant Wnt5a (Wnt5a-WT and Wnt5a-MT, respectively) plasmids were constructed (Bio 
Technology Company, China). Then, the mmu-miR-30b mimic or the NC mimic, and the Wnt5a-WT or Wnt5a-MT 
plasmid (1 µg/well in 6 well plates) were transfected into PMVECs by using Lipofectamine 3000 (L3000015, Invitrogen, 
USA). Twenty-four hours after transfection, firefly and Renilla luciferase activities were measured by using the dual- 
luciferase assay kit (KGAF040, Keygen Company, Jiangsu, China) following the manufacturer’s instructions. The 
normalized luciferase activity is expressed as the ratio of firefly luciferase to Renilla luciferase units.

Statistical Analysis
Statistical analysis was performed using SPSS Statistics Version 26.0 (IBM Corp., USA). Continuous variables with 
a normal distribution and homogeneous variances were expressed as mean ± standard deviation and were compared with 
the independent-samples t-test or analysis of variance. Least Significant Difference -t test was used for pairwise 
comparison between groups if continuous variables with a normal distribution and homogeneous variances. 
Continuous variables with a non-normal distribution or an uneven variance were expressed as interquartile range 
(IQR) and were compared with non-parametric methods. Kruskal–Wallis test was used for pairwise comparison between 
groups if continuous variables with a non-normal distribution or an uneven variance. A p-value < 0.05 was considered to 
be statistically significant.
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Results
Isolation and Identification of BMSCs and Exosomes
Figure 1A and B shows the morphology of BMSCs which were adherent growth. When induced to undergo osteogenic 
differentiation, there was a large amount of dark red bone tissue (Figure 1C). There was a large number of brown-yellow 
adipocytes after adipogenic differentiation (Figure 1D). In addition, there was a large number of blue cartilage cells after 
chondrogenic differentiation (Figure 1E). We also identified BMSCs by using flow cytometry analysis; of the cells, 
97.64% were positive for CD29, 99.16% were positive for CD44, 99.26% were positive for CD73, 94.34% were positive 
for CD105, 0.45% were positive for CD34, 3.89% were positive for CD45, and 2.82% were positive for CD11b 
(Figure 1F). These results indicated that most of the cells were indeed BMSCs.

Figure 1 Isolation and identification of BMSCs and exosomes. (A and B) BMSCs morphology after culturing (scale bar = 100 µm and 50 µm). (C) BMSCs were identified 
based on osteogenic differentiation (scale bar = 100 µm). (D) BMSCs were identified based on adipogenic differentiation (scale bar = 100 µm). (E) BMSCs were identified 
based on chondrogenic differentiation (scale bar = 100 µm). (F) BMSCs were identified based on flow cytometry analysis for surface marker including CD11b, CD29, CD34, 
CD44, CD45, CD73, and CD105. (G) Exosomes were characterized with transmission electron microscopy. (H) The average particle size of exosomes was identified with 
nanoparticle tracking analysis. (I) Exosomes were identified with Western blot. 
Abbreviation: BMSCs, Bone marrow mesenchymal stem cells.
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The exosomes appeared as membrane vesicle structures under a transmission electron microscope (Figure 1G). The 
average particle size was 72.97 nm (Figure 1H). Western blot showed that the exosomes contained CD9, CD63, CD81, 
and TSG101, but not calnexin (Figure 1I). These results were consistent with the characteristics of exosomes.

BMSCs-Derived Exosomes Attenuate Apoptosis of CSE-Induced PMVECs
First, we isolated mouse PMVECs via magnetic-activated cell sorting. Figure 2A shows the cobblestone morphology of 
the cell monolayers (P1) after culturing for 7 days. After subculturing the PMVECs (P2), the morphology was irregular 
or the spindle type (Figure 2B). Furthermore, immunofluorescence showed that more than 90% of the cells were positive 
for vWF (red), a typical marker of PMVECs (Figure 2C), thus confirming that we indeed isolated PMVECs.

Then, we treated PMVECs with different concentrations of CSE (0%, 1%, 2.5%, and 4%). The apoptotic rate 
increased gradually (Figure 2D). Considering that 4% CSE could induce marked cell death, we chose 2.5% CSE for the 
subsequent experiments. We found treatment of CSE-induced PMVECs with BMSCs-derived exosomes could increase 
the expression of Bcl-2, and decrease the expression of Bax, and cleaved caspase-3, which indicated a significant anti- 
apoptotic effect (p<0.05) (Figure 2E).

miR-30b is Enriched in BMSCs-Derived Exosomes and Delivered to PMVECs
To identify the miR expression profile and the mechanisms responsible for the protective effect of BMSCs-derived 
exosomes, we sequenced exosomal miRs. The top ten most abundant miRs were mmu-let-7f-5p, mmu-let-7a-5p, mmu-let 
-7c-5p, mmu-miR-30b, mmu-let-7d-5p, mmu-miR-34a-5p, mmu-miR-26a-5p, mmu-let-7b-5p, mmu-let-7i-5p, and mmu- 
miR-143-3p, (Figure 3A and B).

Among the top five miRs in BMSCs-derived exosomes, the expression of miR-30b was the highest, as determined 
with RT-qPCR (Figure 3C). Furthermore, we found that the expression of miR-30b was significantly decreased in CSE- 
induced PMVECs. Treatment of CSE-induced PMVECs with BMSCs-derived exosomes increased the expression of 
miR-30b (p<0.05) (Figure 3D). Furthermore, treatment of CSE-induced PMVECs with BMSCs-derived exosomes could 
reduce the apoptosis, while the knockdown of miR-30b in BMSCs-derived exosomes could increase the apoptosis 
(p<0.05) (Figure 3E), indicating that BMSCs-derived exosomes exert a protective effect on CSE-induced PMVECs 
perhaps by delivering miR-30b.

miR-30b Attenuates Apoptosis of CSE-Induced PMVECs
The expression of miR-30b decreased gradually as the CSE concentration increased (p<0.05) (Figure 4A). Then, we 
transfected PMVECs with a miR-30b mimic to overexpress miR-30b (Figure 4B). Flow cytometry analysis showed that 
miR-30b overexpression decreased the apoptotic rate of CSE-induced PMVECs (p<0.05) (Figure 4C). Western blot also 
confirmed that miR-30b overexpression significantly decreased the expression of Bax and cleaved caspase-3, and 
increased the expression of Bcl-2 (p<0.05) (Figure 4D).

miR-30b Attenuates Apoptosis of CSE-Induced PMVECs by Targeting Wnt5a
To investigate the exact effect of miR-30b, we predicted the targets of miR-30b by using two online databases: miRanda 
and TargetScan. Overlap analysis revealed that Wnt5a is a potential target of miR-30b. Notably, our luciferase reporter 
assay demonstrated that miR-30b could directly target the 3′-untranslated region (UTR) of Wnt5a (Figure 5A). In 
addition, the expression of Wnt5a increased gradually as the CSE concentration increased (Figure 5B). Treatment of 
CSE-induced PMVECs with BMSCs-derived exosomes decreased the expression of Wnt5a, while the expression of 
Wnt5a was increased after the knockdown of miR-30b in BMSCs-derived exosomes (p<0.05) (Figure 5C). In addition, 
miR-30b overexpression decreased the expression of Wnt5a in CSE-induced PMVECs (p<0.05) (Figure 6A). Next, we 
transfected PMVECs with the pEXP-RB-Mam-EGFP2-Wnt5a plasmid to overexpress Wnt5a. The overexpression of 
Wnt5a significantly increased PMVECs apoptosis (p<0.05) (Figure 6B). Finally, we transfected PMVECs with the miR- 
30b mimic and the pEXP-RB-Mam-EGFP2-Wnt5a plasmid. As expected, the overexpression of Wnt5a could reverse the 
anti-apoptotic effect of miR-30b in CSE-induced PMVECs (p<0.05) (Figure 6C).
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Figure 2 BMSCs-derived exosomes attenuate apoptosis of CSE-induced PMVECs. (A and B) Normal PMVECs morphology after culturing for P1 and P2 (scale bar = 
100 µm); P1, passage 1; P2, passage 2. (C) PMVECs were identified based on immunofluorescence staining for vWF (scale bar = 100 µm). (D) The apoptosis of CSE-induced 
PMVECs (CSE delivered at 0%, 1%, 2.5%, and 4%) was detected by flow cytometry analysis. (E) The proteins expression of Bax, Bcl-2, and cleaved caspase-3 were detected 
in CSE-induced PMVECs; CSE, 2.5% CSE. 
Abbreviations: CON, Control; Cigarette smoke extract; Ex, Exosomes; PMVECs, Pulmonary microvascular endothelial cells; vWF, von Willebrand factor.
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Figure 3 miRs are enriched in BMSCs-derived exosomes and delivered to PMVECs. (A) Heatmap of the top ten most abundant miRs in BMSCs-derived exosomes based on 
miR sequencing. (B) Bar chart of the top twenty most abundant miRs in BMSCs-derived exosomes based on miR sequencing (C) The expression of top five most abundant 
miRs in BMSCs-derived exosomes was detected by RT-qPCR. (D) The expression of miR-30b in PMVECs was detected by RT-qPCR. (E) The proteins expression of Bax, Bcl- 
2, and cleaved caspase-3 were detected in CSE-induced PMVECs after treatment with BMSCs-derived exosomes. CSE, 2.5% CSE. 
Abbreviations: CON, Control; Cigarette smoke extract; Ex, Exosomes; NC, Negative control; PMVECs, Pulmonary microvascular endothelial cells; RT-qPCR: Reverse 
transcription quantitative polymerase chain reaction; miR-sponge, the knockdown of miR-30b.
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Figure 4 miR-30b attenuates apoptosis of CSE-induced PMVECs. (A) The expression of miR-30b in CSE-induced PMVECs was detected by RT-qPCR (CSE delivered at 0%, 
1%, 2.5%, and 4%). (B) The expression of miR-30b in CSE-induced PMVECs after transfected with miR-30b mimic was detected by RT-qPCR; CSE, 2.5% CSE. (C) Apoptosis 
of CSE-induced PMVECs was detected by flow cytometry analysis; CSE, 2.5% CSE. (D) The protein expression of CSE-induced PMVECs was detected by Western blot; CSE, 
2.5% CSE. CON, Control; the NC mimic (negative control). 
Abbreviations: CSE, Cigarette smoke extract; PMVECs, Pulmonary microvascular endothelial cells.
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Figure 5 (A) A luciferase reporter assay demonstrated that miR-30b could directly target the 3′-UTR of Wnt5a. (B) The expression of Wnt5a was detected by Western 
blot in CSE-induced PMVECs (CSE delivered at 0%, 1%, 2.5%, and 4%). (C) The expression of Wnt5a was detected by Western blot in CSE-induced PMVECs after treatment 
with BMSCs-derived exosomes. CSE, 2.5% CSE. Wnt5a-WT, Wild-type Wnt5a; Wnt5a-MT, Mutant Wnt5a. miR-sponge, the knockdown of miR-30b. 
Abbreviations: CON, Control; CSE, Cigarette smoke extract; Ex, Exosomes; NC, Negative control; PMVECs, Pulmonary microvascular endothelial cells; 3′-UTR, 3′- 
untranslated regions.
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The Effects of BMSCs-Derived Exosomes in the Lung Tissue of COPD Mice
To identify the effects of BMSCs-derived exosomes and miR-30b in COPD mice, we administered an intratracheal 
instillation of BMSCs-derived exosomes and HBLV-mmu-miR-30b (miR-30b overexpression) to mice. Figure 7A shows 
a schematic outline of the animal experiment. The lung tissue of COPD mice showed enlarged alveolar spaces, thinner 
alveolar septa, and destruction of alveolar walls relative to control mice. In addition, COPD mice showed a higher DI and 
MLI (p<0.05). After treating COPD mice with BMSCs-derived exosomes and HBLV-mmu-miR-30b, the above changes 
were significantly improved (p<0.05) (Figure 7B). In addition, the expression of miR-30b was significantly decreased in 
COPD mice, while treatment with BMSCs-derived exosomes and HBLV-mmu-miR-30b significantly increased the 
expression of miR-30b in the lung tissues (p<0.05) (Figure 7C). TUNEL and CD31 double staining showed that 
COPD mice had more apoptotic PMVECs compared with control mice (p<0.05). However, the above change was 
reversed after treatment with BMSCs-derived exosomes and HBLV-mmu-miR-30b (p<0.05) (Figure 8). Furthermore, 
COPD mice showed a considerable increase in the expression of Bax, and cleaved caspase-3, but a decrease in the 
expression of Bcl-2. After treatment with BMSCs-derived exosomes and HBLV-mmu-miR-30b, the above protein 
expression changes were reversed (p<0.05) (Figure 9A). Moreover, miR-30b overexpression and treatment with BMSCs- 
derived exosomes showed the same protective effect in COPD mice.

In addition, the expression of Wnt5a was increased in COPD mice compared with the control mice (p<0.05), while 
the expression of Wnt5a was decreased after treatment with BMSCs-derived exosomes and HBLV-mmu-miR-30b 
compared with COPD mice (p<0.05) (Figure 9A and B).

Figure 6 (A) miR-30b overexpression decreased the expression of Wnt5a in CSE-induced PMVECs. (B) Wnt5a overexpression increased PMVECs apoptosis. (C) Wnt5a 
overexpression reversed the anti-apoptotic effect of miR-30b in CSE-induced PMVECs; CSE, 2.5% CSE. 
Abbreviations: CON, Control; CSE, Cigarette smoke extract; PMVECs, Pulmonary microvascular endothelial cells.
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Figure 7 The effects of BMSCs-derived exosomes in the lung tissue of COPD mice. (A) Schematic outline of the animal experiment. (B) HE staining of mice lung tissue 
(scale bar = 100 µm). (C) The expression of miR-30b in mice lung tissues was detected by RT-qPCR. N=8 mice per group; CSE, Cigarette smoke extract; COPD, Chronic 
obstructive pulmonary disease; DI, Destructive index; MLI, Mean linear intercept; RT-qPCR: Reverse transcription quantitative polymerase chain reaction. The COPD + Ex 
group was given an BMSCs exosomes; the COPD + miR-NC group was given an HBLV-ZsGreen-PURO negative control; the COPD + miR-OV group was given an HBLV- 
mmu-miR-30b–ZsGreen-PURO to achieve miR-30b overexpression.
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The Expression of miR-30b and Wnt5a in Patients with COPD
To evaluate the effect of miR-30b and Wnt5a in humans, we collected lung tissue samples from control participants and 
patients with COPD. The clinical characteristics of the participants are shown in Supplement Table 1. There were no 
significant differences in sex, age, and body mass index. Compared with the control participants, miR-30b expression 

Figure 8 The effects of BMSCs-derived exosomes in the lung tissue of COPD mice. TUNEL and CD31 double staining was used to detect apoptosis in mice lung tissue. The 
colors indicate all cells (blue), apoptotic cells (green) and PMVECs (red) (scale bar = 50 µm). N=8 mice per group; COPD, Chronic obstructive pulmonary disease; TUNEL, 
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling. The COPD + Ex group was given an BMSCs exosomes; the COPD + miR-NC group was given an 
HBLV-ZsGreen-PURO negative control; the COPD + miR-OV group was given an HBLV-mmu-miR-30b–ZsGreen-PURO to achieve miR-30b overexpression.
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was significantly decreased in patients with COPD (p<0.05) (Figure 10A). In addition, compared with the control 
participants, Wnt5a expression was significantly increased in patients with COPD (p<0.05) (Figure 10B and C).

Discussion
Previous studies have shown that the PMVECs apoptosis is involved in the development of COPD. The apoptotic rate of 
pulmonary vascular endothelial cells is significantly correlated with the degree of lung function impairment and 
emphysema. Therefore, in this study, we selected marginal lung tissues (within 3 mm) to isolate normal PMVECs. 
After enzymatic dispersion of lung tissues into a cellular suspension, we selected CD31-positive cells by using magnetic- 
activated cell sorting and cultured the cells in endothelial-specific growth conditions.22 Immunofluorescence staining 
confirmed that more than 90% of the cells were positive for vWF, which is the specific surface marker of endothelial 
cells. Hence, our isolated PMVECs were highly pure.

BMSCs are currently the most commonly used stem cells. Extraction of mesenchymal stem cells with high purity is 
crucial. The available methods for extracting mesenchymal stem cells include the whole bone marrow adherence method 
and density gradient centrifugation. The minimum standards for mesenchymal stem cells identification include: the 
ability to adhere to the wall of a culture dish; express CD105, CD73, and CD90, but not CD34 and CD45 on the surface; 
and the ability to differentiate into osteocytes and adipocytes.23 In addition, Ragni et al24 found that BMSCs are negative 
for CD34 and CD45, while strongly positive for CD44. In addition, Song et al25 found that BMSCs expressed CD 29 and 

Figure 9 The effects of BMSCs-derived exosomes in the lung tissue of COPD mice. (A) The proteins expression of Bax, Bcl-2, cleaved caspase-3, and Wnt5a were detected 
by Western blot in mice lung tissue. (B) The Wnt5a expression was detected by immunohistochemistry in mice lung tissue (scale bar = 50 µm). N=8 mice per group; COPD, 
Chronic obstructive pulmonary disease; The COPD + Ex group was given an BMSCs exosomes; the COPD + miR-NC group was given an HBLV-ZsGreen-PURO negative 
control; the COPD + miR-OV group was given an HBLV-mmu-miR-30b–ZsGreen-PURO to achieve miR-30b overexpression.
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CD90, but not CD45. In our study, we extracted BMSCs that expressed CD29, CD44, CD73, and CD105, but not CD34, 
CD45, and CD11b. In addition, the BMSCs could differentiate into osteocytes, adipocytes, and chondrocytes. This 
confirmed that the cells we extracted from bone marrow are consistent with mesenchymal stem cells characteristics.

Exosomes can deliver miRs and proteins to recipient cells, and also participate in intercellular communication. 
Mesenchymal stem cells-derived exosomes are rich in a variety of active substances, and have shown powerful 
therapeutic effects on cells injury and several diseases.26,27 In the present study, we found that BMSCs-derived exosomes 
could reduce apoptosis of CSE-induced PMVECs. Furthermore, to explore the underlying mechanisms by which 
BMSCs-derived exosomes relieve cells injury, we identified the miR expression profile in BMSCs-derived exosomes: 
let-7-5p, miR-30b, miR-34a-5p, miR-26a-5p, and miR-23a-3p were enriched. This is different from the results reported 
by Chen et al26 and Cao et al,27 perhaps because we extracted exosomes from mouse BMSCs, while they extracted 
exosomes from human BMSCs. Furthermore, based on RT-qPCR, we found that miR-30b expression was the highest in 
BMSC-derived exosomes. Treatment with BMSCs-derived exosomes could increase the expression of miR-30b in CSE- 

Figure 10 The expression of miR-30b and Wnt5a in patients with COPD. (A) The expression of miR-30b was detected in control participants and COPD patients. (B) The 
expression of Wnt5a, Bcl-2, and Bax were detected by Western blot in control participants and COPD patients. (C) The expression of Wnt5a was detected by 
immunohistochemistry in lung tissue (scale bar = 50 µm). Control participants (N=17) and COPD patients (N=11). 
Abbreviation: COPD, Chronic obstructive pulmonary disease.
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induced PMVECs. Notably, Gong et al28 found that miR-30b could be delivered to endothelial cells when mesenchymal 
stem cells-derived exosomes were co-cultured with umbilical vein endothelial cells, a finding similar to our results. In 
addition, treatment of CSE-induced PMVECs with BMSCs-derived exosomes could reduce the apoptosis, while the 
knockdown of miR-30b in BMSCs-derived exosomes could increase the apoptosis. Furthermore, we found that the 
overexpression of miR-30b could inhibit the apoptosis of CSE-induced PMVECs. This implies that BMSCs-derived 
exosomes may exert a protective effect by delivering miR-30b to CSE-induced PMVECs. In fact, Chen et al26 found that 
mesenchymal stem cells-derived exosomes could reduce apoptosis in hypoxia-induced beta cells by delivering miR-21. 
Jahangiri et al29 found that mesenchymal stem cells-derived exosomes could suppress proliferation, migration, invasion, 
and metastasis while inducing the apoptosis of the colorectal cancer cells via miR-100. However, the detail mechanism 
needs to be further explored.

Wnt5a is a secreted glycoprotein that belongs to the noncanonical Wnt family. Wnt5a and it’s signaling pathway 
exhibit dual effects on angiogenesis and may be a potential target for the treatment of angiogenesis-related diseases.30 On 
the one hand, Wnt5a can promote angiogenesis.31 However, in some reports, Wnt5a may suppress angiogenesis, reducing 
both endothelial cell proliferation and capillary length.32 In the present study, the expression of Wnt5a was significantly 
increased in CSE-induced PMVECs, and the overexpression of Wnt5a significantly increased the apoptosis of PMVECs. 
In fact, Wang et al33 found that the fine-particulate matter (PM2.5) aggravates CSE-induced airway inflammation via 
Wnt5a-extracellular signal-regulated kinase pathway in COPD. PM2.5 induces lung inflammation and fibrosis via airway 
smooth muscle cell expression of the Wnt5a/JNK pathway.34 Furthermore, we found that miR-30b could reduce CSE- 
induced PMVECs apoptosis by targeting Wnt5a. A previous study confirmed that miR-30b could inhibit osteoblast 
differentiation through targeting BCL6.35 Upregulated miR-374a-5p drives psoriasis pathogenesis through WIF1 down-
regulation and Wnt5a/NF-κB activation.36 miR-141-3p reduces cell migration and proliferation in an in vitro model of 
atherosclerosis by targeting Wnt5a.37 These findings are similar to our results.

Furthermore, to explore the role of BMSCs-derived exosomes in lung tissue of COPD mice, we used an intraper-
itoneal injection of CSE to establish a COPD mouse model. We previously confirmed that intraperitoneal injection of 
mice with CSE could successfully construct a COPD mouse model and that PMVECs apoptosis is increased in these 
mice, a change that is significantly correlated with the impaired lung function and emphysema. In addition, previous 
studies have shown that COPD established by intraperitoneal injection of CSE has a similar phenotype with what is 
induced by exposure to cigarette smoke.5–7,18 In addition, we treated the mice with BMSCs-derived exosomes and 
HBLV-mmu-miR-30b via intratracheal instillation. Compared with intravenous administration, intratracheal instillation 
allows full distribution of the drug directly to the lung tissues. Several studies have confirmed that the safety and efficacy 
of intratracheal instillation.38–40 We found that the expression of miR-30b was significantly decreased in COPD mouse 
lung tissue. Consistently, Fu et al41 found that the miR-30b was downregulated in the lung of COPD rats. Izzotti et al42 

also found that the expression of miR-30b was significantly decreased in cigarette smoke-induced rats. These findings 
indicate the potential role of miR-30b in COPD progression. Furthermore, we found that BMSCs-derived exosomes 
could improve the damage of CSE-induced COPD, ameliorate PMVECs apoptosis, and decrease the expression of 
Wnt5a, and increase the expression of miR-30 in lung tissue. What’s more, we conducted a direct comparison between 
the overexpression of miR-30b and BMSCs-derived exosomes, and there was a same protective effect between the 
overexpression of miR-30b and BMSCs-derived exosomes in COPD mice. This implies that BMSCs-derived exosomes 
might exert a protective effect perhaps by delivering miR-30b in COPD mice. Wu et al43 found that exosomal miR-30b- 
5p derived from BMSCs could promote non-small cell lung cancer cell apoptosis and prevent tumorigenesis in nude mice 
via the EZH2/PI3K/AKT axis. Zhao et al44 showed that mesenchymal stem cells-derived exosomes reduced myocardial 
ischemia/reperfusion injury in mice by shuttling miR-182. In addition, mesenchymal stem cells-derived exosomes 
inhibited vascular remodeling and hypoxic pulmonary hypertension in hypoxic mice and increased the expression of 
miR-204.45

We also determined the expression of miR-30b and Wnt5a in the lung tissue of patients with COPD. We found that 
the miR-30b was decreased, while Wnt5a was increased in COPD patients. Baarsma et al14 found that Wnt5a was 
increased in primary lung fibroblasts from patients with COPD and induced by COPD-related stimuli, such as cigarette 
smoke.
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Our study has limitations. We directly treated PMVECs with miR-30b to confirm its impact on apoptosis, and then 
found that BMSCs-derived exosomes inhibit PMVECs apoptosis perhaps by delivering miR-30b, a finding similar to 
a previous study.46 Furthermore, a better confirmation of the protective effect of BMSCs-derived exosomes would have 
been to pretreat BMSCs with miR-30b, and to treat PMVECs with these exosomes. We will use this approach in our 
future research. In addition, we examined a relatively small number of patients with COPD, although we included as 
many cases as possible.

Conclusions
BMSCs-derived exosomes could improve the damage of COPD perhaps by delivering miR-30b. miR-30b could reduce 
apoptosis of CSE-induced PMVECs by targeting Wnt5a.
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