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Abstract. Chronic obstructive pulmonary disease (COPD) 
and obstructive sleep apnea (OSA) are highly prevalent 
potential risk factors for systemic disease. Previous studies 
have reported that COPD and OSA are major independent risk 
factors for cardio‑ or cerebrovascular diseases. The present 
study aimed to investigate the role of bone marrow mesen‑
chymal stem cells (BMSCs) on vascular injury in a COPD‑OSA 
overlap syndrome (OS) rat model. Rats were randomly divided 
into three groups: Sham, OS model and BMSC. BMSC 
localization in major organs was detected via confocal laser 
fluorescence microscopy, and the aortic tissue pathological 
changes and related genes were measured using hematoxylin 
& eosin and Masson staining. Genes associated with vascular 
endothelial cell injury, including endothelin 1, vascular cell 
adhesion molecule 1 and endothelial nitric oxide synthase, 
were detected via reverse transcription‑quantitative PCR and 
western blotting. Apoptosis of vascular endothelial cells was 
detected using TUNEL and immunofluorescence assays. The 
endothelial cell marker CD31 in injured vessels was analyzed 
via immunohistochemistry. BMSCs migrated into the heart, 
liver, spleen, lung, kidney, brain and aorta in the OS model. 
The green fluorescence expression of BMSCs demonstrated 
the highest level in the lung, followed by the aorta. Aortic tissue 
had a more severe vascular injury and increased apoptosis in 
the model group compared with the BMSC group. Vascular 
endothelial cell apoptosis was decreased in the BMSC group 
compared with the model group. The findings suggested that 

BMSCs could repair vascular injury by inhibiting endothelial 
cell damage and apoptosis. These data provide a theoretical 
basis for the treatment of cardiovascular diseases caused by 
OS with BMSCs.

Introduction

Chronic obstructive pulmonary disease (COPD) is a disease 
characterized by persistent airflow limitation (1). According to 
a report published by the World Health Organization, COPD 
will become the 4th leading cause of disease‑related economic 
burden and the 3rd leading cause of mortality worldwide 
by 2030  (2). Obstructive sleep apnea (OSA) is a systemic 
disease with a high incidence and certain potential risks, 
such as cardiovascular and metabolic disease. Reports have 
indicated that OSA affects 17% of women and 34% of men 
in the US, and has a similar prevalence in other countries (3). 
Previous studies have reported that OSA is an independent 
risk factor for coronary heart disease, congestive heart failure 
and cerebrovascular disease (4,5), although the correlation 
between these diseases and OSA has not been systematically 
studied.

David Flenley (6) was the first to create the term ‘overlap 
syndrome’ (OS), referring to the coexistence of COPD with 
OSA, and some studies have revealed a decreased survival 
rate among patients with OS compared with those with either 
COPD or OSA alone (7,8). Clinical studies have reported that 
vascular endothelial injury occurs in both COPD and OSA, 
and endothelial dysfunction is more severe in patients with 
OS compared with patients with either condition alone and is 
correlated with the severity of the disease (9,10). Intermittent 
hypoxia can induce the production of cytokines, including 
TNF‑α, IL‑6 and IL‑8, and adhesion molecules by activating 
another important transcription factor, NF‑κB to promote the 
development of inflammatory reactions and affect the forma‑
tion of atherosclerosis  (11,12), thereby leading to vascular 
endothelial dysfunction  (13). Therefore, identification of 
therapeutic strategies for vascular endothelial injury is crucial 
for the treatment of OS. To the best of our knowledge, research 
on vascular injury in OS is currently lacking. At present, 
there are few effective drugs in clinical treatment of OS (14). 
Therefore, it is important to conduct in‑depth research on 
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novel therapeutic measures to improve vascular endothelial 
injury and dysfunction. 

Cell therapy has been used in the study of pulmonary 
diseases and the treatment of vascular complications  (15). 
Previous studies have reported that embryonic stem cells and 
bone marrow (BM)‑derived endothelial progenitor cells (EPCs) 
can differentiate into vascular endothelial cells (VECs) (16). 
COPD animal model studies have revealed that allogeneic 
EPCs transplanted into the trachea can prevent or delay disease 
progression by reducing inflammatory infiltration, relieving 
VEC apoptosis, increasing antioxidant activity and inhibiting 
proteolytic enzyme activity  (17). BM mesenchymal stem 
cells (BMSCs) are considered cell transplantation and tissue 
engineering seed cells due to their convenience, simple sepa‑
ration, rapid expansion, high safety, low immunogenicity and 
multi‑directional differentiation potential (18‑20). BMSCs can 
quickly migrate from the BM into the peripheral circulation, 
mobilize to injury sites and differentiate into EPCs that further 
differentiate into VECs to repair the injury (21). MSCs have 
potential therapeutic roles in the treatment of obstructive sleep 
apnea‑hypopnea syndrome (OSAHS) (22) and COPD (23,24). 
Previous studies have revealed that BMSCs can differentiate 
into alveolar epithelial cells in animals with lung injury and 
can repair pathological tissue (25,26). However, to the best of 
our knowledge, few studies have been conducted to evaluate 
the effect of BMSCs on vascular injury in an OS rat model. 
Therefore, the aim of the present study was to investigate the 
role of BMSCs on vascular injury in COPD‑OSA OS in vivo.

In the current study, an OS rat model was constructed 
using the smoke chamber exposure and intermittent hypoxia 
method, and then BMSCs were intravenously injected into 
rats. The localization of BMSCs was identified in some major 
organs using immunofluorescence assays, and the injured 
vascular tissues were collected to determine the damage via 
hematoxylin and eosin (H&E) staining, reverse transcription‑
quantitative (RT‑q)PCR and western blot analysis. Apoptosis 
of VECs was detected using TUNEL and immunofluorescence 
assays. CD31 expression in injured vessels was detected via 
the immunohistochemical technique. 

Materials and methods

Animal grouping. A total of 24 Sprague‑Dawley rats (female; 
weight, 120±20 g; age, 6 weeks) were purchased from Beijing 
Vital River Laboratory Animal Technology Co., Ltd. Rats 
were maintained in a clean‑grade room under controlled 
temperature and lighting conditions with a 12‑h light/dark 
photoperiod at 19‑23˚C and 40‑60% humidity in the Animal 
Center of Kunming Medical University. The diet and drinking 
water of the rats were not restricted. In total, five rats were 
kept per cage. All animal experiments were approved by the 
Animals Ethics Committee of The First People's Hospital of 
Kunming and the Guide for the Care and Use of Laboratory 
Animals. 

The OS rat model was established using the cigarette 
smoke and intermittent hypoxia exposure method according to 
our previous study (27). BMSCs were isolated from the femur 
and tibia of 1‑week‑old Sprague‑Dawley rats (female; weight, 
120±20 g). The extraction method of BMSCs in rats were 
performed as described previously (27). A total of 24 female 

rats were randomly divided into three groups (n=8): Sham, 
OS model and BMSC. Rats in the sham group were treated 
with false smoke and air (~21% O2) exposure. The OS model 
was established using the cigarette smoke and intermittent 
hypoxia exposure method. The 6‑week‑old female SD rats 
were exposed to cigarette smoke every day at 8:00 to 8:30 a.m. 
and 5:30 to 6:00 p.m. (15 cigarettes at once, two times daily), 
intermittent hypoxia with ~99% nitrogen  (N2) for 30  sec 
and then exposed to air (~21% O2) every day for 90 sec at 
9:00 to 5:00 p.m. (30 times per hour, 8 h per day) for 8 weeks. 
All rats were successfully established as the OS model. 
BMSCs were labeled with the enhanced green fluorescent 
protein (GFP) lentivirus (cat. no. GM100202‑2; Genomeditech 
Co., Ltd.) following the manufacturer's instructions. Following 
24 h after cigarette smoke and intermittent hypoxia exposure, 
the rats in the model group were injected intravenously with 
PBS (50 µl), and those in the BMSC group were injected intra‑
venously with 50 µl BMSCs (total number of cells, 2x106/rat) 
using a 1 ml syringe via the tail vein (one time/week on the 7th 
day of each week, for a total of four times). A total of 4 weeks 
after the last injection, the green fluorescence of BMSC in 
different tissues was observed under a confocal fluorescence 
microscope with magnification at x900 (Leica Microsystems 
GmbH). Rats were euthanized with an overdose of anesthetic 
(sodium pentobarbital 150 mg/kg; intraperitoneal). The rats 
had no heartbeat, continued involuntary breathing for 2‑3 min 
and had no blink reflex, which was considered to indicate 
mortality. The descending aorta of aortic tissues were then 
collected from the rats. 

The OS animal model was considered successfully 
established by evaluating lung morphologic analysis, as well 
as quantifying the emphysema and lung injury score, based on 
our previous study (27). Hypoxia and certain cardiovascular 
and cerebrovascular diseases can cause vascular injury in the 
large and medium‑sized arteries (28), and so the most repre‑
sentative thoracic aorta (the descending aorta) was the primary 
research target. The descending aorta in the thoracic aorta is 
relatively thick and straight, and is easy to obtain sections 
from and to observe (28); thus, the descending aorta was used 
as the experimental tissue. In total, three of the OS model rats 
were injected intravenously with the GFP‑labeled BMSCs 
(2x106/rat) to investigate the location and differentiation of 
the transplanted BMSCs, and five of the OS model rats were 
injected intravenously with unlabeled BMSCs for examination 
with the TUNEL assay. All rats were used to perform H&E 
staining and immunocytochemistry assays.

Aorta morphologic analysis. Aortic tissues were fixed in 
4% formalin for 24  h at room temperature, embedded in 
paraffin, cut into 4‑µm‑thick sections and stained with H&E 
(cat. no. G1120; Beijing Solarbio Science & Technology Co., 
Ltd.) for 10 min each at room temperature. The experiment 
was conducted according to the manufacturer's instructions. 
The tissue sections were examined via light microscopy at 
x400 magnification.

Masson staining. Aortic tissues were fixed in 4% formalin 
for 24  h at room temperature, embedded in paraffin, cut 
into 4‑µm‑thick sections and stained with a Masson kit 
(cat. no. G1340; Beijing Solarbio Science & Technology Co., 
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Ltd.) for 5 min at room temperature. The experiment was 
conducted according to the manufacturer's instructions. In 
total, ≥3 200‑fold fields of view were randomly selected for 
each slice in each group. The tissue sections were examined 
using light microscopy at x200 magnification. The collagen 
volume fraction (CVF) of the sections was determined using 
the ratio of pixel area of blue collagen fibers to total artery area 
using Image‑Pro Plus 6.0 software (Media Cybernetics, Inc.).

TUNEL assay. The apoptosis of VECs was performed 
as previously described  (27) using a TUNEL assay kit 
(cat.  no.  11684817910; Roche Diagnostics, Inc.). Tissue 
samples were fixed in 4% formaldehyde for 24 h at room 
temperature and embedded in paraffin. Next, 4‑µm‑thick 
paraffin sections were adhered to slides. Sections were 
deparaffinized by heating the slides for 30 min at 60˚C. The 
sections were washed with PBS twice. The sample was added 
to 50 µl TUNEL assay solution and incubated at 37˚C for 
60 min in the dark. Then, the samples were washed with 
PBS twice. Sections were counterstained with hematoxylin 
for 5‑10 min at room temperature to visualize nuclei. The 
film was sealed via anti‑fluorescence quenching, and the 
sections were observed under a confocal microscope with 
x400 magnification. In total, three fields of view were 
randomly selected. The available excitation wavelength 
range was 450‑500 nm, and the emission wavelength range 
was 515‑565 nm (green fluorescence). The tissue sections 
were examined via confocal microscopy.

Immunofluorescence. The tissue sections were placed in 
a 65˚C incubator and baked for 15 min. Paraffin sections 
were incubated at room temperature in xylene Ⅰ for 15 min, 
xylene Ⅱ for 15 min, ethanol Ⅰ for 5 min, anhydrous ethanol Ⅱ 
for 5 min, 85% alcohol for 5 min, 75% alcohol for 5 min 
and distilled water to wash. Then, the samples were washed 
with PBS  +  0.1% Triton  X‑100T  (PBST) three times for 
5 min each, at room temperature in a shaking bed. Tissue 
sections were placed in a repair box filled with EDTA antigen 
repair buffer, and antigen repair was conducted for 10 min 
at 100˚C in the microwave oven. Then, slices were washed 
with 0.1% PBST three times, for 5 min each time, at room 
temperature in a shaking bed. The tissue was blocked with 
5% v/v normal goat serum (cat. no. SL038; Beijing Solarbio 
Science & Technology Co., Ltd.) for 30 min at room tempera‑
ture. Sections were incubated with an anti‑CD34 antibody 
(1:100; cat. no. A10796; ABclonal Biotech Co., Ltd.) overnight 
at 4˚C and with a CoraLite594‑conjugated secondary antibody 
(1:100; cat. no. SA00013‑4; ProteinTech Group, Inc.) for 2 h 
at room temperature. Prior to DAPI staining of the nuclei, 
sections were washed three with PBS for 5 min each. Then, 
10 µg/ml DAPI dye was added and incubated at room tempera‑
ture in the dark for 10 min. Film sealing was performed by 
washing with PBS three times. The section was sealed with 
anti‑fluorescence quenching sealant. Sections were observed 
using a confocal microscope with x400 magnification.

Immunocytochemistry. Aortic tissues were fixed in 4% 
formalin for 24 h at room temperature, embedded in paraffin 
and cut into 4‑µm‑thick sections. An immunocytochemistry 
assay was performed according to a previous described 

method (27). The section was blocked with 5% v/v normal goat 
serum (cat. no. SL038; Beijing Solarbio Science & Technology 
Co., Ltd.) for 30 min at room temperature. Sections were 
incubated with an anti‑CD31 antibody (1:100; cat. no. A3181; 
ABclonal Biotech Co., Ltd.) overnight at 4˚C and then incu‑
bated with goat anti‑rabbit IgG (H+L) horseradish peroxidase 
(HRP)‑conjugated secondary antibody (1:200; cat. no. AS014; 
ABclonal Biotech Co., Ltd.) for 2 h at room temperature. 
The reactions were visualized using a 3,3'‑diaminobenzidine 
visualization kit (Fuzhou Maixin Biotech Co., Ltd.) for 10 min 
at room temperature. Sections were counterstained with 
hematoxylin to visualize nuclei, stained with hematoxylin for 
5‑10 min at room temperature and dehydrated. Sections were 
examined under a light microscope at a magnification of x200. 
Brown staining indicated immunoreactive cells, and blue 
staining indicated the nuclei. Sections were analyzed using 
Image‑Pro Plus software (version 6.0; Media Cybernetics, 
Inc.) to obtain the integrated optical density.

RT‑qPCR. Total RNA from aortic tissues was extracted using 
TRIzol® (Takara Bio, Inc.). cDNA was synthesized from the 
RNA using a cDNA first strand synthesis kit (Takara Bio, Inc.) 
according to the manufacturer's instructions (37˚C for 15 min, 
85˚C for 5  sec). qPCR was performed using SYBR‑Green 
PCR master mix (Takara Bio, Inc.). The qPCR reaction ampli‑
fication system was as follows: Initial denaturation at 95˚C 
for 10 min, 40 of cycles of denaturation at 95˚C for 15 sec, 
annealing at 60˚C for 15 sec and elongation at 60˚C for 60 sec. 
The reaction was performed in a PCR amplification system 
(ABI 7300; Thermo Fisher Scientific, Inc.). The following 
primers were used: Endothelin‑1 (ET‑1) forward (F), 5'‑ACC​
ACA​GAC​CAA​GGG​AAC​AG‑3' and reverse (R), 5'‑GGT​CTT​
GAT​GCT​GTT​GCT​GA‑3'; vascular cell adhesion molecule‑1 
(VCAM‑1) F, 5'‑TGA​CAT​CTC​CCC​TGG​ATC​TC‑3' and R, 
5'‑CTC​CAG​TTT​CCT​TCG​CTG​AC‑3'; endothelial nitric oxide 
synthase (eNOS) F, 5'‑TGA​CCC​TCA​CCG​ATA​CAA​CA‑3' 
and R, 5'‑CTG​GCC​TTC​TGC​TCA​TTT​TC‑3'; and GAPDH 
F, 5'‑CTC​ATG​ACC​ACA​GTC​CAT​GC‑3' and R, 5'‑TTC​AGC​
TCT​GGG​ATG​ACC​TT‑3'. Relative gene expression data was 
analyzed via the 2‑ΔΔCq method (29).

Western blot analysis. Aortic tissues from all rats were 
extracted with RIPA lysis buffer (Beyotime Institute of 
Biotechnology). Protein concentration was determined 
using the BCA Protein Assay kit (Beyotime Institute of 
Biotechnology), and 35 µg protein was analyzed with 10% 
SDS‑PAGE. Then, the protein was transferred to the PVDF 
membrane. The membrane was treated in a blocking solution 
(5% skimmed milk) at room temperature for 2 h and incubated 
with an anti‑ET‑1 (1:1,000; cat. no. A0686; ABclonal Biotech 
Co., Ltd.), anti‑VCAM‑1 (1:1,000; cat. no. A11236; ABclonal 
Biotech Co., Ltd.), anti‑eNOS (1:1,000; cat. no.  A1548; 
ABclonal Biotech Co., Ltd.), anti‑CD31 (1:1,000; cat. 
no. A3181; ABclonal Biotech Co., Ltd.), anti‑GFP Tag (1:1,000; 
cat. no. 50430‑2‑AP; ProteinTech Group, Inc.) or anti‑β‑actin 
antibodies (1:5,000; cat. no.  20536‑1‑AP; ProteinTech 
Group, Inc.) at 4˚C for overnight, followed by incubation 
with HRP Goat Anti‑Rabbit IgG (H+L) secondary antibody 
(1:5,000; cat. no. AS014; ABclonal Biotech Co., Ltd.) at room 
temperature for 1 h. The membrane was detected with the ECL 
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Detection reagents (EMD Millipore). The optical density of 
the resulting bands was determined using ImageJ 2x software 
(Rawak Software, Inc.), and the densitometry measurements 
were normalized to that of β‑actin.

Statistical analysis. Data are presented as the mean ± SD. 
Comparisons were assessed with one‑way ANOVA followed 
by Tukey's post hoc test, using GraphPad Prism software 
version 5.0a (GraphPad Software, Inc.). All experiments were 
conducted ≥3  times. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Body observation of rats in each group. All rats survived. In 
the OS group rats, the initial reaction to smoke was irritability, 
and then the rats exercised less and closed their eyes. When 
exposure to smoke was prolonged, rats gradually appeared to 
breathe abnormally and salivate, as well as had an intermit‑
tent cough. After 2‑3 weeks of audible wheezing, their skin 
became yellow and signs of depression were observed, with 
a loss of appetite and a loss of weight. The rats in the BMSC 
group demonstrated normal activity, yellowing fur, a slightly 
decreased appetite and little change in body size. The rats 
in the sham group demonstrated normal activity before and 
after the experiment, good appetite, fat bodies, no shedding of 
fur and no cyanosis caused by breathing air (data not shown). 
The weight of rats was significantly decreased in the model 
group (217.23±7.19 g) compared with that in the sham group 

(254.26±9.92 g), but no difference between the sham group 
and the BMSC group was observed (251.78±6.34 g).

Localization of BMSCs in OS rats. To investigate the local‑
ization of BMSCs in OS rats, GFP‑BMSCs were injected into 
OS rats via the tail vein. As presented in Fig. 1, green fluores‑
cence was identified in seven major organs of OS rats using 
confocal microscopy. It was found that green fluorescence 
was expressed in all seven tissues type, but was most obvious 
in lung and arterial tissues (Fig. 1A). This finding suggested 
that lung and arterial tissues may be severely damaged in the 
OS model, and that BMSCs could migrate to the damaged 
tissues. The GFP‑labeled BMSCs were verified using western 
blot analysis. GFP protein expression was significantly 
higher in the BMSC group compared with that in the model 
group (Fig. 1B and C). 

BMSCs repair arterial injury. The pathological morphology 
of arterial tissues was detected using H&E staining. In the 
sham group, the vascular wall structure of the aorta was clear, 
and the boundary of the outer membrane, middle membrane 
and intima was clear  (Fig.  2A). In the model group, the 
vascular wall structure of the aorta was disordered, and the 
boundary between the outer membrane, middle membrane 
and intima was not clear. Moreover, the elastic membrane 
of the media was not visible, and smooth muscle cells were 
disordered and swollen. Hyperplasia, cell morphology 
changes and endothelial swelling were also observed. In the 
BMSC group, the vascular wall structure of the aorta was 

Figure 1. Localization of BMSCs in major organs of OS rats. (A) BMSC expression in the heart, liver, spleen, lung, kidney, brain and aortic tissues under a 
fluorescence microscope (magnification, x900). Scale bar, 20 µm. The nucleus is stained with DAPI. (B) Protein expression levels of GFP in the aortas were 
detected via western blot analysis. (C) Semi‑quantitative results of western blotting in all groups. ***P<0.001 vs. the model group. GFP, green fluorescent 
protein; BMSC, bone marrow mesenchymal stem cells.
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clear, the tunica media was thickened, the smooth muscle 
cells were proliferated, the arrangement of the vascular wall 
structure was not orderly and endothelial cells were slightly 
swollen (Fig. 2A). These results indicated that arterial tissues 
were severely damaged in the OS model, and that BMSCs 
can inhibit these damages.

BMSCs inhibit collagenous fiber formation in OS rats. The 
collagenous fibers of arterial tissues were examined using 
Masson staining. Compared with that of the sham group, 
the expression of collagen fibers (blue) in the outer and 
medial membrane of aortic tissues of the model group was 
markedly increased, and its elastic fibers (red) were notably 
decreased (Fig.  2B). Compared with that of the model 
group, the expression of collagen fibers in the BMSC group 
was significantly decreased, but was still higher compared 
with that in the sham group. The collagen fibers (blue) 
were also quantified based on the CVF  (Fig.  2C). These 
results suggested that BMSCs repaired arterial injury by 
inhibiting the formation of collagen fibers.

BMSCs suppresses endotheliocyte injury in OS rats. To 
demonstrate whether BMSCs can suppress endotheliocyte 
injury, the endotheliocyte injury‑related genes ET‑1, VCAM‑1 
and eNOS were assessed via RT‑qPCR and western blotting. 
The expression levels of ET‑1 and VCAM‑1 were significantly 
increased in the model group compared with the sham group, 
but were decreased in the BMSC group compared with the 
model group (Fig. 3A). The expression of eNOS was signifi‑
cantly decreased in the model group compared with the sham 
group, and was upregulated in the BMSC group compared 

with the model group. The results of the western blot analysis 
were consistent with the RT‑qPCR results (Fig. 3B and C). 
These findings suggested that BMSCs repaired arterial injury 
by inhibiting endotheliocyte injury.

BMSCs suppress endotheliocyte apoptosis in OS rats. 
A TUNEL assay was performed to detect endothelio‑
cyte apoptosis. The apoptotic cells under f luorescence 
microscopy displayed green fluorescence, while the endo‑
theliocytes under fluorescence microscopy fluoresced red. 
The co‑expression of red and green fluorescence indicated 
apoptotic endotheliocytes. Compared with the sham group, 
higher levels of endotheliocyte apoptosis were observed in 
the model group. Endotheliocyte apoptosis was significantly 
decreased in the BMSC group compared with the model 
group, although it was greater compared with that in the 
sham group (Fig. 4A and B). Quantitative analysis of the 
co‑expression of green and red fluorescence indicated that 
BMSCs significantly suppressed the apoptosis of endo‑
theliocytes induced by OS model (Fig. 4B). These results 
demonstrated that BMSCs repaired arterial injury by inhib‑
iting endotheliocyte apoptosis.

BMSCs increase the expression of CD31 in aortic tissues 
of OS rats. The expression of CD31 protein was detected 
using an immunohistochemical assay. Lower levels of brown 
staining were observed in the aortic tissues of the model 
group compared with that in the sham group (Fig. 5A and B). 
However, BMSC transplantation significantly increased the 
brown staining in the aortic tissues of OS rats (Fig. 5A and B). 
The quantitative results of the immunohistochemical assay 

Figure 2. BMSCs inhibit the aortic injury induced by the OS model. (A) Hematoxylin and eosin staining of aortic tissue sections in the sham group, model group 
and BMSC group. Magnification, x400. (B) Collagenous fiber formation of vessels were detected via Masson staining. Magnification, x200. (C) Collagenous 
fiber was quantified using the collagen volume fraction. *P<0.05 and ***P<0.001 vs. the sham group; ##P<0.01 vs. the model group. BMSC, bone marrow 
mesenchymal stem cells.
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are presented in Fig. 5B. CD31 protein expression was also 
detected using western blot analysis (Fig. 5C and D), and the 
same changes were identified as those indicated by the immu‑
nohistochemical assay results. Collectively, it was suggested 
that BMSCs inhibited the apoptosis of endotheliocytes in the 
aortic tissues of OS rats.

Discussion

Clinically, OSA combined with COPD is known as OS (30). 
Both COPD and OSA involve vascular endothelial injury, 
and the endothelial dysfunction in patients with OS is more 
serious compared with that of either condition alone and is 

Figure 3. BMSCs suppress endotheliocyte injury in the aortas of OS rats. (A) mRNA expression levels of ET‑1, VCAM‑1 and eNOS in aortas were detected 
using reverse transcription‑quantitative PCR. (B) Protein expression levels of ET‑1, VCAM‑1 and eNOS in the aortas were detected using western blotting. 
(C) Semi‑quantitative results of western blotting in all groups. *P<0.05, **P<0.01 and ***P<0.001 vs. the sham group; #P<0.05 and ###P<0.001 vs. the model group. 
BMSC, bone marrow mesenchymal stem cells; ET‑1, endothelin‑1; VCAM‑1, vascular cell adhesion molecule‑1; eNOS, endothelial nitric oxide synthase.

Figure 4. BMSCs suppress endotheliocyte apoptosis in the aortas of OS rats. (A) Apoptosis of endotheliocytes in the aortas of the sham group, model group 
and BMSC group were detected via TUNEL assays. Green fluorescence indicates apoptotic cells using a TUNEL assay. Red fluorescence indicates the endo‑
theliocytes using a CD34 immunofluorescence assay. Magnification, x400. The nucleus was stained with DAPI. (B) Quantitative analysis of the co‑expression 
of green and red fluorescence, indicating apoptotic endotheliocytes in the aorta. ***P<0.001 vs. the sham group; ###P<0.001 vs. the model group. BMSC, bone 
marrow mesenchymal stem cells.
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correlated with the severity of the disease (9). COPD and OSA 
have different pathogeneses, leading to contradictory clinical 
treatments of patients with OS (7). Currently, there are no 
effective drugs for the treatment of OS in clinical practice (14). 
Therefore, novel therapeutic measures to improve vascular 
endothelial injury and dysfunction are urgently required.

Cell therapy has been widely used in the study of pulmo‑
nary diseases, and its research topics include the treatment of 
chronic pulmonary diseases and vascular‑related complications 
via cell lung transplantation and circulating stem/progenitor 
cells (15). BMSCs are non‑hematopoietic stem cells with multi‑
differentiation potential and have the ability to induce tissue 
regeneration, anti‑inflammatory effects and immunosuppres‑
sion (31). MSC transplantation can downregulate inflammatory 
mediators in COPD and OSAHS animal models (32,33). It has 
also been reported that embryonic stem cells and BM‑derived 
EPCs can differentiate into VECs  (16). Studies on various 
animal disease models have revealed that MSCs can repair 
vascular endothelial injury and correct dysfunction by inhibiting 
inflammation, oxidative stress and endotheliocyte apoptosis, as 
well as directly differentiating into endotheliocytes (34‑36). 
Moreover, MSCs alleviate acute lung injury by enhancing 
anti‑inflammatory pathways (37). Based on the aforementioned 
studies, it was hypothesized that BMSC therapy may be a new 
and effective treatment approach for vascular endothelial injury, 
dysfunction or apoptosis in patients with OS. To the best of our 
knowledge, few studies have investigated the effect of BMSCs 
on aortic endothelial injury in an OS rat model. 

Our previous experiment demonstrated that the inhibition 
of the progression of emphysema by BMSCs in the OS model 
may be via the differentiation of BMSCs into endotheliocytes, 
consequently suppressing endotheliocyte apoptosis, and by their 
antioxidative stress function (27). However, the effect of BMSC 

transplantation on aortic injury remained unknown. The present 
study constructed an OS rat model using cigarette smoke and 
intermittent hypoxia. It was found that transplanted BMSCs 
migrated not only into lung tissues, but also into the aorta, heart, 
liver, spleen, kidney and brain. However, the greatest number 
of BMSCs migrated to lung and aortic tissues. Granulocyte 
colony‑stimulating factor can promote the migration of BMSCs 
to damaged lung tissue, ultimately alleviating pulmonary 
fibrosis (38). Extracellular vesicles derived from BMSCs could be 
beneficial in undertaking a reparative effort in abdominal aortic 
aneurysm‑induced degeneration of vascular tissue (39). BMSCs 
can migrate to damaged tissues (40,41), and in the current study, 
BMSCs are present not only in the lungs but also in other tissues. 
This result indicates that the OS model can lead to severe aortic 
and lung injury. The present study detected aortic injury using 
H&E and Masson staining. H&E staining demonstrated that 
the vascular wall structure of the aorta was disordered, and 
the boundary between the outer membrane, middle membrane 
and intima was not clear. The elastic membrane of the media 
was not visible, smooth muscle cells were disordered as well as 
showed swelling, hyperplasia and cell morphology changes, and 
endothelial swelling was observed in the OS groups. Moreover, 
the expression of collagen fibers in the outer and middle aortic 
membranes of the OS group was significantly increased, and its 
elastic fibers were markedly decreased. However, in the BMSC 
group, BMSCs alleviated vascular injury and suppressed the 
formation of collagen fibers. These results suggested that arte‑
rial tissues were severely damaged in the OS model and that 
BMSCs can inhibit these damages. 

Nitric oxide (NO) and ET‑1 are antagonistic vascular active 
substances synthesized and are secreted by VECs (42,43). ET‑1 
negatively regulates the release of NO in the endothelium, 
and the increase in NO concentration inhibits the formation 

Figure 5. BMSCs suppress the endotheliocyte marker CD31 expression in the aortas of OS rats. (A) Expression of CD31 was detected using an immunohis‑
tochemical assay. Magnification, x400. Scale bar, 50 µm. (B) Quantitative results of the immunohistochemical assay. (C) Protein expression of CD31 in the 
aortas was detected using western blotting. (D) Semi‑quantitative results of western blotting in all groups. *P<0.05, **P<0.01 and ***P<0.001 vs. the sham group; 
#P<0.05 and ##P<0.01 vs. the model group. BMSC, bone marrow mesenchymal stem cells.
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of ET‑1. The dynamic balance between the two maintains 
normal vascular endothelial function, and an increase of ET‑1 
and a decrease of NO are markers of vascular endothelial 
injury (44,45). eNOS can synthesize NO. In previous studies, 
numerous factors in vivo and in vitro were revealed to accelerate 
or delay the process of reendothelialization by upregulating 
or downregulating the expression of eNOS  (46,47). It has 
been reported that VCAM‑1 is highly expressed in rat aortic 
endothelial cells after balloon injury, and the expression of 
VCAM‑1 enhances with increasing inflammatory response 
time (48). From the present RT‑qPCR and western blotting 
results, the expression levels of ET‑1 and VCAM‑1 were found 
to be significantly promoted, while the expression of eNOS 
was significantly inhibited in OS rats compared with the sham 
rats. Furthermore, an immunohistochemical assay was used 
to analyze the expression of CD31 in the injured vessels. It 
was identified that BMSCs could suppress endothelial cell 
apoptosis. Thus, the current study indicated that BMSCs may 
be potent therapeutic tools for vascular injury caused by OS.

There are some limitations to the present study. It was 
identified that BMSCs were mainly localized to the lung and 
aortic tissues, and a protective effect of BMSCs on aortic injury 
of OS model was observed. However, the related mechanism via 
which BMSCs protected against aortic injury remains unknown. 

In conclusion, the present study demonstrated the thera‑
peutic effect of BMSC administration for aortic injury in OS 
rats induced by cigarette smoke and intermittent hypoxia. It was 
identified that BMSCs inhibited aortic injury in the OS model 
by suppressing endotheliocyte apoptosis. However, the detailed 
mechanism among these changes requires further investigation.
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