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Abstract. Restenosis is the major factor influencing the 
long‑term success rate of angioplasty and stent implantation 
and effective strategies to prevent restenosis remain limited. 
Mesenchymal stem cells (MSCs) are pluripotent stem cells 
capable of self‑renewal and multidirectional differentiation, 
which may be able to promote endothelium repair, thereby 
reducing restenosis. The present study aimed to evaluate 
the effects of adipose MSCs (AMSCs) and gingival MSCs 
(GMSCs) on endothelium repair. MSCs were isolated from 
two human tissue types, namely adipose tissue and gingival 
tissue, and the effects of AMSCs and GMSCs in ex  vivo 
endothelium repair and on vascular smooth muscle cell (SMC) 
growth were examined. To compare the feasibility of using 
AMSCs and GMSCs for the repair of endothelium damage in 
endothelial cell (EC) damage and vasoproliferative disorders, 
an ex vivo model of endothelium repair in a co‑culture system 
was developed. It was indicated that AMSCs and GMSCs 
expressed characteristic MSC markers (CD105 and CD166). 
3H‑thymidine incorporation in the co‑culture group of AMSCs 
and SMCs in the presence of ECs was lower compared with that 
in the GMSC and SMC co‑culture group. The protein expres‑
sion level of proliferating cell nuclear antigen in the co‑culture 
group of AMSCs and SMCs in the presence of ECs were lower 
compared with that in the GMSC and SMC co‑culture group. 
After co‑culture with ECs for 5 days, 25.71±3.08% of AMSCs 
began to express CD31 protein and 20.06±2.09% of GMSCs 
began to express CD31 protein. Furthermore, anti‑VEGF 
antibody was able to inhibit MSC differentiation. Collectively, 

the present results suggested that seeding of AMSCs had a 
stronger effect to inhibit the proliferation and migration of 
SMCs compared with GMSCs.

Introduction

Myocardial infarction is the leading cause of cardiovascular 
death and percutaneous coronary intervention (PCI) treatment 
is currently the major treatment. However, PCI treatment has 
its limitations. Among them, in‑stent restenosis  (ISR) and 
thrombosis after PCI are problems that have not yet been 
resolved. During the surgical operation, the balloon or stent 
implanted in the blood vessel may directly cause damage to the 
vascular intima. When the stent expands, it directly squeezes 
the vascular intima (1,2), resulting in denudation of endothelial 
cells (ECs), exposure of the subendothelial matrix and direct 
promotion of the inflammatory response that hinders endo‑
thelial repair. Thus, it is of great significance to investigate 
methods and mechanisms that promote the repair of vascular 
ECs.

Accelerating intact endothelium repair with stem cell 
transplantation has been proposed as a novel method for 
restenosis prevention. Mesenchymal stem cells (MSCs) are 
pluripotent stem cells with self‑renewal and multidirectional 
differentiation abilities, which are derived from the meso‑
derm and ectoderm in early development (3‑7). Accumulating 
evidence suggests that the peak of EC regeneration parallels 
with the peak of smooth muscle cell (SMC) proliferation and 
that the growth‑stimulating cytokines secreted by prolifera‑
tive ECs are also upregulated (8,9). Stem cells may promote 
EC repair by secreting factors such as C‑C motif chemokine 
ligand 5 (CCL5), vascular endothelial growth factor (VEGF) 
and fibroblast growth factor (FGF) that promote angiogen‑
esis.

Adipose MSCs (AMSCs) have the characteristics of abun‑
dant autologous sources, convenient acquisition of materials, 
avoiding immune rejection and multidirectional differen‑
tiation ability, and have become a novel hot spot in seed cell 
research. In a mouse model of chronic graft‑versus‑host 
disease, it has been revealed that gingival MSCs (GMSCs) 
have a stronger immunomodulatory function compared with 
AMSCs. Furthermore, similar to other types of MSC, GMSCs 
have anti‑inflammatory and immune regulatory functions.
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Therefore, it was hypothesized that MSCs may reduce 
restenosis by promoting endothelium repair. In the present 
study, a comparison of the effects of AMSCs and GMSCs 
on the proliferation and migration of SMCs, as well as the 
plasticity of the seeded AMSCs and GMSCs towards the 
endothelial lineage, was performed.

Materials and methods

Animals. A total of 16  male and 8  female healthy New 
Zealand rabbits (age, 3  months; bodyweight, 2.0‑2.5  kg 
purchased from the Huadong Xinhua experimental animal 
farm of Guangzhou were kept under constant housing condi‑
tions (temperature, 16‑26˚C; relative humidity, 40‑70%; 12 h 
light/dark cycle; each time the experimental rabbits were 
provided with ~50 g of feed, continuous supply of drinking 
water was assured). Male rabbits and female rabbits were bred 
to give birth to newborn rabbits, whichwere used to extract 
ECs. The umbilical cords of newborn rabbits were used to 
extract ECs. The animal experimental protocol, as well as care 
for the animals, conformed to the principles of animal ethics 
and the relevant regulations of the national laboratory animal 
ethics and welfare ethics issued by Chinese National Institute 
of Health and was reviewed and approved by the Experimental 
Animal Ethics Committee of The Third Affiliated Hospital 
of Sun Yat‑sen University. The rabbits were first anesthetized 
with 0.3% pentobarbital (30 mg/kg) via the ear vein and then 
SMCs were collected. ECs were isolated from newborn rabbit 
umbilical cords. After the tissues were collected, the rabbits 
were euthanized with 0.3% pentobarbital sodium (100 mg/kg) 
via ear vein injection.

After the tissues were obtained, the rabbits were eutha‑
nized with 0.3% pentobarbital sodium (100 mg/kg) by ear vein 
injection. The numbers of animals used and euthanized are 
24 adult rabbits and 20 newborn rabbits. Death was confirmed 
by the absence of heartbeat and spontaneous breathing for 
1 h.

Primary culture of rabbit ECs. ECs were enzymatically 
isolated from 20 newborn rabbit umbilical cords at 4 months 
of gestation and cultured as previously described (10). The 
umbilical cord of newborn rabbits was washed repeatedly 
with PBS under sterile conditions until the liquid was clear. 
Cells were digested at room temperature for 20‑30  min 
with 0.1%  collagenase type  I (Guangzhou Scissor Hand 
Gene Technology Co., Ltd.). The resulting suspension 
was collected and centrifuged for 7 min at 800 x g at 4˚C. 
Subsequently, the supernatant was discarded. Complete 
medium [60%  M199; 20%  serum‑free medium (EBM 
Endothelial Cell Basal Medium); 20% FBS; 2 mmol/l gluta‑
mine; and 60 mg/l endothelial cell growth supplement; all 
from ScienCell Research Laboratories, Inc.] was preheated 
and used to suspend the cells, which were cultured in flasks 
after pipetting and mixing. The cells were cultured in an 
incubator at  37˚C with 5%  CO2 and saturated humidity. 
After 48  h, the medium was replaced, and thereafter, it 
was replaced every 2‑3 days. In total, >95% of cells were 
positive on immunohistochemical staining with antibody 
against von Willebrand factor (vWF)‑related antigen (1:500; 
cat. no. ab216566; Abcam).

Primary culture of rabbit SMCs. SMCs were obtained from 
the adult rabbit aorta using the explant method (11). At total 
of 24  rabbits were anesthetized with 0.3%  pentobarbital 
(30 mg/kg) via the ear vein and SMCs were then collected. 
After the tissues were taken, the rabbits were euthanized with 
0.3% pentobarbital sodium (100 mg/kg) ear vein injection. 
Ophthalmic scissors were used to cut longitudinally from 
one end of the thoracic aorta to expose the endodermis. The 
endothelium was removed by pinching and scraping it with an 
elbow ophthalmic instrument. The fibroblasts and ECs were 
fully washed twice in fresh medium. The cells of passages 
3‑5 were used for experiments. The cells cultured using this 
method contained ≥95% SMCs, which were confirmed by 
positive staining with the antibody against α‑smooth muscle 
actin (α‑SMA) (1:500; cat. no. ab244177; Abcam).

Isolation and culture of human AMSCs and GMSCs. 
Regarding the use of samples from patients, the experimental 
protocol of the present study was reviewed and approved by 
the Medical Ethics Committee of the Third Affiliated Hospital 
of Sun Yat‑Sen University (Guangzhou, China). Furthermore, 
all patients provided written informed consent. The total 
number of patients was 40, 20 of which provided adipose 
tissue and the other 20 provided gingival tissue (Age range, 
18‑40‑years old). Both males and females were included. The 
location of the donation organization was The Third Affiliated 
Hospital of Sun Yat‑sen University (Guangzhou, China) and 
the samples were collected from August 2019 to May 2020. 
The procedure was in accordance with a previous protocol (5). 
After plastic surgery, discarded human neck adipose tissue 
was cleaned three times with PBS. The adipose tissue was 
cut into small pieces ~1‑mm3 in size with tissue scissors. 
Subsequently, the tissue was digested in a water bath at 37˚C 
for 30 min with 0.1% collagenase I (Guangzhou Scissor Hand 
Gene Technology Co., Ltd.) and placed in a centrifuge. After 
centrifugation for 5 min at 800 x g at 4˚C, the cells were 
collected and resuspended with an appropriate amount of PBS. 
The cells were placed in an incubator with saturated humidity 
and 5% CO2 at 37˚C cultured with α‑MEM medium (HyClone; 
Cytiva).

Gingival tissue was obtained via orthodontic tooth extrac‑
tion (informed consent from the donors was provided). The 
procedure was in accordance with a previous protocol (12). 
The gingival tissue was cut into small pieces ~1‑mm3 in size 
with tissue scissors. Subsequently, the tissue was digested in a 
water bath at 37˚C for 1 h with 0.1% collagenase I and placed 
in a centrifuge. After centrifugation for 5 min at 800 x g at 4˚C, 
the cells were collected and resuspended with an appropriate 
amount of PBS. The cells were placed in an incubator with 
saturated humidity and 5% CO2 at 37˚C cultured with α‑MEM 
medium (HyClone; Cytiva).

EC‑conditioned medium. Rabbit ECs were cultured in DMEM 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% FBS (HyClone; Cytiva) in 6‑well plates. When cells 
grew to ~60% confluence, the medium was changed to fresh 
serum‑free DMEM. After the cells were incubated for another 
24 h, the conditioned medium was collected, centrifuged 
at 15,000 x g for 3 min at 4˚C and filtered through 0.22‑µm 
filters.
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Fluorescence‑assisted cell sorting (FACS) analysis. To study 
the effect of VEGF or EC‑conditioned medium on AMSC and 
GMSC differentiation, AMSCs and GMSCs were cultured 
in 24‑well plates covered with circular glass slides. When 
AMSCs and bone marrow stromal cells (BMSCs) grew to 
~60% confluence, the medium was replaced with a DMEM 
containing 50  ng/ml VEGF or EC‑conditioned medium. 
When ECs grew to 60%, AMSCs and BMSCs were seeded 
on ECs. After 6 h, the non‑adherent AMSCs and BMSCs 
were removed. AMSCs and BMSCs were cultured in DMEM 
containing VEGF, EC‑conditioned medium or co‑cultured 
with ECs for 5 days. Human AMSCs and GMSCs of the third 
generation in the above groups were digested with trypsin to 
prepare a single‑cell suspension. The cells were centrifuged 
for 5 min at 800 x g at 4˚C and the supernatant was discarded. 
The cells were suspended with PBS for counting. The cell 
concentration was adjusted to 1x107/ml and the suspension 
was aliquoted into new tubes. The following antibodies 
were added: CD105 (cat.  no.  ab184667; Abcam), CD166 
(cat. no. ab219139; Abcam), CD34 (cat. no. ab223930; Abcam), 
CD31 (cat. no. ab33858; Abcam) and vWF (cat. no. ab195028; 
Abcam). The amount of antibody used was according to the 
manufacturer's protocol. The cells were mixed and incubated 
at 4˚C for 30 min. PBS was used to wash cells twice to remove 
any unbound flow antibody. The expression levels of various 
markers were detected using 300 µl PBS following resuspen‑
sion.

In vitro differentiation experiment of AMSCs and GMSCs 
Osteogenic differentiation. When the third‑generation AMSCs 
and GMSCs grew to a density of 65‑75%, the osteogenic differ‑
entiation culture medium (L‑DMEM medium added with 
100 nM dexamethasone; 0.2 mM triose C; 10 mM β‑glycerol 
low sodium, 10%  fetal bovine dispersion; and 1%  peni‑
cillin/streptomycin; PanEra Biologicals; Panera Laboratories, 
Inc.) was changed. The normal medium was changed to 
differentiation medium for 10‑14  days. After 10  days of 
induced differentiation, clusters of cells with calcium nodules 
appeared. Alizarin Red S staining solution was added for 
staining. The cells were washed with PBS three times and then 
fixed with 95% alcohol for 15 min at room temperature. They 
were stained with 1% Alizarin Red (0.1 g Alizarin Red added 
to 100 ml of 0.1 M Tris‑HCl) for 5 min in room temperature 
and washed with PBS again.

Adipogenic differentiation. After the cell density reached 90%, 
adipogenic differentiation medium (High DMEM medium 
added with 10% fetal bovine serum, 10 µg/ml insulin, 1 µM 
dexamethasone, 0.5  mM IBMX, 2  mM indomethacin, 
and penicillin/streptomycin) (PanEra Biologicals; Panera 
Laboratories, Inc.) was changed. The normal medium 
was changed to differentiation medium for 10‑14 days. At 
two weeks after the induction of differentiation, round and 
transparent fat droplets were visible under the microscope. 
Subsequently, Oil  Red  O staining solution was added for 
staining. The cells were washed with PBS three times, and 
stained with oil red O staining solution (oil red O 0.5 g added 
to 50% ethanol 100 ml) for 10‑15 min in the dark at room 
temperature. Ethanol  (50%) was added for differentiation. 
Distilled water was used to terminate differentiation.

Chondrogenic differentiation. The concentration was adjusted 
to 1x106 cells/ml and cells were inoculated in a 96‑well plate 
at 200 µl/well. After the cells were digested, they were seeded 
in the wells. Cartilage induction culture medium (High DMEM 
medium added with 10 ng/ml TGF‑β; 50 mg/ml ITS; 100 nM 
dexamethasone; 50 µg/ml vitamin C; 1 mM sodium pyruvate; 
40 µg/ml proline; and 1% penicillin/streptomycin; PanEra 
Biologicals; Panera Laboratories, Inc.) was added to the cell 
pellet. After 3 weeks, visible cell micelles were observed, 
which were subjected to Aniline Blue staining. The cells 
were fixed with 40 g/l paraformaldehyde for 30 min at room 
temperature, then washed with PBS. They were immersed in 
0.1% toluidine blue solution for 20 min at room temperature 
and then washed with distilled water. After decolorization in 
0.5% hydrochloric acid solution for 2.0-3.0 sec, the cells were 
dehydrated using graded ethanol and vitrificated using xylene.

Co‑culture protocol. The co‑culture system was established 
as follows: ECs were inoculated in 6‑well plates with DMEM 
supplemented with 10% FBS, and SMCs were inoculated in 
the upper chambers with DMEM supplemented with 10% FBS 
of a Transwell insert (Corning Life Sciences; 8.0‑µm). AMSCs 
and BMSCs were implanted into the ECs layer (the cells 
reached 100% confluency) or were in the logarithmic growth 
phase (60% confluency). After 6 h, the non‑adherent AMSCs 
and BMSCs were discarded and the medium was replaced with 
fresh serum‑free DMEM. After 24 h of culture in serum‑free 
DMEM, the Transwells were inserted into the assigned 6‑well 
plates. According to the growth state/presence of the ECs and 
the proliferation of AMSCs and BMSCs, these were divided 
into five groups: i) Control group, no cells were present in 
the lower chamber; ii) ECs group, ECs reaching 100% fusion 
were cultured in the lower compartment; iii)  proliferative 
ECs group, ECs cultured in the lower compartment were 
in a state of proliferation; iv) AMSCs seed group, ECs and 
AMSCs co‑cultured in the lower compartment were in a state 
of fusion growth; and v) GMSCs seed group, ECs and GMSCs 
co‑cultured in lower compartment were in a state of fusion 
growth. After 24 h of cell co‑culture, SMCs from the upper 
chamber were collected for examination of DNA synthesis 
and western blot analysis according to the protocol of the 
Transwell migration assay.

SMC DNA synthesis assay. DNA synthesis of SMCs was deter‑
mined using the 3H thymine (3H‑TdR) method. The 3H‑TdR 
incorporation (final concentration, 37  kbq/ml) co‑culture 
system in the presence of ECs was employed (13). After 24 h, 
the SMCs were collected and the radioactivity was determined 
with a liquid scintillation counter. The results are expressed as 
counts per min per well.

Western blot analysis. Total protein was extracted from cultured 
SMCs from each group using RIPA buffer (Beyotime Institute 
of Biotechnology) and quantified with a BCA Protein Assay 
kit (Beyotime Institute of Biotechnology). Equal amounts of 
protein were subjected to 10% SDS‑PAGE and then transferred 
to polyvinylidene fluoride membranes (EMD Millipore). The 
mass of protein loaded per lane was 30 µg. After blocking with 
5% non‑fat milk (Biotium, Inc.) at room temperature for 1 h, the 
membranes were incubated with primary antibodies against 
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proliferating cell nuclear antigen (PCNA; dilution, 1:1,000; 
cat. no. 1311; Cell Signaling Technology, Inc.) and β‑actin 
(dilution, 1:1,000; cat. no. 8457; Cell Signaling Technology, 
Inc.) at 4˚C overnight, followed by probing with horseradish 
peroxidase‑conjugated secondary antibody (dilution, 1:1,000; 
cat. no. 7074; Cell Signaling Technology, Inc.) for 2 h at room 
temperature. The immunoreactive bands were visualized using 
enhanced chemiluminescence (Thermo Fisher Scientific, Inc.) 
and semi‑quantified with ImageJ software (National Institutes 
of Health, Bio‑Rad Laboratories, Inc.; version 3.0.0.39296), 
with β‑actin as an internal control.

Fluorescence immunocytochemistry. When ECs grew to 60%, 
AMSCs and BMSCs were seeded on ECs. After 6  h, the 
non‑adherent AMSCs and BMSCs were removed. AMSCs 
and BMSCs co‑cultured with ECs for 5  days. Different 
concentrations (50, 100, 500 ng/ml) of anti‑VEGF antibody 
(cat. no. ab32152; Abcam) were added to the AMSCs and BMSCs 
co‑cultured with ECs groups for 5 days. The cells were then 
washed with PBS, fixed with 4% paraformaldehyde for 15 min 
at room temperature and incubated with 0.5% Triton X‑100 at 
room temperature for 20 min. Cells were blocked with 1% goat 
serum (Gibco; Thermo Fisher Scientific, Inc.) for 30 min at 
room temperature and then divided into four groups: CD31 
(1:20; cat. no. ab9498), vWF (1:200; cat. no. ab154193), CD105 
(1:500; cat. no. ab221675) and CD166 (1:90; cat. no. ab109215) 
(Abcam). Cells were incubated with the respective antibodies 
at 4˚C overnight. Subsequently, the secondary fluorescent 
antibody goat anti‑mouse IgG H&L Alexa Fluor® 488 (1:200; 
cat. no. ab150113; Abcam) and goat anti‑mouse IgG H&L 
Alexa Fluor+ 647 (1:200; cat. no. ab150115; Abcam) was added 
and samples were incubated at room temperature for 1 h. 
Finally, DAPI was used to stain the nuclei for 5 min (1 mg/ml) 
at room temperature. Cells were observed and images were 
captured under an inverted fluorescence microscope.

Statistical analysis. All of the data were processed using 
SPSS 16.0 software (SPSS, Inc.). Values are expressed as the 
mean ±  standard deviation. Multi‑comparisons tests were 
performed using ANOVA with Bonferroni's post hoc test used 

for comparison between all of the groups. The difference was 
significant according to the test level of α=0.05. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Phenotypic characterization and plasticity of AMSCs and 
GMSCs. At 24 h after inoculation, a small number of cells 
with fibroblast‑like morphology cells began to scatter on the 
adherent surface of primary cultured human AMSCs. At 24 h, 
most of the adherent cells were spindle‑shaped fibroblast‑like 
cells. The cells were further expanded and colonies of AMSCs 
of the third generation are presented in Fig. 1A.

Primary GMSCs slowly started to adhere at 4 h after inocu‑
lation. The nucleus of GMSCs was in the middle, the cell body 
was small and the shape was uniformly round or spindle‑like. 
The third generation of GMSCs had a spindle‑shaped fibro‑
blast morphology. The cell colonies of the fifth generation 
were characterized by a central cluster of cells surrounded by 
radiating thin cells (Fig. 1B).

vWF and CD31 expression levels in the differentiating MSCs. 
The phenotypic characterization of MSCs was performed 
via FACS. Compared with the negative controls, AMSCs 
did not express CD34, CD31 or vWF (Fig. 2A). CD34 is a 
surface marker of hematopoietic lineages, while CD31 and 
vWF are endothelial surface markers. AMSCs expressed 
characteristic MSC markers, including CD105 and CD166 
(Fig.  2A). Compared with the negative controls, GMSCs 
did not express CD34, CD31 or vWF, which was the same 
observation as that for AMSCs (Fig. 2A). GMSCs expressed 
characteristic MSC markers, including CD73 and CD90. 
These results indicated that these cells originated from 
adipose tissues and gingival tissues. In the present study, the 
surface properties and multidirectional differentiation ability 
of the AMSCs and GMSCs indicated the characteristics of 
MSCs. After MSCs were co‑cultured with EC‑conditioned 
medium for 5 days, 20.01±2.06% AMSCs began to express 
CD31 protein and 18.85±1.05% GMSCs began to express 
CD31 protein. After MSCs co‑culture with ECs for 5 days, 

Figure 1. Morphological characterization of MSCs. (A) AMSCs and (B) GMSCs (magnification, x200; scale bar, 100 µm). MSCs, mesenchymal stem cells; 
AMSCs, adipose MSCs; GMSCs, gingival MSCs.
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25.71±3.08% AMSCs began to express CD31 protein (Fig. 2B) 
and 20.06±2.09% GMSCs began to express CD31 protein, 
although they did not express vWF (Fig. 2B).

Detection of multidirectional differentiation ability of 
AMSCs and GMSCs. AMSCs and GMSCs have the ability 
to differentiate into osteogenic, adipogenic and chondrogenic 
lineages, staining positive with Alizarin Red, Oil Red  O 
and Toluidine Blue, respectively. On Oil Red O staining, all 
orange‑red lipid droplets appeared in the form of grape‑like 
clusters. Alizarin Red staining revealed widespread red‑posi‑
tive calcium nodules and toluidine blue staining indicated the 
widespread formation of chondrocyte lacunae (Fig. 3).

Effect of co‑culture with MSCs on SMC proliferation. In 
order to determine the effect of AMSC and GMSC implan‑
tation in the presence of ECs on SMC proliferation, 3H‑TdR 
assays and western blot analysis were used to detect the 
changes of PCNA protein expression in SMCs. As presented 
in Fig. 4, compared with the control group, proliferative ECs 

significantly stimulated the 3H‑TdR incorporation of SMCs, 
while confluent ECs inhibited the 3H‑TdR incorporation of 
SMCs (P<0.05). The 3H‑TdR incorporation in the co‑culture 
group of AMSCs and SMCs in the presence of ECs was lower 
compared with that in the proliferative ECs group and the 
GMSCs and SMCs co‑culture groups, but was still higher than 
that in the confluent ECs group, and the difference was statisti‑
cally significant (P<0.05). The results regarding PCNA protein 
expression were consistent with those of the 3H‑TdR incorpo‑
ration assay, and it was indicated that, compared with SMCs 
in the control group, proliferative ECs significantly stimulated 
the PCNA protein expression of SMCs, while confluent ECs 
significantly inhibited the PCNA protein expression of SMCs 
(P<0.05).

Effect of co‑culture of AMSCs and GMSCs on SMC migra‑
tion. The results demonstrated that in the control group, 
SMCs spontaneously migrated from the upper chamber 
of the Transwell to the lower chamber. Compared with the 
control group, proliferative ECs significantly stimulated SMC 

Figure 2. Phenotypic characterization of AMSCs and GMSCs. (A) CD34, CD166, CD105, CD31 and vWF expression levels in the freshly isolated AMSCs and 
GMSCs. (B) vWF expression of AMSCs and GMSCs after culture with VEGF (50 ng/ml) for 5 days. CD31 expression of AMSCs and GMSCs after culture 
with ECs‑conditioned medium for 5 days. CD31 and vWF expression levels of AMSCs and GMSCs after co‑culture with mature rabbit ECs for 5 days. ECs, 
endothelial cells; MSCs, mesenchymal stem cells; AMSCs, adipose MSCs; GMSCs, gingival MSCs; vWF, von Willebrand factor.
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migration, while confluent ECs significantly inhibited SMC 
migration (P<0.05; Fig. 5). The PCNA protein expression 
level in the co‑culture group of AMSCs and SMCs was lower 
compared with that in the proliferative ECs group and the 
GMSCs and SMCs co‑culture group, but higher than that 
in the confluent ECs group, and the difference was statisti‑
cally significant (P<0.05; Fig. 6). These results indicated that 
confluent ECs significantly inhibited the proliferation and 
migration of SMCs, while proliferative ECs promoted the 
proliferation and migration of SMCs. Compared with the 
control group, co‑culture of AMSCs and ECs inhibited the 
proliferation and migration of SMCs, which was more obvious 

compared with the proliferative ECs, but not as notable as 
confluent ECs. Furthermore, co‑culture of AMSCs and ECs 
inhibited the proliferation and migration of SMCs, which was 
more significant compared with the co‑culture of GMSCs 
and SMCs, and the difference was statistically significant 
(P<0.05).

Effect of anti‑VEGF antibody on the count of CD31‑positive 
cells after co‑culture of AMSCs or GMSCs with ECs. Mature 
ECs secrete VEGF, and thus, AMSCs and GMSCs were 
implanted into ECs to determine whether AMSCs and GMSCs 
are able to differentiate into ECs. This experiment aimed to 
distinguish whether differentiated MSCs are able to differen‑
tiate into ECs and exhibit protein expression characteristics for 
the phenotype of ECs during co‑culture with ECs. The results 
demonstrated that the newly isolated MSCs did not express 
CD31 or vWF proteins, but after co‑culture with ECs for 
5 days, 25.71±3.08% AMSCs began to express CD31 protein 
(Fig. 2B) and 20.06±2.09% GMSCs began to express CD31 
protein, although they did not express vWF (Fig. 2B). Under 
the same conditions of culture in DMEM containing VEGF 
(50 ng/ml) for 5 days, AMSCs expressed more vWF protein 
and the difference was statistically significant (P<0.05; Fig. 7). 
Under the same conditions of co‑culture with ECs, AMSCs 
expressed more CD31 protein and the difference was statisti‑
cally significant (P<0.05; Fig. 8). The results indicated that 
the anti‑VEGF antibody was able to inhibit the differentiation 
of MSCs. The inhibition of CD31 expression in AMSCs and 
GMSCs was associated with the addition of antibodies and 
occurred in a dose‑dependent manner. The effect observed in 
AMSCs was more significant compared with that in GMSC, 
and the difference between the two was statistically signifi‑
cant. This indicated that the differentiation of the two types of 
MSCs into ECs was associated with VEGF (Fig. 9).

Figure 3. AMSCs and GMSCs have the capacity for adipogenic, osteogenic and chondrogenic differentiation (magnification, x200). MSCs, mesenchymal stem 
cells; AMSCs, adipose MSCs; GMSCs, gingival MSCs.

Figure 4. Effect of MSC seeding on top of ECs on 3H‑TdR incorporation 
of SMCs. Values are expressed as the mean ± standard deviation. *P<0.001 
vs. confluent ECs group; †P<0.001 vs. proliferative ECs group; ‡P<0.001 
vs. control group. ECs, endothelial cells; MSCs, mesenchymal stem cells; 
AMSCs, adipose MSCs; GMSCs, gingival MSCs; SMCs, smooth muscle 
cells; 3H‑TdR, 3H thymine.
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Discussion

Vascular ECs are the boundary cells between the vascular 
wall and blood (14). Vascular ECs not only have substance 
exchange, secretion and barrier functions, but also have impor‑
tant biological anti‑inflammatory, antithrombotic and vascular 
tension regulation effects (15,16). Injury of the endothelium 
after stent implantation is the initiation point of numerous risk 
factors (17). The present results suggested that ECs affected 
the proliferative characteristics of SMCs depending on their 
growth states. These results indicated that recovery of the 
integrity and function of the intima as soon as possible after 
stent implantation is key to the treatment of ISR and advanced 
thrombosis. Furthermore, it was identified that endothelial 
regeneration participated in the process of endothelial repair 
and at the same time affected the proliferation and migration 
of SMCs. This process produces a series of growth factors and 

cytokines that cause vascular SMCs (VSMCs) to proliferate in 
blood vessel walls (18). During this process, VSMCs undergo 
phenotypic transformation and secrete a large amount of 
extracellular matrix, causing an increase in intimal thickness, 
thereby leading to ISR. The degree of repair not only depends 
on the size of the injury area, but is also easily affected by 
local non‑specific anti‑proliferative drugs. However, it has 
been reported that autologous venous ECs transplantation is 
able to protect the EC wall of the dislodged artery and reduce 
the proliferation of the intima (19). The major limitation to 
repairing injured vasculature is the origin of the cell resource. 
Endothelial progenitor cells (EPCs) exhibit phenotypes similar 
to those of hematopoietic cells and ECs, but the nature and 
origin of EPCs remain controversial (20,21).

It has been revealed that in a specific culture environment, 
MSCs may convert into ECs with an EC phenotype (22). In the 
present study, it was determined that 25.71±3.08% of AMSCs 

Figure 5. Effect of AMSC and GMSC seeding on SMC migration. (A‑E) Each of the images is a representative photomicrograph of SMC migration in the 
groups evaluated: (A) Control group; (B) confluent ECs group; (C) proliferative ECs group; (D) AMSCs seeding group; and (E) GMSCs seeding group (scale 
bar, 100 µm). (F) Quantitative results of SMC migration in the different groups. Values are expressed as the mean ± standard deviation. *P<0.001 vs. confluent 
ECs group; †P<0.001 vs. proliferative ECs group; ‡P<0.001 vs. control group. MSCs, mesenchymal stem cells; AMSCs, adipose MSCs; GMSCs, gingival 
MSCs; ECs, endothelial cells; SMC, smooth muscle cell.
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began to express CD31 protein and 20.06±2.09% of GMSCs 
began to express CD31 protein when they were co‑cultured 
with ECs for 5 days, but these did not express vWF protein. 
Therefore, MSCs may be used as an alternative to EPCs. In 
animal models, it was indicated that MSCs were able to inhibit 
left ventricular remodeling and facilitate myocardial infarc‑
tion recovery (23). Thus, the present study examined whether 
AMSC and GMSC seeding is able to inhibit SMC prolif‑
eration and migration. The results demonstrated that AMSC 
seeding inhibited the proliferation and migration of SMCs 
more strongly than proliferative ECs, but more weakly than 
confluent ECs. The inhibitive ability of the proliferation and 
migration of SMCs in the AMSC with ECs group was stronger 
compared with that in the GMSC co‑cultured with ECs group.

Proliferative ECs markedly promoted the proliferation and 
migration of SMCs, while confluent ECs inhibited the prolif‑
eration and migration of SMCs. The ability of MSCs to inhibit 
SMC proliferation and migration may be associated with the 
inhibition of EC proliferation. In western blot assay of the 
present study, the mass of protein loaded per lane was 30 µg, 
which overloaded the bands. This was a limitation of the current 

study. Spees et al  (24) used an ex vivo model of epithelial 
repair and reported that after co‑culture of MSCs and epithe‑
lial cells, MSCs and ECs were able to fuse. Several studies 
have also reported that MSCs are able to express phenotype 
markers similar to those of cells in a local microenvironment 
by co‑culturing them (25,26). Spees et al (24) demonstrated 
that when human (h)MSCs are cocultured with heat‑shocked 
human small airway epithelial cells, a subset of hMSCs will 
rapidly differentiate into epithelial‑like cells and express 
proteins of epithelial cells. Duan et al (25) demonstrated that 
hBMSCs can be induced towards functional retinal pigment 
epithelial (RPE) cells simply by Transwell‑based co‑culture 
with RPE cells. Intracellular pigment granules and numerous 

Figure 6. Effect of MSC seeding on PCNA protein expression in SMCs. 
(A) Representative western blot image and (B) quantitative results. Values are 
expressed as the mean ± standard deviation. Composite image showing blots 
of PCNA protein expression levels in SMCs were tracked from groups of 
samples analyzed separately, so black lines were used to make the grouping 
obvious. The boundaries of individual panels of a tiled image were marked 
using white lines. *P<0.001 vs. confluent ECs group; †P<0.001 vs. prolifera‑
tive ECs group; ‡P<0.01 vs. control group. MSCs, mesenchymal stem cells; 
AMSCs, adipose MSCs; GMSCs, gingival MSCs; ECs, endothelial cells; 
SMC, smooth muscle cell; PCNA, proliferating cell nuclear antigen.

Figure 7. vWF protein expression of the differentiating MSCs. (A) Certain 
AMSCs began to express vWF protein after culture in DMEM containing 
VEGF (50 ng/ml) for 5 days (magnification,  x100; scale bar, 100 µm); 
(B)  magnified window of A (magnification,  x200; scale bar, 50  µm). 
(C) Certain GMSCs began to express vWF protein after culture in DMEM 
containing VEGF (50 ng/ml) for 5 days (magnification, x100; scale bar, 
100  µm); (D)  magnified window of C (magnification,  x200; scale bar, 
50 µm). Staining for vWF is in red and nuclei are counterstained with DAPI 
(blue). (E) Quantitative results. Values are presented as the mean ± standard 
deviation. *P<0.05 vs. AMSCs. MSCs, mesenchymal stem cells; vWF, von 
Willebrand factor; AMSCs, adipose MSCs; GMSCs, gingival MSCs.
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RPE markers exist in hBMSCs‑derived RPE cells after 
co‑culturing with pig RPE cells for 14 days. Typical RPE func‑
tions, such as phagocytosis of photoreceptor outer segments 
and secretion of the trophic factors, brain‑derived neurotrophic 
factor and glia‑derived neurotrophic factor, were observed in 
these induced cells. Wang et al (26) examined the feasibility 
of using adipose‑derived stem cells (ADSCs) as a source of 
stem cells for the differentiation of Olfactory ensheathing 
cells (OECs) by co‑culture approach. When co‑cultured with 
OECs, the ADSCs on three‑dimensional collagen scaffolds 
differentiate into OEC‑like cells, with similar morphology and 
antigenic phenotypes (p75NTR+/Nestin+/GFAP‑) of OECs.

In the present study, it was indicated that both AMSCs and 
GMSCs co‑cultured with ECs expressed markers of endothe‑
lial cell phenotypes. In total, 25.71±3.08% AMSCs expressed 

CD31 protein, while 20.06±2.09%  of GMSCs expressed 
CD31 protein. However, the MSCs did not express CD31 or 
vWF protein prior to co‑culture with ECs. MSCs are able to 
differentiate into adipogenic cells, osteogenic cells, cardio‑
myocytes, smooth muscle and ECs (27). In our preliminary 
results, it was reported that both AMSCs and GMSCs had the 
ability to differentiate into adipogenic cells, osteogenic cells, 
cardiomyocytes and smooth muscle. In the present study, it 
was identified that both AMSCs and GMSCs had the ability 
to differentiate into ECs when co‑cultured with mature ECs 
and were in the early stage of differentiation towards the 
endothelial lineage. Furthermore, anti‑VEGF antibodies were 
able to inhibit the differentiation of MSCs into ECs, indicating 
that VEGF serves an important role in the differentiation of 
MSCs into ECs. Anti‑VEGF antibodies had a stronger inhibi‑
tory effect on the differentiation of GMSCs into ECs than on 
AMSCs into ECs.

According to previous studies comparing the expression of 
related genes between AMSCs and GMSCs, it was indicated 
that the expression levels of chemokines  (28), VEGF (29), 
fibroblast growth factor and insulin‑like growth factor, C‑X‑C 
motif chemokine receptor 4 and MMP9 (30) were signifi‑
cantly expressed in AMSCs compared with in GMSCs. These 
factors promote endothelium repair. AMSCs differentiate into 
ECs through different signaling pathways, such as the ERK 
signaling pathway or VEGF‑A/VEGF receptor 2 (31). Due to 
the different growth status of ECs, the effect on the biological 
characteristics of SMCs is also different. Endothelial prolif‑
eration itself may stimulate the proliferation and migration 
of SMCs. It was previously suggested that the STAT3, 
adenosine monophosphate‑activated protein kinase, Akt and 
Wnt/β‑catenin signaling pathways, as well as mitochondrial 
uncoupling, are involved in neointimal hyperplasia (32). In 
line with this, the present study indicated that the AMSC in 
co‑culture exerted a greater inhibitory effect on SMC migra‑
tion compared with that of GMSCs as AMSCs secreted a 
greater variety of cytokines than GMSCs. In accordance with 
this, AMSCs were reported to inhibit the proliferation and 

Figure 8. CD31 protein expression of the differentiating MSCs. (A) Certain 
AMSCs began to express CD31 protein after co‑culture with mature ECs 
for 5 days (magnification, x100; scale bar, 100 µm). (B) magnified window 
of A (magnification, x200; scale bar, 50 µm). (C) Some of the GMSCs 
began to express CD31 protein after co‑culture with mature ECs for 5 days 
(magnification, x100; scale bar, 100 µm). (D) magnified window of C (magni‑
fication, x200; scale bar, 50 µm). Staining for CD31 is in green and nuclei are 
counterstained with DAPI (dark blue). (E) Quantitative results. Values are 
presented as the mean ± standard deviation. *P<0.05 vs. AMSCs. AMSCs, 
adipose MSCs; GMSCs, gingival MSCs; MSCs, mesenchymal stem cells; 
ECs, endothelial cells.

Figure 9. Effect of anti‑VEGF antibody on the count of CD31‑positive cells 
after AMSCs and GMSCs were co‑cultured with endothelial cells. Values 
are expressed as the mean ± standard deviation. *#P<0.01 vs. 0 ng/ml group; 
†§P<0.01 vs. 50 ng/ml group; ‡¶P<0.01 vs. 100 ng/ml group. AMSCs, adipose 
MSCs; GMSCs, gingival MSCs; MSCs, mesenchymal stem cells.
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migration of SMCs via specific signaling pathways and reduce 
neointimal hyperplasia (33).

Although MSC transplantation cannot replace mature ECs, 
this may inhibit SMC proliferation. The key to preventing 
restenosis and atherosclerosis is to accelerate MSC repair 
of endothelial damage  (34). The mechanisms of MSC 
differentiation and repair may be further elucidated and cell 
transplantation therapy may become a novel direction in the 
treatment of restenosis and atherosclerosis.

In conclusion, the present study demonstrated that both 
AMSCs and GMSCs had the ability to differentiate into ECs 
when co‑cultured with mature ECs and were in the early stage 
of differentiation towards the endothelial lineage. Furthermore, 
AMSC seeding had a stronger effect than GMSCs to inhibit 
the proliferation and migration of SMCs.
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