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Abstract. The present study investigated the contribution of 
bone marrow‑derived mesenchymal stem cells (BM‑MSCs) 
to neointimal formation, and whether endothelial‑like cells 
(ELCs) differentiated from BM‑MSCs could attenuate intimal 
hyperplasia following vascular injury. BM‑MSCs were 
isolated from rat femurs and tibias and expanded ex vivo. 
Differentiation into ELCs was induced by cultivation in the 
presence of 50  ng/ml vascular endothelial growth factor 
(VEGF). MSCs and ELCs were labeled with BrdU and 
injected via the femoral vein on the day of a balloon‑induced 
carotid artery injury. Carotid artery morphology and histology 
were examined using ultrasound biomicroscopy and immuno-
histochemistry. Flow cytometry analysis measured CD31 and 
CD34 expression, and immunofluorescence analysis measured 
von Willebrand factor and VEGF receptor 2 expression in 
ELCs. Ultrasound biomicroscopy observed a significantly 
increased intima‑media thickness in the phosphate‑buffered 
saline (PBS) and BM‑MSCs groups compared with the ELCs 
group. Intima/media ratios were significantly reduced in the 
ELCs group compared with the PBS and BM‑MSCs groups. 
At 4 weeks of administration, the cells labeled with BrdU were 
abundantly located in the adventitial region and neointima. 
MSCs were able to differentiate into ELCs in  vitro. Cell 
therapy with BM‑MSCs was not able to attenuate neointima 
thickness, however transplantation with ELCs significantly 
suppressed intimal hyperplasia following vascular injury.

Introduction

Cellular therapy has been widely researched, and is commonly 
used to treat cardiovascular disease. Bone marrow‑derived 
mesenchymal stem cells (BM‑MSCs) are nonhematopoietic 
multi‑potent stem cells and have an intrinsic ability to differ-
entiate into functional cell types able to repair diseased or 
injured tissue (1). BM‑MSCs can be readily obtained, rapidly 
proliferate in culture, and display a capacity to differentiate 
towards endothelial  (2,3) or vascular smooth muscle cells 
(VSMCs) (4), and they serve an important role in postnatal 
neovascularization in various tissue contexts. Neointimal 
hyperplasia in response to arterial injury is a complex process, 
and it has been previously suggested that neointimal lesions 
also contain BM‑MSCs attracted to the vascular injury site (5). 
However, the effect of BM‑MSCs in vascular injury remains 
to be fully elucidated. Certain studies have demonstrated 
the capacity of BM‑MSCs to restoring the endothelial lining 
and reduce neointimal formation following injury  (6‑8). 
However, contradictory studies have demonstrated that the 
transplantation of BM‑MSCs was unable to reduce neointimal 
hyperplasia (9), and potentially aggravated neointimia forma-
tion (10,11).

It is widely accepted that BM‑MSCs can be induced to 
differentiate toward endothelial‑like cells (ELCs) in vitro (2). 
In the present study, a method for the isolation, growth and 
ex vivo expansion of ELCs differentiated from BM‑MSCs was 
described, and it was hypothesized that ELCs could attenuate 
neointimal hyperplasia following arterial injury.

Materials and methods

Animals. The animal use in this study was approved by 
the Animal Care and Use Committee of Shanghai Jiaotong 
University School of Medicine (Shanghai, China), and all 
procedures were conducted in accordance with institutional 
guidelines. A total of 12 young male Sprague‑Dawley (SD) 
rats (weight, 100‑150 g; age, 4 weeks) were used to isolate the 
MSCs. A total of 26 adult male SD rats (weight, 300‑350 g; age, 
16 weeks) were used in the carotid balloon‑injury model and 
cell transplantation experiments. Rats were given ad libitum 
access to food and water, unless otherwise specified. The rats 
were maintained under controlled temperature (20‑24˚C), 
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humidity (30‑70%) and lighting conditions (12:12 h ligh/dark 
cycle). Subsequently, rats were sacrificed following abdominal 
injection of 10% chloral hydrate (600 mg/kg).

MSC isolation and culture. BM‑MSCs were collected from 
the bone marrow of young male SD rat femurs and tibias, as 
previously described (12). The femoral and tibial bones were 
obtained from donor rats under anesthesia with 10% chloral 
hydrate (300 mg/kg; Sigma‑Aldrich; Merck Millipore, Darm-
stadt, Germany). Bone marrow was flushed with low glucose 
Dulbecco's modified Eagle's medium (L‑DMEM; Gibco; 
Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) containing 15% (v/v) fetal bovine serum (FBS; Gibco; 
Invitrogen; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin 
and 100 U/ml streptomycin using a syringe with a 21‑gauge 
needle. Cells from one rat were plated into two 35 mm dishes 
at 37˚C in a humidified atmosphere of 5% CO2. Non‑adherent 
cells were removed by changing the medium after 48 h. The 
cells were then incubated for 5‑7 days at 37˚C in a humidified 
atmosphere to reach confluence. Once the cells had grown to 
near confluence, they were passaged two to three times, being 
detached with 0.25% trypsin/1 mM EDTA, and were re‑plated 
at a density of 1x106 /ml. Finally, MSCs were propagated for 
3‑6 passages for further experiments.

BM‑MSCs differentiated into ELCs. Confluent cells were 
cultivated in the presence of endothelial cell growth 
medium‑2 (EGM‑2; Cambrex Corporation, East Rutherford, 
NJ, USA) with 2%  FBS and 50  ng/ml rVEGF164 (R&D 
Systems, Inc., Minneapolis, MN, USA) for 7  days. The 
medium was changed every 2 days. Cells were propagated 
for 3‑6 passages after 7 days.

Flow cytometric analysis of MSCs and ELCs. Cells were 
trypsinized, washed with phosphate‑buffered saline (PBS), 
and incubated with the following antibodies: Phycoerythrin 
(PE)‑mouse anti‑rat CD31 (cat.  no.  555027), PE‑mouse 
anti‑rat CD54 (cat.  no.  554970), PE‑mouse anti‑rat CD71 
(cat. no. 554891), PE‑mouse anti‑rat CD90 (cat. no. 554898), 
PE‑Cy™5 mouse anti‑rat CD45 (cat.  no.  559135), and 
fluorescein isothiocyanate (FITC)‑mouse anti‑rat CD34 
(cat. no. 555821; BD Biosciences, Franklin Lakes, NJ, USA). 
Analysis was performed using a FACSCalibur flow cytometer 
(BD Biosciences).

Fluorescence immunocytochemistry. Immunofluorescence 
analysis was used to detect the expressions of ELC surface 
antigens von Willebrand factor (vWF) and vascular endothe-
lial growth factor (VEGF) receptor 2 (R2). Cultured MSCs 
grown in slide chambers were fixed in 4% buffered parafor-
maldehyde for 10 min, incubated with blocking solution [2% 
bovine serum albumin (BSA; Sigma‑Aldrich; Merck Milli-
pore)] for 1 h at room temperature, and then incubated with 
the primary antibody (mouse anti‑rat vWF, cat. no. sc‑365712, 
1:50; mouse anti‑rat VEGFR2, cat. no. sc‑393179, 1:50; Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) in blocking 
solution overnight at 4˚C. Negative controls were incubated 
with blocking solution only. The samples were subsequently 
incubated with monoclonal anti‑mouse FITC‑conjugated 
secondary antibodies (1:100; cat. no. sc‑358943; Santa Cruz 

Biotechnology, Inc.) for 1 h at room temperature. The nuclei 
were stained with Hoechst 33,258 (Sigma‑Aldrich; Merck 
Millipore) for 5 min and the samples examined under a fluo-
rescence microscope (Leica Microsystems GmbH, Wetzlar, 
Germany).

Cell labeling. The third and sixth passaged cells were 
collected and labeled with 5‑bromo‑2‑deoxyuridine (BrdU; 
Sigma‑Aldrich; Merck Millipore,). The cells were incubated 
in complete medium with 20 µmol/l BrdU to label cells in the 
S phase of the cell cycle during a 48 h period.

Rat carotid balloon‑injury model and cell transplantation. 
Adult SD rats were anesthetized with 10% chloral hydrate 
(300 mg/kg) and underwent a balloon catheter injury to the 
right carotid artery, as previously described (13). A 2F Fogarty 
balloon catheter (Edwards Life Sciences Corporation, Irvine, 
CA, USA) was inserted through the right external carotid 
artery. The balloon was inflated with 0.1 ml saline to distend 
the common carotid artery (CCA) and passed 3 times along 
the isolated segment length (1 to 1.5 cm in length), and then 
the catheter was removed.

All rats (n=18) were randomly divided into three groups. 
In group 1 (control), rats were given PBS alone (without donor 
cell administration) injected on the day of the carotid injury 
operation, immediately subsequent to balloon injury (n=6). In 
group 2, rats were administered with rat MSCs (2x106/ml) in 
1 ml of total fluid volume (L‑DMEM) injected through the 
femoral vein (n=6). In group 3, rats were administered with 
ELCs (2x106/ml) that were injected through the femoral vein 
(n=6).

Ultrasound biomicroscopy imaging. An ultrasound biomi-
croscopy (UBM) system (Vevo 770; VisualSonics, Inc., 
Toronto, Canada) equipped with a 40  MHz transducer 
was used for all examinations. The current study involved 
18 rats, and UBM was performed on days 7, 14 and 28 subse-
quent to vascular injury. The same researcher conducted all 
examinations and performed the measurements in a blinded 
fashion.

Tissue processing and histological analysis. A total of 
28 days subsequent to injury, the CCA was excised on both 
sides (injured and non‑injured contralateral side artery). Each 
CCA was fixed with 10% buffered formalin and embedded 
in paraffin. Sections 5 µm thick were taken from the middle 
portion of the balloon‑injured segment, stained with a Masson's 
trichrome stain to evaluate general morphology, and photo-
graphed at a magnification of x100. Morphometric analyses 
of the digital images were performed using Leica QWin V3 
software (Leica Microsystems GmbH). The intima and media 
areas were determined, and the ratio between these two areas 
was calculated.

Immunohistochemistry and immunofluorescence. In order to 
detect the donor cells ex vivo, sections were dried at 60˚C for 
20 min, deparaffinized and dehydrated, and treated with 0.3% 
hydrogen peroxide in methanol to block endogenous peroxi-
dase activity. Subsequent to washing with PBS, tissues were 
incubated with BSA (5%) at room temperature for 30 min, then 
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incubated with anti‑BrdU (1:100; cat. no. ab125306; Abcam , 
Cambridge, UK) at 4˚C overnight. Slides were rinsed in PBS, 
incubated in horseradish peroxidase‑conjugated anti‑mouse 
IgG (1:100; cat. no. sc‑2373; Santa Cruz Biotechnology, Inc.) 
in BSA (1%) for 1 h, stained with 3,3'‑diaminobenzidine, and 
analyzed using a Zeiss Axioskop 50 light microscope (Carl 
Zeiss AG, Oberkochen, Germany).

To detect donor cell differentiation in vivo, endothelial 
cells and VSMCs were identified using immunostaining with 
mouse anti‑rat CD31 antibody (1:50; cat. no. sc‑52713; Santa 
Cruz Biotechnology, Inc.) and rabbit anti‑α‑smooth muscle 
actin (α‑SMA) antibody (1:100; cat. no. ab15734; Abcam), 
respectively. Nuclear staining was conducted using anti‑BrdU. 
Slides were pre‑incubated with 5% BSA for 30 min each. 
The primary antibody was then applied at 4˚C overnight, 
followed by application of the appropriate tetramethylrhoda-
mine‑conjugated IgG (1:200 dilution; cat. no. sc‑3827; Santa 
Cruz Biotechnology, Inc.) and FITC‑conjugated IgG (1:200 
dilution; cat. no. sc‑358943; Santa Cruz Biotechnology, Inc.). 
Sections were washed with PBS and then mounted at room 
temperature.

Statistical analysis. All results were expressed as the 
mean ± standard deviation. Statistical significance was evalu-
ated by one‑way analysis of variance followed by Bonferroni 
post‑hoc tests. P<0.05 was considered to indicate a statistically 
significant difference. All statistical analyses were performed 
using SPSS software, version 13 (SPSS, Inc., Chicago, IL, 
USA).

Results

Cultured BM‑MSCs can differentiate to endothelial cell 
phenotypes. BM‑MSCs were cultured as plastic adherent 
cells in vitro, and were subsequently analyzed (Fig. 1). Their 
morphological features are presented in Fig. 1A. Charac-
teristic flattened and spindle‑shaped cells were recognized. 
Therefore, endothelial experiments were performed on cells 
from passage 3‑6. Cells were tested with flow cytometry for 
the presence or absence of characteristic hematopoietic and 
endothelial markers. MSCs typically expressed the antigens 
CD54, CD71 and CD90. They were negative for the early 
hematopoietic marker CD34, endothelial cell marker CD31 
and 8% expressed leukocyte marker CD45 (Fig. 1C).

Subsequent to 7  days of culture, the outgrowth cells 
cultivated by EGM‑2 exhibited the typical ‘cobblestone’ 
endothelial cell morphology (Fig. 1B), and approximately 10% 
of cells expressed CD34 and CD31 (Fig. 1D). Immunofluores-
cence analysis indicated the expression of endothelial‑specific 
markers such as vWF and VEGFR2 in ELCs, although the 
positive rate was less than 1% (Fig. 1E).

Ultrasound biomicroscopy imaging for detecting neointima 
formation. A comparative image series presented the 
neointimal site subsequent to balloon injury at 7, 14 and 28 days, 
respectively (Fig. 2A). PBS (n=6), MSCs (2x106/ml) (n=6) and 
ELCs (2x106/ml) (n=6) were injected, respectively, through the 
femoral vein. After 4 weeks, the ELCs group attenuated intimal 
hyperplasia subsequent to vascular injury compared with the 
PBS and MSCs groups. Ultrasound biomicroscopy exhibited 

significant IMT increases in the PBS and BM‑MSCs groups 
compared with the ELCs group at 14 days after arterial injury 
(0.14±0.03 mm vs. 0.13±0.02 mm vs. 0.10±0.02 mm; P<0.01), 
and IMT was significantly increased at 28 days subsequent 
to injury (0.23±0.04 mm vs. 0.22±0.05 vs. 0.16±0.02 mm; 
P<0.01) (Fig. 2B).

Contribution of MSCs and ELCs to neointimal formation. 
Masson's trichrome‑stained sections from the PBS, MSCs, and 
ELCs groups indicated that attenuated intimal hyperplasia was 
present in the ELCs group (Fig. 2C). The intima/media ratio 
was significantly reduced with therapy in the ELCs group 
(1.22±0.02) when compared with the MSCs (2.51±0.03) and 
PBS groups (2.87±0.04) (P<0.01). There was no significant 
difference between the MSCs and PBS groups following 
implantation (P>0.05; Fig. 2D).

Differentiation and homing of the MSCs and ELCs towards the 
site of injured carotids. Subsequent to intravenous transplantation 
of either BM‑MSCs (Fig. 3C and D) or ELCs (Fig. 3E and F), the 
BrdU+‑ cells were identified at the site of injury on the arterial 
surface, predominantly in the adventitial area and particularly 
in the zone of the vasa vasorum, with few cells present in the 
neointima (Fig. 3). Numerous α‑SMA/BrdU+‑cells were identi-
fied in the BM‑MSCs group at 28 days subsequent to arterial 
injury (Fig. 3G; upper panel). However, when using CD31 as 
a marker of highly differentiated ELCs, few neointima cells 
were BrdU+‑MSCs (Fig. 3G). When ELCs were transplanted, 
numerous CD31+/BrdU+‑cells were present in the adventitia 
(Fig. 3G; lower panel), and few α‑SMA(+)/BrdU+‑cells were 
observed.

Discussion

ELCs were derived from BM‑MSCs their therapeutic effects in 
treating attenuating neointimal hyperplasia were demonstrated. 
A sufficient number of ELCs were consistently obtained to 
allow transplantation for ex vivo applications within 2 weeks of 
initial plating. Furthermore, these cells were demonstrated to be 
home towards injury sites and significantly reduce neointimal 
hyperplasia associated with balloon‑induced carotid injury in 
rats.

BM‑MSCs can be induced to differentiate toward ELCs 
in vitro and in vivo (3). In the present study, their ability to 
differentiate into ELCs was confirmed by treating them with 
EGM‑2 and VEGF. Subsequent to a 7‑day differentiation, it 
was identified that the treatment resulted in endothelial cell 
marker expression of CD31, vWF, VEGFR2 and the early 
hematopoietic marker CD34, whereas in other studies ELCs did 
not express CD31 under the same culture conditions (2). One 
previous study demonstrated that MSCs cultured in the same 
medium differentiated into high amounts of DiI‑AcLDL‑posi-
tive cells and enhanced the presence of endothelial cell markers, 
including vWF (90%), vascular endothelial‑cadherin‑(60%), 
and platelet endothelial cell adhesion molecule 1 (48%) (14). All 
results demonstrated the ability of BM‑MSCs to differentiate 
into ELCs under in vitro‑induction conditions. ELCs were 
identified not to be mature endothelial cells due to expression 
of endothelial progenitor cell marker CD34. MSCs, due to their 
clear ex vivo proliferation and multipotent differentiation, are 
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ideal candidates for cell‑based therapy (15) and may be a good 
potential option for ELCs to re‑endothelialize following inter-
ventional procedures and tissue engineering.

In the current study, UBM, a highly feasible, non‑invasive 
and simple technique to assess the neointima, was used. 
Previous studies reported that UBM‑measured IMT, 

Figure 1. The morphological characteristics of (A) BM‑MSCs and (B) ELCs (scale bar, 100 µm). Surface markers of (C) BM‑MSCs and (D) ELCs analyzed by 
flow cytometry. (E) Immunofluorescence analysis highlighted the expression of endothelial‑specific markers such as vWF and VEGFR2 in ELCs. BM‑MSCs, 
bone marrow‑derived mesenchymal stem cells; ELCs, endothelial‑like cells; vWF, von Willebrand factor; VEGFR2, vascular endothelial growth factor 
receptor 2.
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maximum plaque thickness and plaque area were highly 
correlated with histological data  (16,17). In the current 
study, UBM, which allowed for accurate real‑time imaging 
of the continuously changing neointima in injured carotids 
was used, and no significant differences among the three 
groups were observed at 7  days. Between 7  and 14 days 
of age, growth in the neointima was observed. IMT in the 
ELCs group was significantly reduced compared with the 
PBS and BM‑MSCs groups at 14 and 28 day subequent to 
injury, and appeared to increase in a time‑dependent manner 
with maximal neointima at the injury artery identified after 
28 days. This is, to the best of our knowledge, the first study 
to employ UBM real‑time non‑invasive assessment of the 
alterations of the injured artery, and identified that ELCs can 
attenuate the neointima.

The ability of MSCs to differentiate into either endothelial 
cells or VSMCs in vitro has been previously well character-
ized and documented (18‑21). In comparison, differentiation to 
endothelial cells or vascular muscle cells in vivo subsequent to 
arterial injury remains unclear. Previous studies reported that 
transplanting BM‑MSCs aggravates neointimal hyperplasia by 
affecting vasculature and differentiating into VSMCs (18,19). 

However, other studies indicate that engrafted MSCs appear to 
differentiate into endothelial cells, diminish neointimal forma-
tion and improve endothelial function  (20,21). BM‑MSCs 
have two different effects on vascular cells subsequent to 
arterial injury, although their differentiated direction remains 
controversial. Thus, it is suggested that VEGF may be used to 
direct MSCs towards an endothelial lineage in vitro prior to 
transplantation in vivo. This is the first time, to the best of our 
knowledge, that ELCs derived from BM‑MSCs in vitro were 
reported to reduce neointimal hyperplasia. The precise mecha-
nism of ELCs remains unclear, however data from the current 
study indicated that ELCs can home to the surface of the 
injured vessel and re‑endothelize it. It is suggested that ELCs 
derived from BM‑MSCs may be a endothelial progenitor cell 
source, which is able to re‑endothelialize the injured artery 
during the early stages and attenuate neointima formation via 
intravenous transfusion.

A previous study identified that the majority of trans-
planted stem cells homed towards the lungs, and were 
retained in the lung alveoli via intravenous planting (22). 
The data indicated that BM‑MSCs can home towards the 
injured artery, predominantly in the adventitia, with few 

Figure 2. (A) A series of comparative images showing the site of the neointima subsequent to balloon injury at 7, 14, and 28 days. (B) PBS (n=6), MSCs 
(2x106/ml) (n=6) and ELCs (2x106 /ml) (n=6) were injected through the femoral vein, respectively. Ultrasound biomicroscopy identified significant increases 
of IMT in the PBS and MSCs groups compared with the ELCs group 14 days subsequent to arterial injury (0.14±0.03 mm vs. 0.13±0.02 mm vs. 0.10±0.02 mm; 
P<0.01), and IMT significantly increased 28 days subsequent to injury (0.23±0.04 mm vs. 0.22±0.05 vs. 0.16±0.02 mm; P<0.01). (C) Masson's trichrome 
staining for the contribution of MSCs and ELCs to neointimal formation. (D) The I/M ratio was significantly reduced in the ELCs group compared with the 
PBS and MSCs groups (1.22±0.03 vs. 2.52±0.04 vs. 2.87±0.04; P<0.001) (n=6). *P<0.05 vs. PBS group; &P<0.05 vs. MSCs group. PBS, phosphate‑buffered 
saline; MSCs, bone marrow‑derived mesenchymal stem cells; ELCs, endothelial‑like cells; IMT, intima‑media thickness; I/M, intima/media.
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in the intima and numerous cells in the vasa vasorum area, 
which was in agreement with a previous study (6). Notably, 
the majority of BM‑MSCs and ELCs home towards the 
adventitia, and seldom MSCs and ELCs contribute to the 
neointima. Studies havew suggested that the arterial wall is a 
recipient and source of MSCs, and it has been demonstrated 
that a large population of vascular progenitor cells exist in 
the adventitia of the artery (23‑25), which may be a niche of 
stem cells.

BM‑MSCs were able to differentiate into ELCs in vitro. 
These cells presented with characteristics of endothelial 
markers however were not mature endothelial cells. Overall, 
the results suggested that transplantation not with BM‑MSCs, 
however with ELCs, significantly suppressed intimal hyper-
plasia following vascular injury. These results indicate that 
ELCs differentiated from BM‑MSCs can reduce neointimal 
formation subsequent to vascular lesions, which indicates 
important therapeutic implications for cardiovascular diseases 
and a new cell source for cell‑based vascular engineering and 
repair in the future. Additional experiments are required in 
order to address the mechanisms of reduced neointimal forma-
tion by ELCs.
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