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Abstract. – OBJECTIVE: The present study 
was designed to investigate the effect of mi-
croRNA-126 (miR-126) on the migration and hom-
ing of endothelial progenitor cells (EPCs) within 
arterial thrombus of cerebral infarction patients.

MATERIALS AND METHODS: EPCs from rat 
bone marrow were isolated, and miR-126 over-
expressed EPCs were constructed by lentiviral 
transfection. Then, the middle cerebral artery 
occlusion (MCAO) model was established by 
the method of thread ligation. Successfully es-
tablished model rats were randomly divided in-
to miR-126 overexpression EPC group, miR-126 
wild type EPC group, and normal saline group. 
One day after the infarction, the miR-126 over-
expression EPCs, miR-126 wild type EPCs, and 
normal saline, were injected into the lateral ven-
tricle of the corresponding groups. Also, the 
transplanted cells were tracked by cell dye SP-
DiIC18. The expression of tight junction proteins 
ZO-1 and Claudin-5 in brain tissue was detected 
by Western blotting.

RESULTS: Transplanted cells were detected 
in the cerebral infarction area 3 days after trans-
plantation by cell dye SP-DiIC18. The number of 
homing EPCs in miR-126 overexpression group 
was significantly higher than that of miR-126 
wild type EPC group (p < 0.05). Also, the protein 
expression of ZO-1 and Claudin-5 in the miR-
126 overexpression EPC group was significant-
ly higher compared with that of the miR-126 wild 
type EPC group and the normal saline group.

CONCLUSIONS: miR-126 overexpression 
EPCs, which were transplanted in the lateral 
ventricle, can home to the cerebral infarction ar-
eas via increasing increase the expression of 
ZO-1 and Claudin-5.
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farction.

Introduction

Cerebral infarction is a serious threat to the 
human health and life, with high mortality and 
morbidity. In addition to the primary injury 
caused by nerve tissue necrosis due to cerebral 
infarction, the secondary injury further exac-
erbates the central nervous system structur-
al damage and dysfunction. Therefore, seeking 
treatment strategy for secondary brain injury 
after the occurrence of cerebral infarction is a 
concerning topic. Endothelial progenitor cells 
(EPCs) are derived from precursor bone marrow 
cells1. Meng et al2 first isolated and confirmed 
them. EPCs have both the characteristics of stem 
cells and vascular endothelial cells, with the 
ability of self-renewal and self-differentiation. 
In response to trauma, ischemia, and hypoxia, 
EPCs are mobilized from the bone marrow in-
to peripheral blood to form circulating EPCs, 
homing to the site of injury, and differentiating 
into endothelial cells3. Over the past decade, 
EPCs have become a hot research topic of heart 
disease, cerebral ischemia, organ transplanta-
tion, cancer, and many other diseases, that are 
closely related to ischemia, angiogenesis, and 
regeneration4,5. Previous animal experiments6 
have confirmed that EPCs transplantation can 
promote the functional recovery from limb isch-
emia, myocardial ischemia, cerebral infarction, 
and other ischemic diseases. MicroRNAs (miRs) 
are short oligonucleotides (about 22-25 bas-
es), which regulate gene expression by inhibit-
ing target gene translation. Growing evidence 
showed that miRNAs can regulate angiogenesis 
and vascular remodeling through regulation of 
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cell proliferation, adhesion, migration, differ-
entiation, and signaling pathways during an-
giogenesis process7,8. Although an increasing 
amount of evidence that miR-126 plays an 
important role in angiogenesis and vascular 
remodeling, the role of miR-126 in EPCs mi-
gration and homing has not been reported yet. 
This study aimed to investigate the effect of 
miR-126 on migration and homing of EPCs in 
arterial thrombosis in patients with cerebral 
infarction. This may provide a new treatment 
strategy for the secondary brain injury caused 
by cerebral infarction.

Materials and Methods

Experimental Animals
A total of 30 male Sprague Dawley (SD) rats 

(aged 4 weeks and weighed 75-110 g) were pur-
chased from Experimental Animal Center of 
West China Medical Center, Sichuan University 
(Chengdu, Sichuan, China). All experimental an-
imals were operated in accordance with the rele-
vant provisions of Sichuan University Laboratory 
Animal Ethics Committee.

Main Reagents and Instruments
Rat lymphocyte separation fluid and MMT 

reagents were purchased from Sigma Aldrich 
Inc. (St. Louis, MO, USA). EGM-2MV medium 
was purchased from Lonza Inc. (Allendale, NJ, 
USA). GTVisionTM III anti-mouse immunohis-
tochemistry kit was purchased from Shanghai 
Gene Technology Co., Ltd (Shanghai, China). 
miR-126 mimics, inhibitors and negative control 
were purchased from Rui Bo Biotechnology Co., 
Ltd (Guangzhou, Guangdong, China).

Methods

Isolation of Rat Bone Marrow-Derived 
EPCs

Rat bone marrow mononuclear cells 
(BMMNCs) were isolated as previously reported. 
BMMNCs were inoculated into 25 cm2 FN-coat-
ed plastic culture flasks at a density of 1 × 106/ml 
and cultured in Microvascular Endothelial Cell 
Growth Medium-2 BulletKitTM (EGM-2MV). Af-
ter incubation for 72 h at 37°C in a 5% CO2 incu-
bator, the medium was removed and non-adhered 
cells were aspirated. The medium was changed 
every 2-4 days. After 10-14 days, as the primary 

cells confluence up to 80%, the 2nd-3rd passage 
of cells was collected for identification and for 
following experiments.

Identification of Rat Bone 
Marrow-Derived EPCs

The surface antigens vWF and VEGFR-2 of 
the 2nd-3rd passage of adherent cells were de-
tected by immunohistochemistry by following 
the manufacture’s instruction of GTVisionTM III 
(Assington Green, UK) anti-mouse immunohis-
tochemistry kit.

Transfection of miR-126 Mimics and 
Inhibitors

The EPCs were transfected with miR-126 
mimics and inhibitors by electroporation. Briefly, 
after the EPCs were digested by trypsin, EPCs 
were re-suspended in serum-free EGM-2 medi-
um and cell concentration was adjusted to 5 × 
107 cells/mL. Next, 100 μl of EPCs and 6 μl of 
miR-126 mimics, corresponding mimic negative 
control, miR-126 inhibitor, or corresponding in-
hibitor negative control, were added to the Ep-
pendorf (EP) tubes (Hamburg, Germany). The 
electroporation conditions were voltage 180 V 
and 25 ms.

The Construction of Rat Cerebral 
Infarction Model

Middle cerebral artery occlusion (MCAO) 
model was established by suture ligation method. 
The 4% sodium pentobarbital solution was in-
jected intraperitoneally for anesthesia. Rats were 
fixed in the supine position. The incision was 
made in the middle of the neck, and each layer 
of tissue was dissected until the bifurcation of in-
ternal and external carotid arteries. The common 
carotid and internal carotid arteries were clamped 
with the arterial clamp. After the external carotid 
artery (ECA) was found, the proximal end was 
ligated with suture 0, and a small opening was 
cut out with the ophthalmic scissors. The suture 
was slowly started, and the external carotid ar-
tery was ligated. After the arterial clamp was 
released, the suture was continued to the anterior 
cerebral artery. The tissues were sutured layer by 
layer.

Intraventricular Transplantation of EPCs
EPCs were digested and re-suspended in EGM-

2MV medium. The cell density was adjusted to 2 
× 107cells/200 μL. Anesthesia was achieved with 
intraperitoneal injection of 4% pentobarbital so-
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dium solution. The rat was fixed in the supine 
position and the head was fixed on the head 
holder of the stereotaxic apparatus to expose the 
left skull. A micro-hole was made 0.5 mm behind 
the crevice suture and 1.5 mm left to the sagittal 
suture. The Hamilton microinjection device con-
taining 3 μL of cell suspension was immobilized 
on a stereotactic injection rack. The position of 
the microinjection device was adjusted to the 
micro-hole, and the needle was slowly lowered 
until it touched the brain surface. Then, it was 
plunged 2.5 mm into the lateral ventricle. The cell 
suspension was injected slowly at a rate of 1 μL/
min. After the injection, the micro-hole was filled 
with a small piece of bone wax. The tissues were 
sutured layer by layer.

Western Blot Analysis
Western blot analysis was performed as previ-

ously described18. Briefly, cell lysates containing 
equal amounts of protein (50 μg) were separated 
in 10% sodium dodecyl sulfate polyacrylamide 
gels (SDS-PAGE) and transferred onto polyvi-
nylidene difluoride membranes (PVDF) at 100 V 
for 40-100 min (Millipore, Billerica, MA, USA). 
The membranes were blocked with 5% non-
fat milk in Tris-buffered saline/0.5% Tween-20 
(TBST) at room temperature for 3-6 h, and then 
incubated at 4°C overnight with anti- ZO-1 (Rab-
bit, 1:1000; Abcam, Cambridge, MA, USA) and 
anti-Claudin-5 (Rabbit, 1:3000; Bosterbio, Pleas-
anton, CA, USA). The membranes were washed 
four times with TBST and incubated at 37°C for 1 
h with the corresponding horseradish peroxidase 
(HRP) conjugated secondary antibodies (1:3000; 
Boster Biological Technology, Pleasanton, CA, 
USA). Next, the membranes were washed four 
times again with TBST and immunoreactive trac-
es were detected by using an enhanced chemilu-
minescence (ECL) Kit (Millipore, Billerica, MA, 
USA). The intensity of protein expression on the 
membranes was analyzed by ImageJ software.

Statistical Analysis
SPSS17.0 software (SPSS Inc., Chicago, 

IL, USA) was used for the statistical analy-
sis. Measurement data are expressed as the 
mean ± standard deviation, and a two-inde-
pendent-sample t-test was performed for group 
comparisons. One-way analysis of variance 
(ANOVA) with repeated measures was per-
formed to analyze changes in continuous vari-
ables from baseline between the two groups. 
To validate ANOVA, the Bonferroni method 

was used as the post-hoc test. p < 0.05 was 
considered statistically significant.

Results

Identification of Rat Bone Marrow 
Endothelial Progenitor Cells

The morphological and quantitative chang-
es of adherent bone marrow mononuclear cells 
(BMMNCs) were observed under inverted phase 
contrast microscope. On day one, the round-
shaped, small-sized cells were isolated and sus-
pended in the culture medium. On day two, a 
small proportion of cells began to adhere. On day 
three and four, most of cells were adhered. The 
shape of cells began to change, appearing tail or 
polygonal. On day five and six, some cells gath-
ered to form a cell population. The size increased, 
and the shape gradually elongated. On day seven, 
most of the cells gradually expanded from round 
or fusiform-shaped to irregular shaped. On day 
ten to fifteen, the cells gradually fused, and there 
were many pavement-like cells with vigorous 
growth and remarkable proliferation (Figure 1). 
Immunohistochemistry showed that the 2nd and 
3rd passage of cells were VEGFR-2 (Figure 2) and 
vWF positive (Figure 3).

EPCs Homing After Transplantation
Three days after transplantation, SP-DiICl8 (3) 

positive cells, namely transplanted EPCs, were 
detected in the cerebral infarction. The number 
of homing EPCs in the miR-126 overexpression 

Figure 1. On the 15th day, the cells achieved confluence and 
appeared pavement-like (× 200).
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EPC group was significantly higher than that in 
the miR-126 wild type EPC group (40.57 ± 7.55/
field vs. 10.15 ± 3.15/field, p < 0.05 (Figures 4-5). 
In addition, the number of homing EPCs in the 
saline group was zero.

The impact of EPCs Transplantation on 
the Expression of Tight Junction 
Proteins ZO-1 and Claudin-5

The expression of ZO-1 and Claudin-5 pro-
tein in the cerebral hemisphere of the rats on 
the third day after transplantation (the fourth 
day after cerebral infarction) were detected by 
Western blotting. The results showed that the 
ZO-1 and Claudin-5 protein expression in the 
miR-126 overexpression group were significantly 

increased compared with those of the miR-126 
wild type EPC and saline groups (Figure 6).

Discussion

EPCs are precursor cells derived from bone 
marrow and can proliferate and differentiate 
into vascular endothelial cells. EPCs have the 
characteristics of both stem cells and vascular 
endothelial cells, which not only play an im-
portant role in angiogenesis of human embryos, 
but also participate in angiogenesis and repair 
of injuries after birth. Meng et al2 first detect-
ed and isolated human EPCs from peripheral 
blood. Homing of EPCs to the injury areas is 

Figure 2. VEGF-2 immunohistochemical staining positive 
(× 200).

Figure 3. vWF immunohistochemical staining positive (× 
200).

Figure 4. The EPCs from the miR-126 overexpression 
EPC group and the miR-126 wild type EPC group were 
observed in the frozen sections of infarcted area under the 
fluorescence microscope (× 200). Upper panel: the miR-126 
overexpression EPC group; Lower panel: the miR-126 wild 
type EPC group.
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one of the prerequisite conditions for EPCs to be 
functional9. The previous study has shown that 
after EPCs were injected into the lateral ventri-
cle, they demonstrated a tendency to migrate 
from the contralateral lateral ventricle below 
the corpus callosum to the ipsilateral cerebral 
infarction areas. Chemokines including stromal 
cell-derived factor 1 (SDF-1), Monocyte Che-
moattractant Protein-1 (MCP-1), and hepatocyte 
growth factor (HGF), play an important role in 
the migration process (10,11). Chemokine SDF-1 
and its receptor CXCR4 are involved in the acti-
vation of downstream signaling molecules such 
as p38MAPK, ribosomal S6 kinase, c-Jun, and 
paxillin. This lead to the reorganization of cy-
toskeletal actin, cytoskeleton phosphorylation, 

and local adhesion molecules phosphorylation, 
resulting in cell axon elongation and cell migra-
tion12,13. Our study showed that homing EPCs 
were detected in the infarcted areas three days 
after EPCs transplantation. Homing EPCs exert-
ed their effects via integrating the existing blood 
vessels or directly generating new blood vessels. 
The tight connection between brain capillary en-
dothelial cells is a major part of the blood-brain 
barrier (BBB), which consists of transmembrane 
proteins, adhesion proteins, adhesion molecules, 
as well as other complex protein structures. 
They rely on cytoskeletal contraction forces and 
the tight coupling forces between endothelial 
cells to limit the free movement of the macro-
molecules between the brain and the blood14,15. 
Changes of tight junction protein expression 
and the location in the central nervous system 
may disrupt the integrity of tight junctions, re-
sulting in severe BBB dysfunction16. Previous 
animal experiments showed that tight junction 
protein expression was significantly decreased 
after craniocerebral injury, cerebral ischemia, 
and cerebral infarction. Also, it is known that 
the tight junction proteins ZO-1 and Claudin-5 
play important roles in maintaining the tight 
junction structure and function17. As an adhe-
sion protein, ZO-1 is a recognition and signal 
transduction protein of the tight junction, and 
participates in maintaining the integrity of cyto-
skeletal. Loss of ZO-1 lead to the destruction of 
the tight junction. Claudin-5 is a transmembrane 
protein, which is directly involved in the regula-
tion of BBB structure and function. A previous 
study18 has shown that the increase of Claudin-5 
expression reduces BBB permeability. Our work 
has shown that after EPCs were injected into 
the lateral ventricle, the expression of ZO-1 and 
Claudin-5 were significantly increased. These 
data suggested that EPCs transplantation repairs 
the BBB via upregulating ZO-1 and Claudin-5 
expression. miRs are small RNAs which func-
tion in RNA silencing and post-transcriptional 
regulation of gene expression. They have shown 
critical roles in regulating tumor development 
and angiogenesis19,20. The miR-126 is specifical-
ly expressed in endothelial cells. The previous 
study9 found that endothelial cells express miR-
126, which can activate the vascular endotheli-
al growth factor (VEGF)-dependent signaling 
pathways promoting angiogenesis. The miR-126 
antagonist (antagomiR-126) can inhibit the ex-
pression of miRNA-126 in arterial endothelial 
cells, thus reducing the angiogenesis in ischemic 

Figure 5. The number of homing EPCs in the miR-126 
overexpression EPC group (EPC/miR-126 in the figure) and 
miR-126 wild type EPC group (EPC in the figure) in the 
brain infarction area; (*p < 0.05).

Figure 6. The comparison of protein expression of ZO-1 and 
Claudin-1 in the miR-126 overexpression EPC group (EPC/
miR-126 in the figure), the miR-126 wild type EPC group (EPC 
in the figure), and the normal saline group (NS in the figure).
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injury region and increasing the ischemic injury 
of the lower extremity arteries. Also, miR-
NA-126 is essential for the maintenance of vas-
cular structure, which directly affects Spred-1, 
Vascular Cell Adhesion Molecule 1 (VCAM1) 
and PIK3R2. This will enhance VEGF and 
fibroblast growth factor (FGF)-induced angio-
genesis by inhibiting Spred-1 and PIK3R2 ex-
pression10. Our study showed that the number 
of homing EPCs in the miR-126 overexpression 
EPC group was significantly higher than that in 
miR-126 wild type EPC group.

Conclusions

We have showed that miR-126 overexpression 
EPCs, which were transplanted in the lateral ven-
tricle, can home to the cerebral infarction areas via 
increasing the expression of ZO-1 and Claudin-5.
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