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Background: As discovered in our previous study, autologous endothelial progenitor cells (EPCs) protect
against acute focal ischemia rat via the promotion of angiogenesis. However, it is unknown whether the
EPCs that reached the deficient region were transplanted ones or the products of other auto-conversion cells
they had promoted. This study aimed to gather direct evidence for determining if exogenous transplanted
EPCs directly participate in angiogenesis in ischemic areas and attempted to clarify the related mechanism.
Methods: First, EPCs were extracted in vitro from male rats, which were characterized by uptake of
fluorescently labeled acetylated low-density lipoprotein (ac-LDL) intake and Ulex europaeus agglutinin
(UEA-1) and subsequently introduced to middle cerebral artery occlusion (MCAO) female rats for 7 days
after ischemia surgery. The EPC-treated animals received approximately 1x10° cells, while the control
animals received phosphate buffered saline (PBS). The animals behavior function recovery were by a rotarod
(TOR) test, while infarct volume was assessed by brain magnetic resonance imaging (MRI). CD31 antibody
was used to determine the presence of EPCs in the ischemic zone, and sex-determining region Y (SRY) gene
in-situ hybridization (ISH) traced the EPC process. In addition, immunohistochemistry and Western blot
were used to assess B-cell lymphoma 2 (Bcl-2) expression in the ischemic brain.

Results: Behavior tests and MRI of all ischemic stroke groups on postoperative day 14 indicated that
EPCs were more effective in behavior function recovery and reducing infarct volume and gliosis status
than the control group. Cluster of differentiation (CD31) immunofluorescent staining and SRY gene ISH
demonstrated that EPCs yielded a better outcome in both angiogenesis and exogenous cell homing status.
We also observed increased Bcl-2 distribution and higher plasma Bel-2 levels in the EPC-treated group
compared to the control group.

Conclusions: Our results provide direct evidence that exogenous EPCs can participate in angiogenesis to
improve neurological outcome and revascularization directly after stroke, with Bcl-2 playing an important

role in this process.
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Introduction

Acute cerebral ischemic stroke (AIS) results from the
thrombotic occlusion of a major cerebral artery and the
subsequent reduction in blood flow, which causes local cell
hypoxia and necrosis (1). AIS patients experience long-
term stroke-related sequelae, including paralysis, aphasia,
dementia, post-stroke depression, and diminished quality of
life (1,2). The foremost treatment for AIS involves restoring
the cerebral blood flow and preventing further cerebral
injury (1). While no current therapies can rapidly restore
the microcirculation after ischemia (1,3), angiogenesis
has been found to increase the cerebral blood flow and
promote better prognosis by restoring cerebral oxygen and
nutrition supply and participating in neuron protection and
remodeling (3,4).

Endothelial progenitor cell (EPC) therapy holds promise
in promoting angiogenesis and re-endothelialization
for vascular lesions (5,6). Increasing the EPC transplant
dose may be one solution for improving neuroprotective
outcome, but excessive exogenous cells may hinder the
outcome (7,8). EPC enhancement may address these
shortcomings. Our previous research showed that
autologous EPCs could protect acute focal ischemia rat
via promoting angiogenesis (5,6). However, whether
those EPCs that reached the deficient region were the
transplanted ones or the products of other autoconversion
they had promoted remains unknown (5,7). Presently, no
research exists that offers direct evidence for the supposition
that exogenous transplanted EPCs directly participate in
angiogenesis in ischemic areas. However, our previous
studies did find that EPCs can alleviate the apoptosis of
nerve cells in ischemic brain tissue (5,6). As we know that
B-cell lymphoma 2 (Bcl-2) is a classical apoptosis factor of
nerve cells, we further detected the expression of this Bcl-2
pathway.

In this study, first we selected male Sprague-Dawley (SD)
rats as a source for culturing the EPCs, and introduced
them to middle cerebral artery occlusion (MCAO) female
rats subsequently. We then observed the EPC activity in
protecting the ischemic brain. More importantly, we traced
the exogenous EPC process by using sex-determining
region Y (SRY) gene in-situ hybridization (ISH). Lastly,
we examined the expression of Bcl-2 to potentially reveal
the possible mechanism. In this way, our study, for the first
time, aimed at providing direct evidence for exogenous
transplanted EPCs directly participating in angiogenesis
in ischemic areas via the Bcl-2 pathway. We present the
following article in accordance with the ARRIVE reporting
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checklist (available at http://dx.doi.org/10.21037/cdt-20-
329).

Methods
EPC extraction, transfection, and culture

Mononuclear cells (MNCs) were isolated using a Ficoll
gradient (Lympholite-M, Cedarlane) (9,10). In brief,
MNCs were isolated by density-gradient centrifugation
and resuspended in 10 mL of full endothelial cell culture
medium. Cell suspensions were divided into two 5-cm’
culture flasks at 37 °C and 5% CO,. After 48 h of incubation,
the non-adherent cells were eliminated. The fresh culture
medium in the flasks was replaced every 3 days. Seven days
after extraction, half of the cells were taken for transfection.
Cell density was adjusted to 10°/mL, and the cells were
planted 1 mL per well in a 6-well plate.

MCAO and sham operation procedure

The rats in the MCAO group underwent an operation
based on the previous studies (5,11). The left side of the
middle cerebral artery was blocked with a surgical nylon
monofilament. The rats in the sham operation group
were anesthetized by intraperitoneal injection of 10%
chloral hydrate and underwent the same surgical protocol
except for the nylon thread input. The rats in the sham
and MCAO-placebo groups received 0.5 mL of phosphate
buffered saline (PBS) for 1 h after the operation. The
rats in the MCAO-EPC group received 0.5 mL of EPC
suspension. The EPCs were injected via the caudal vein.

Fifty SD rats, aged 1 or 2 months old, were purchased
from STA Experimental Animal Company (Hunan, China).
Of these, 10 one-month-old male SD rats were used for
bone-marrow extraction, as younger animals have a higher
EPC concentration in bone marrow. When the other
32 two-month-old female rats were of sufficient body
weight (240-280 g), they were divided randomly into the
sham operation group (n=8), the MCAO-placebo group
(n=8), and the MCAO-EPC group (n=8). A total of 54
spontaneously hypertensive rats were used in this study.
Forty-five rats received MCAO model surgery, 15 rats
received sham surgery, and 11 died or were excluded from
the experiment.

All applicable international, national, and/or institutional
guidelines for the care and use of animals were followed.
All procedures involving animals were performed according
to an institutionally approved protocol in accordance
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with Laboratory Animal regulation of China (2015).
The experiments were approved by the Medical Ethics
Committee of Zhongnan Hospital of Wuhan University.

Cell transplantation

After EPC culture, the cells were cultured for about a
week and then harvested in centrifuge tubes. Rats from
the EPC treatment group were injected with 2x10° cells in
0.5 mL PBS via the tail vein after 2 h of MCAO reperfusion,
consecutively for 7 days, while the control group was only
treated with 0.5 mL PBS.

Bebavioral test

A rotarod (TOR) test (12,13) was performed 6 days before
the operation to establish a baseline of motor coordination.
All rats were trained for 5 days before the operation, and
the day before the operation was defined as day 0. Rats
were placed on a rotarod cylinder accelerating from 4 to
40 rpm in 60 seconds, and the time that the rats remained
on the cylinder was measured. Each rat was trained 3 times
daily for 5 days. On day 6, the TOR times of all the rats
were measured 3 times and the rats with low TOR time
(<20 s) were excluded. The same test was performed on
postoperative days 1, 3, 7, and 14 to record the TOR of
each group.

Brain magnetic resonance imaging (MRI) to assess infarct
volume and the gliosis status

Brain MRI (7.0 T) was performed on postoperative day
15 to determine the ischemic zone and the gliosis status.
Rats from each group were randomly selected. Before
MRI, the rats were anesthetized with 10% chloral hydrate
and restrained in the MRI machine. The MRI protocol
consisted of 13 T2-weighted images, which allowed
the ischemic lesion volumes and the gliosis status to be

evaluated (14,15).

Immunofluorescence and ISH to trace the transplanted EPCs

Immunofluorescence and ISH was performed according to
the manufacturer’s instructions. CD31 antibody was used
to determine the presence of the transplanted male SD rat-
derived EPCs (16) in the ischemic zone, which allowed for
a comparison of the microcirculation and angiogenesis (17)
between groups.
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Because we transplanted male EPCs to female rats, the
SRY gene could be used as a probe to distinguish exogenous
cells (18). The ISH test indicated that the majority of
exogenous EPCs had settled in the ischemic lesion. Each
section was imaged in cortical ischemic zone 5, and
CD31-positive cells were counted as mean + SD (standard
deviation).

Immunobistochemistry

Immunohistochemistry was used to assess Bcl-2 expression
in the ischemic brain, and was performed according to the
manufacturer’ instructions, as we reported previously (5,11).
Each section was imaged in cortical ischemic zone 5, and
Bcl-2-positive cells were counted as mean + SD.

Western blot detected the expression of Bcl-2 in ischemic
brain tissue

Western blot was performed according to standard protocols
(19,20) to test the level of the Bcl-2 proteins (21). Lysates
were incubated on ice for 10 min and then centrifuged at
12,000 xg for 5 min at 4 °C. An equal volume of 2x SDS-
PAGE sample loading buffer was added to the lysates and
heated at 100 °C for 5 min. Then, 40 pg of total protein
from each sample was separated by SDS-PAGE gel,
transferred to a nitrocellulose membrane, and detected with
Bcl-2 antibodies. The gray value of every specimen was
analyzed by SPSS 19.0 statistical software to determine if
there was a significant difference (P<0.05).

Statistical analyses

All results were expressed as mean + SD. Differences among
groups were assessed by analysis of variance with Scheffe’s
post-hoc test. A difference of P<0.05 was considered to be
significant, and regression analysis used the relevant factors.
All statistical calculations were completed using the SPS§19.0
software, with P<0.01 indicating a statistically significant
difference, P<0.05 indicating the presence of statistical
difference, and P>0.05 indicating no statistical difference.

Results
EPC characterization

EPC, as precursors to endothelial cells, have the typical
endothelial cell functions of uptaking acetylated low-density
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Figure 1 Validation of male rat-derived EPC. Bone-marrow derived MNCs differentiated into endothelial progenitor cells (14 days
in vitro). (A) EPC uptake of FITC-UEA-I (green, 400x). (B) The majority of adherent cells were both Dil-ac-LDL and lectin positive (yellow
overlap, 400x). (C) EPC uptake of Dil-ac-LDL (red, 400x). EPC, endothelial progenitor cell; MNCs, mononuclear cells.
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Figure 2 Rotarod test of the sham, PBS, and EPC group on days 0,
1, 3, 7, and 14. The symbol (*) indicates the significant differences
among groups at the same time point. EPC, endothelial progenitor

cell; PBS, phosphate buffered saline.

lipoprotein (ac-LDL) and Ulex europaeus agglutinin 1
(UEA-1). After 7 days of culture, we observed that the cells
were double positive for Dil-ac-LDL uptake and FITCI-
UEA-1 binding (Figure I).

Cellular therapy promoted motor coordination on
postoperative days 7 and 14

Safety observation showed no obvious adverse reaction was
seen in the two groups of rats. The TOR baseline test on
day 0 showed no significant difference among the groups.
On days 1 and 3, the two groups showed a significant
decrease of TOR compared to day 0 (P<0.05) and showed
worse performance compared to the sham group (P<0.05).
On days 3, 7, and 14, however, the EPC group showed
superior motor coordination compared to the PBS group

© Cardiovascular Diagnosis and Therapy. All rights reserved.

(P<0.05) (Figure 2).

Cellular therapy reduced ischemic volume and gliosis status
during the acute stage

Brain MRI findings evaluated ischemic lesion volume and
gliosis status on postoperative day 14 (Figure 34,B,C).
Ischemic volume was measured and expressed as the
percentage of all cerebral volume. Analysis showed that
the ischemic volume of the MCAO-placebo group was
32.1%+3.0% of the whole brain, while that of the EPC
group was 22.1%=1.3%. The PBS group had severe
ischemic lesions and gliosis (Figure 34), while the EPCs
group showed less significant ischemic lesions (Figure 3B).
The ischemic volume of the two cellular therapy groups
showed significant difference (*P<0.05) (Figure 3D). The
gliosis status could be evaluated by the T2-weighted signal
of the ischemic cortex. The EPC group (3.332+0.918)
showed a significantly less severe gliosis status (P<0.05) than
the PBS group (4.896+1.143) (Figure 3E).

Detection of ectogenic cells in the female operation rat
ischemic brain issue

ISH was performed to detect the ectogenic cells located
in the same area (Figure 4), and the SRY gene-positive cell
number of the EPCs group was (39.8+18.8), while the PBS-
sham-group results were negative.

Transplanted-EPCs induced angiogenesis in ischemic brain
issue

CD31 antibody was used to detect the newly developed
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Figure 3 MRI of MCAO groups on postoperative day 14. (A,B,C) Brain MRI findings evaluated ischemic lesion volumes and gliosis status: (A)
PBS group; (B) EPC group; (C) sham group. The arrow represents the ischemic volume in the corresponding cerebral areas. (D,E) Ischemic
volume analysis: (D) cerebral cortex T1W signal analysis. The results showed that the volume was higher in the PBS group than in the
EPC and sham groups (*, P<0.05); (E) cerebral cortex T2W signal analysis yielded the same results as the TIW (*, P<0.05). MRI, magnetic
resonance imaging; MCAO, middle cerebral artery occlusion; EPC, endothelial progenitor cell; PBS, phosphate buffered saline.
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Figure 4 ISH test showing the SRY gene-positive cell count in female rats. (A) Sham and PBS groups (black arrows show the SRY gene-
negative endothelial cells); (B) EPC group (red arrows show SRY gene-positive endothelial cells). ISH, in-situ hybridization; EPC,

endothelial progenitor cell.
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Figure 5 CD31-positive cell immunofluorescent staining. The red area represents the CD31-positive cell membrane, and the blue area

represents the cell nucleus. (A) Sham group; (B) PBS group; (C) EPC group; (D) vascular density analysis. The difference between all three

groups was significant, and the EPC group had the highest number of CD31-positive cells (*, P<0.05). EPC, endothelial progenitor cell;

PBS, phosphate buffered saline.

endothelial cells and to evaluate capillary density within
the ischemic zone (Figure 5A,B,C). When observed under
200x magnification, the PBS group (58.8+26.9) showed
the fewest positive cells, and the EPC group (285.7+38.4)
showed superior angiogenesis outcome compared to the
PBS group (P<0.05) (Figure 5D).

Effect of EPCs on the expression of Bcl-2 in the infarcted

bemisphere

Ischemic tissue was collected from the animals 14 days after
surgery.

First, immunohistochemistry was used to assess the
expression of Bel-2 in the ischemic brain. The figures are
representative of at least four independent experiments
with similar results. Immunohistochemical staining for

© Cardiovascular Diagnosis and Therapy. All rights reserved.

Bcl-2 in the ischemic area showed an increased number of
Bel-2-positive cells in EPC-treated animals. The number
of Bcl-2-positive cells was also found to be significantly
increased in the EPC group than that in the sham groups
(Figure 6).

Western blot analysis showed increased levels of
Bcl-2 in the brain tissue of EPC-treated animals (P<0.01)
(Figure 7A). 'This result confirms that EPC transplantation
could induce the expression of Bcl-2 in ischemic brain tissue
(Figure 7B).

Discussion

In this study, we sourced EPCs exogenously from male
rats. Meanwhile, we isolated mononuclear bone cells and
differentiated them into EPCs using defined growth factors

Cardiovasc Diagn Ther 2020;10(4):695-704 | http://dx.doi.org/10.21037/cdt-20-329



Cardiovascular Diagnosis and Therapy, Vol 10, No 4 August 2020

A B

701

D 20 Bel-2 )

(2]
4 15 b
Qo
£
=}
c
2 10
2 T
[oR
i
5 5
m

0

Sham PBS EPC

Figure 6 Immunohistochemistry analysis of EPC transplantation on expression levels of Bcl-2. (A,B,C) Representative micrographs (x200)

of brain tissue in the sham (A), PBS-treated (B) and EPC-treated (C) groups. (D) Quantitative analysis of Bcl-2-positive cells in the sham,

PBS-treated and EPC-treated groups. The results are expressed as mean + SD. The level of Bcl-2 in the EPC group was higher than that in

the PBS- and sham-treated groups (¥, P<0.05). EPC, endothelial progenitor cell; PBS, phosphate buffered saline.

in vitro. EPCs were identified by cell surface markers
(CD34*, CD45, and CD133") and the uptake of ac-LDL
and UEA-T (22,23). Using an acute focal cerebral ischemic
model, we demonstrated that EPCs can increase endothelial
cell proliferation and enhance recovery of neurological
function after ischemic stroke, which is consistent with the
results of our previous research (5,6). In these past studies,
we demonstrated that cellular therapy is beneficial for acute
cerebral ischemic injury during the acute stage (5,6).

In order to provide direct evidence for exogenously
transplanted EPCs directly participating in angiogenesis
in ischemic areas, immunofluorescence of CD31 and SRY
gene ISH tests were conducted to trace the transplanted
EPC process in the female animals. It is known that vascular
damage and impaired collateral circulation contribute
to ongoing brain injury and poor prognosis, while
angiogenesis may enhance local microvascular circulation
(24) by improving oxygen and nutrition provisioning to
the para-ischemic zone. CD31 was found to be a specific

© Cardiovascular Diagnosis and Therapy. All rights reserved.

molecular marker in endothelial cells (25), and CD31
antibody has been used to determine the presence of EPCs
in the ischemic zone (16). Our results indicate that there
were more CD31-positive cells in the EPC therapy groups
than in the PBS group (P<0.05). Since female animals do
not have a Y chromosome, the detected Y chromosome
should be exogenous. The SRY gene ISH test detected the
exogenous cells from the male rats (P<0.05), which indicates
that the EPCs can relocate to the ischemic lesion rather
than to the peripheral region directly. It remains unknown
whether this advantage in concentration is due to its
superiority in proliferation or migration ability (26,27). Two
possible mechanisms may be considered: the transplanted
EPCs could have migrated to the ischemic area, or the bone
marrow EPCs could have migrated to the ischemic border
area. Our results provide direct proof that the transplanted
EPCs could migrate to the ischemic area. In addition, we
found that the transplantation of EPC results in higher Bcl-
2 levels, suggesting that Bcl-2 has an important role in the
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Figure 7 Western blot analysis of EPC transplantation on
expression levels of Bcl-2. Western blot analysis with B-actin
used as an internal control. (A) The expression levels of Bel-
2 in the sham, PBS-treated and EPC-treated groups (n=6). (B)
Comparison between the PBS- and EPC-treated groups revealed
that EPCs elevated the levels of Bcl-2 in the brain; *, P<0.05. EPC,
endothelial progenitor cell; PBS, phosphate buffered saline.

migration or recovery process.

Bcl-2 is a classical apoptosis factor of nerve cells and may
also be an anti-inflammatory factor, so we further detected
the expression of the Bcl-2 pathway. According to Song
et al., the expression of Bcl-2 may increase and result in
better outcome after MCAO injury (28). Also, Chen et al.
demonstrated that EPC therapy could also promote the
increase of Bel-2 (29). In our study, the cellular therapy
groups displayed an induced overexpression of Bcl-2, and a
high EPC level further enhanced this effect. This suggests
that the EPCs may have a stronger anti-apoptosis role and
could thus possibly provide a better prognosis, which is
consistent with our previous research results (5,6).

Some limitations to our study should also be addressed.
These include a lack of long-term evaluation for the
safety of the selected allografts in rats. There was also a
limited amount of EPCs selected in this study that directly
entered the ischemic brain tissue of rats. Furthermore, the
method of culturing the EPCs might have had an effect
on subsequent experiments, while an iz vitro method
to enhance the EPC activity in rats is still needed for
further intervention. All of these issues are currently being
considered and may be addressed in future research.
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Conclusions

EPCs promote angiogenesis and the restoration of blood
supply, which can reduce the scope of ischemia and
prevent neuronal infarction (30). Compared with other
therapeutic strategies such as the use vascular endothelial
growth factor (VEGF) (31,32) and granulocyte-colony
stimulating factor (G-CSF) (33-35), EPC transplantation
holds more advantages. EPCs are easy to process, can be
obtained from a wide variety of sources, and can circumvent
immune rejection. Our results suggest the potential clinical
applications for EPC transplantation in ischemic stroke,
which may provide a simple, quick, and safe alternative to
current cell-based therapies. Furthermore, we have gathered
evidence which supports the effectiveness of EPCs and
suggests this cellular therapy could be beneficial to ischemic
stroke patients in the future.
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