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Effects and Mechanisms of Bone Marrow Mesenchymal Stem Cell
Transplantation for Treatment of Ischemic Stroke
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Background and Objectives: Stroke is the most common cause of human death and functional disability, resulting
in more than 5 million deaths worldwide each year. Bone marrow mesenchymal stem cells (BMSCs) are a kind of
stem cell that are able to self-renew and differentiate into many types of tissues. Therefore, BMSCs have the potential
to replace damaged neurons and promote the reconstruction of nerve conduction pathways and connective tissue.
However, it remains unknown whether transplanted BMSCs promote angiogenesis or improve the tissue microenviron-
ment directly or indirectly through paracrine interactions. This study aimed to determine the therapeutic effect of
BMSCs on ischemic stroke with hypertension in a rodent model and to explore the possible mechanisms underlying
any benefits.

Methods and Results: Middle cerebral artery occlusion was used to establish the experimental stroke model. The area
of cerebral infarction, expression of vascular endothelial growth factor (VEGF) and glial cell line-derived neurotrophic
factor (GDNF), and increment of astrocyte were measured by TTC staining, western blot, real-time quantitative poly-
merase chain reaction (RT-gPCR) and immunocytochemistry. The results showed a smaller area of cerebral infarction
and improved neurological function scores in animals treated with BMSCs compared to controls. The results of
RT-gPCR and western blot assays showed higher expression of VEGF and GDNF in BMSC-treated animals compared
with controls. Our study also showed that one round of BMSCs transplantation significantly promoted the proliferation
of subventricular zone and cortical cells, especially astrocytes, on the ischemic side following cerebral ischemia.
Conclusions: Above findings support that BMSCs have therapeutic effects for ischemic stroke complicated with hyper-
tension, which may occur via up-regulated expression of VEGF and GDNF and reduction of neuronal apoptosis, thereby
promoting the recovery of nerve function.
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Introduction

Stroke is one of the leading causes of death and dis-
ability worldwide, second only after ischemic heart disease
(I). Stroke has become the leading cause of premature
death and disease burden. About 94% of stroke burden is
caused by controllable risk factors, such as high blood
pressure, blood sugar, cholesterol level, smoking, body
mass index, diet, and physical activity. Of these risk fac-
tors, hypertension is the most suitable for intervention.
Acute treatment of ischemic stroke aims to restore perfu-
sion of brain tissue and can be achieved with thrombolytic
drugs or intravascular therapy. However, only a small pro-
portion of stroke patients actually receive acute treatment.
Thrombolytic therapy within 4.5 hours of onset is the
most effective treatment for acute ischemic stroke (2).
Studies have shown that approximately 25% of patients
with ischemic stroke are eligible for thrombolytic therapy
and 10~12% are eligible for intravascular treatment.
Without therapeutic intervention, the ischemic core may
show time-dependent expansion into the peri-infarct area,
leading to additional cell death within days or even weeks
after extended infarction and stroke (3, 4). For optimal
treatment effects, tissue plasminogen activator (TPA) and
thrombolytic therapy must be started within 3~6 hours
of stroke onset; the longer delay, the worse the effect will
be. Although treatment within the effective window can
reduce mortality after ischemic stroke, more than 60% of
patients with cerebral apoplexy are left with varying de-
grees of movement, cognitive, language, and swallowing
dysfunction (5). These consequences can greatly damage
self-care ability, reducing quality of life for the individual
and increasing the burden on their family and society.
Therefore, more effective treatments for stroke are ur-
gently needed.

Administration of bone marrow stem cells is a promis-
ing new strategy for the treatment of nerve damage caused
by hypertension and stroke. Previous studies have shown
that bone marrow stem cells can promote the recovery of
limb dysfunction in patients with ischemic stroke, as well
as gradually reduce other dysfunctions (6-9). Stem cells
were transplanted into the brain of patients without ex-
cessive growth or deterioration with no adverse reactions
such as tumor or infection. A number of studies have
shown that both autologous and allogeneic bone marrow
stem cells are safe for clinical use. Specifically, clinical tri-
als have demonstrated that bone marrow stem cell therapy
for ischemic stroke is safe and significantly improves dys-
function (10, 11). It has been reported that the mechanism

that underlies the benefits of bone marrow stem cell ther-
apy for patients with ischemic stroke arises from multiple
factors (12). Several studies have described the beneficial
effects of bone marrow-derived mesenchymal stem cells
(MSCs) in the treatment of animal models of ischemic
stroke (13, 14). There have been more than 20 interna-
tional clinical explorations and trials on the use of mesen-
chymal stem cells and their derivatives for the treatment
of stroke (15, 16), of which 12 used bone marrow mesen-
chymal stem cells (BMSCs). Together, these studies sup-
port the innate advantages of bone marrow stem cells in
the treatment of stroke. After an ischemic event, bone
marrow stem cells may be involved in reparative processes.
There is growing evidence that BMSCs may be a variant
useful for new therapy (17-19). In a meta-analysis of stem
cell therapy for stroke, patients in the stem cell therapy
group scored significantly better than the control group
in terms of limb sensory function, motor function, and
ability to perform activities of daily life, and there were
no serious adverse reactions. In clinical trials, computed
tomography (CT) imaging has shown a significant reduc-
tion in the size of cerebral infarction in stroke patients.
Although great progress has been made in animal and
clinical research on bone marrow mesenchymal stem cell
transplantation, the experimental subjects were mainly
healthy young male animals, and clinical statistics found
that the proportion of ischemic stroke patients with hyper-
tension was as high as 70%, and the incidence of poor
prognosis was also significantly higher than that without
hypertensive, and the higher the patient’s blood pressure,
the worse the long-term living ability, and the higher the
fatality rate (20). Currently, the efficacy of stem cell trans-
plantation in the treatment of ischemic stroke with hyper-
tensive remains unclear. To address this research gap, the
present study adopted an ischemic stroke model with hy-
pertension to assess the therapeutic effect of BMSCs and
explore the potential mechanism of action.

Materials and Methods

Experimental animal groups

A total of 81 male 10-week-old (250~270 g) sponta-
neously hypertensive rats (SHR) were purchased from
Beijing Weitong Lihua Experimental Animal Technology
Co., Ltd. SHR were maintained in an air-conditioned
room with a 12 : 12 h light/dark cycle where the relative
humidity was 60+10% and temperature was 22+2°C. Water
and food were freely available. All protocols and procedures
involving animals were approved by the South China
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Normal University Animal Care and Use Committee.

The animals were randomly divided into the following
three groups: (i) group A (sham group): normal SHR rats
treated with a sham operation and then injected with 1 ml
phosphate-buffered saline (PBS) via the tail vein; (ii)
group B (model group): SHR rats that successfully under-
went cerebral artery occlusive modeling and were then in-
jected with 1 ml PBS via the tail veil; and Group C
(BMSCs group): SHR rats that successfully underwent cer-
ebral artery occlusive modeling and were then injected with
1x10° Bone marrow mesenchymal stem cells (BMSCs) via
the tail vein.

Neurological functional tests

Neurological function was assessed using the modified neu-
rological severity scores (mNSS) (see Table 1, Supplemental
Digital Content, Supplemental Methods and Results, https://
www.docin.com/p-1005910882.html). The various groups are
scored at 1, 3, 7, 14 days, respectively, each score repeated
three times, then taking the average.

Separation and identification of BMSCs

Bone marrow samples from the femur and tibia of five
male Wistar rats (100~120 g) were taken and inoculated
on growth medium. The cells adhering to the bottom of
the petri dish were used as the first generation of BMSCs
and passaged several times for isolation. The second gen-
eration BMSCs were collected and identified by flow
cytometry. For the BMSCs, CD90, CD34, CD45, CD44,
CDl1b/c, and CD29 were 92.35%, 0.63%, 0.61%, 83.29%,
0.35%, and 88.78%, respectively.

Establishment of middle cerebral artery occlusion
model

Middle cerebral artery occlusion (MCAQO) (21) was per-
formed to establish the experimental stroke model. The
MCAO procedure was performed on rats (n=81) under
anesthesia with chloral hydrate through reversible right
middle cerebral artery occlusion for 90 minutes followed
by reperfusion. During surgery and ischemia, the body
temperature and head temperature were controlled at
37%0.5C using a heating blanket and a heating lamp. A
thread plug was inserted into the right internal carotid ar-
tery through the external carotid artery. Occlusion was
confirmed and the filament was fixed in place for occlu-
sion for 90 minutes. Rats were sacrificed at 3, 7 and 14
days after reperfusion to prepare a variety of tissue sections.

Measuring the area of cerebral infarction
At 3, 7, and 14 days after reperfusion, take out the whole

brain of the rat. The prepared brain tissue was soaked in
2,3,5-triphenyte-trazoliumchloride (TTC) solution and in-
cubated at a constant temperature of 37°C in the dark un-
til the normal area and infarct area were dyed. The
stained sections were placed in 4% formaldehyde solution
for 24 h, and the brain slices and filter paper were then
removed. For each group, the cerebral infarction area (the
percentage of cerebral infarction area to the total brain
area) was analyzed and calculated using Image] software.

Detection of VEGF and GDNF protein expression by
western blot

The brain samples from each group were homogenized
and the total proteins from the homogenates were ex-
tracted using RIPA lysis buffer (Beyotime). Total protein
concentrations were determined using the BCA protein
concentration determination kit. Equal amounts of protein
(30 1g) were separated by 8% sodium salt (SDS)-Polyacryla-
mide gel electrophoresis (SDS-PAGE) and the separated
proteins were then transferred onto a polyvinylidene di-
fluoride membrane (Millipore, Bedford, MA, USA). Next,
the membrane was blocked with 5% skim milk at room
temperature for 1 h, followed by incubation with primary
occluding antibody (1 : 1,000 dilution) at 4°C overnight.
After three washes with TBST (T: Tris; B: Buffer; S: Solution;
T: Tween), the membrane was incubated with horseradish
peroxidase-conjugated secondary antibody at room tem-
perature for 1 h. The targeted proteins were visualized us-
ing the enhanced chemiluminescence (ECL) substrate.
The film was scanned and archived. Photoshop was used
to sort and decolorize the images. The optical density of
the target band was analyzed using the Alpha Software
processing system. The level of S-actin protein served as
an internal control.

Assessment of VEGF and GDNF expression by real-time
quantitative polymerase chain reaction (RT-qPCR)
The RNA of the brain tissue for each group was extracted
using TRIzol method and its cDNA was obtained by reverse
transcription. The expression of VEGF and GDNF in brain
tissue of each group was detected by RT-gPCR. Primer in-
formation: upstream of VEGF 5-GCACTGGACCCTGGCTT
TACT-3;Downstream of VEGF 5-AACTTCACCACTTCA
TGGGCTTT-3’; upstream of GDNF 5-CAGTGACTCCAAT
ATGCCCGA-3"; Downstream of GDNF>-CGCTTGTTTATCTG
GTGACCTTTT-3; upstream of S-actin 5-CTGGAGAAACC
TGCCAAGTATG-3’; Downstream of £ -actin 5-GGTGGA
AGAATGGGAGTTGCT-3’; initial denaturation at 95C
for 10 min followed by 95°C for 15 s, 60°C for 30 s and
65°C for 15 s to ensure 30 cycles. Samples were repeatedly
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measured 3 times, Calculating P

Calculation of astrocyte increment

Astrocytes were measured after reperfusion for 24 h.
Endogenous neural stem cells were labeled with BrdU (50
mg/kg, total injection 3, each rat injected three times, in-
jection once every three hours). Put the brain in 4% of
PFA, paraffin embedding coronary artery and cut, dye in-
termediate frequency of cortex, respectively. The cortex
and SVZ were observed and the number of positive cells
per field of view was calculated for each rat. The following
values were also calculated: BrdU positive cells number,
at the same time, record the immunofluorescence double
labeling BrdU/GFAP, the number of cells to calculate
astrocytes. We mainly observed new migration and differ-
entiation of cells. In the lateral cortex and SVZ area of
ischemia, counting BrdU/GFAP positive cells and BrdU
positive cells, then calculate BrdU/GFAP positive cell per-
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15- —& Stroke+BMSCs

mNss neurological function score
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Fig. 1. Neurobehavioral scores of rats in each group (*p<0.05 vs
Stroke +Vehicle). mNSS test were assessed on day 1, 3, 7, and 14
after surgery respectively. The testing score of BMSC-treated rat was
significantly better than the score of vehicle-treated stroke mice.
*p<0.05 (MNSS: modified Neurological Severity Scores).

centage of the total number of BrdU positive cells.

Statistical analysis

All data were processed and analyzed using SPSS 20.0
software (IBM). Measurement data are reported as the
mean=standard deviation (SD). Comparisons among more
than two groups analyzed with one way analysis of var-
iance (ANOVA) and LSD method was used to analyze the
difference in mNSS scores. Kruskal-Wallis H-test was
used to verify the differences in infarct volume, the ex-
pression of GDNF and VEGF proteins and mRNA, the
proliferation of newborn cells. Results with p<0.05 were
considered statistically significant.

Results

Neurological function results

mNSS scores were assessed on day 1, 3, 7, and 14 after
surgery (Fig. 1). According to the scores, there was no ob-
vious neurological dysfunction in the sham group, but
there were different degrees of neurological dysfunction in
the other two groups. At each time point, the model group
and BMSCs group had higher mNSS scores. As shown in
Fig. 1, there was no significant difference between the
model group and the BMSCs group on day 1; however,
on day 3, the score in the BMSCs group decreased sig-
nificantly and remained lower until the end of the
experiment. This result suggests that the intervention
treatment using BMSCs improved neurological function
in SHR.

TTC staining results

After the brain slices of each group were made, the area
of cerebral infarction was measured by TTC staining. The
areas of cerebral infarction in the sham group, model
group, and BMSCs group are shown in Fig. 2A. The slices

A B Fig. 2. BMSCs transplantation and neu-
shiam roprotective effect after focal ischemia.
Stroke+Vehicle (A 2,3,5-Triphenyltetrazolium chlor-
Stroke+Treatment ide (TTC) staining of coronal brain

Sham

sections from vehicle-treated and
BMSCs-treated barrel cortex stroke
rat reveals the infarct area (white) in
the cortex. (B) Quantified data show
*  that the infarct volume (mean+SD)
of BMSC-treated brains was signifi-
cantly reduced compared with the
vehicle-treated brain (*p<0.05 vs Stro-

= - ke-+Vehicle) (TTC: 2,3,5-Triphenylttra-
zolium chloride).
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from the sham group are shown in red and there was no
cerebral infarction. Compared with the sham group, the
brain right side of the model group showed white cerebral
infarction. The cerebral infarction area in the BMSCs
group was significantly smaller than that in the model
group (Fig. 2B). The results showed that the BMSCs inter-
vention reduced the area of cerebral infarction on the is-
chemic side in hypertensive rats.

Expression of VEGF and GDNF protein

Western blotting was used to assess VEGF and GDNF
protein expression levels (Fig. 3A). There was no sig-
nificant change in expression in the sham group. However,
in the BMSCs group, VEGF significantly increased (p<
0.05; Fig. 3B and 3C). Although the amount of the ex-

pression of GDNF in the BMSCs group had no obvious
change on days 3, 7, 14, but compared with the sham
group and model group there were significant difference
(p<0.05). This result suggests that transplantation of
BMSCs significantly promoted the expression of VEGF
and GDNF proteins in ischemic brain tissue.

RT-qPCR results

The expression of VEGF and GDNF messenger ribonu-
cleic acid (mRNA) was detected by the real-time fluo-
rescence quantitative polymerase chain reaction method.
On days 3, 7, and 14, VEGF and GDNF mRNA were ex-
pressed in the sham group; however, there was no sig-
nificant difference between the model group and the sham
group. The expression of GDNF mRNA in the BMSCs
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Fig. 3. Expression of GDNF and VEGF proteins in the peri-infarct cortex. The protein expression levels of GDNF and VEGF in each
group were analyzed with Western blot on days 3, 7, and 14 respectively (A). Representative bands of growth associated GDNF
and VEGF expression levels (B, C). Quantitative determination of immune proteins of GDNF and VEGF, GDNF and VEGF were
quantitatively analyzed on days 3, 7 and 14 in each group. Compared with the sham group and model group, BMSCs therapy
significantly enhanced the expression of GDNF and VEGF (*p<0.05, **p<0.01) (VEGF: vascular endothelial growth factor; GDNF:

glial cell line-derived neurotrophic factor).
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Fig. 4. Expression of GDNF and VEGF mRNA in the peri-infarct cortex. The mRNA expression levels of GDNF and VEGF were assessed
by RT-PCR at different time periods (A, B). GDNF and VEGF were quantitatively analyzed on days 3, 7 and 14 in each group. Compared
with the sham group and model group, BMSCs group significantly increased the expression of GDNF and VEGF (*p<0.05, **p<0.01)
(VEGF: vascular endothelial growth factor; GDNF: glial cell line-derived neurotrophic factor).

group was significantly higher than that in the sham
group on days 7 and 14 (Fig. 4A), and it was also sig-
nificantly higher than that in the model group on days
3, 7, and 14, and the expression reached a peak on day
14. The expression of VEGF mRNA in the BMSCs group
was significantly higher than that in the model group on
days 3, 7, and 14 (Fig. 4B).

Post-treatment change in hippocampal astrocytes

The results of immunofluorescence staining showed
that, on days 3, 7 and 14, there was a small number of
new cells in the model group compared with the sham
group and a large number of new cells could be seen in
the ischemic side SVZ and cortex of the BMSCs group
(Fig. SA~D). The number of BrdU-positive cells in the
BMSCs group at each time point was significantly higher
than that in the model group (p<0.05) and the sham
group (p<0.05). For the SVZ and cortex, the proliferation
of astrocytes in the model group was not significantly dif-
ferent from that in the sham group on days 3, 7, and 14.
There was a significant difference in the proliferation of
astrocytes on the ischemic side in the BMSCs group (Fig.
SE~H). These results suggest that BMSC transplantation
significantly promoted the proliferation of SVZ and cort-
ical cells, especially astrocytes, on the ischemic side after
cerebral ischemia.

Discussion

Cerebrovascular obstruction causes nerve cells ischemic
hypoxia, which may lead to disability. Although the blood

vessels are once again smooth after a series of medical
measures, secondary reperfusion injuries may increase the
original nerve damage and potentially aggravate the de-
gree of disability. Treatment of thrombolytic and vascular
thrombus is the most common clinical application (22),
but the consequences are secondary ischemia-reperfusion
injury, which can further aggravate the condition. BMSCs
have emerged as a therapeutic candidate for a variety of
diseases including stroke (23). These multipotent cells are
easily isolated from bone marrow and rapidly expand in
vitro (24). They are safe and effective for repair and re-
construction of brain tissue, and of bone tissue (25), and
may participate in anti-inflammatory, anti-apoptosis, and
regulating autophagy. Previous studies have demonstrated
that disruption of the blood-brain-barrier (BBB) plays an
important role in the development of neurological dys-
function after stroke (26, 27). In previous studies, trans-
plantation of BMSCs was found to reduce BBB perme-
ability, as shown by a low level of Evans blue penetration
(28). So that the transplanted BMSCs can cross the BBB
and repair the damage.

There are many lateral circles in ischemic semi-dark
belt, there are still a large number of half-dead neurons,
and if it can quickly restore ischemic semi-dark blood flow
in a short time, the brain cells can be resurrected and re-
covered, which can be obvious reducing infarction area
and improving patient prognosis. The recovery of ischemic
semi-dark blood flow is closely related to the formation
of new blood vessels. VEGF has become the strongest an-
giogenic factor since 1983 was discovered. BMSCs can en-
hance angiogenesis and neuron regeneration in the cere-
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Fig. 5. Proliferation rate of newborn cells in cortex area of ischemic side of rats in each group and at different time points, the method
of immunofluorescence staining was used. (A, B) The proliferation of newborn cells was detected in the SVZ area of the ischemic side
of rats. Compared with the model group and the sham group, the cell proliferation rate of the BMSCs group was significantly higher than
that of the model group and the control group in SVZ area. (C, D) The proliferation of newborn cells was detected in the cortex area
of the ischemic side of rats. Compared with the model group and the sham group, the cell proliferation rate of the BMSCs group was sig-
nificantly higher than that of the model group and the control group in cortex area. (E, F) Proliferation rate of GFAP in SVZ area of ischemic
side of rats in each group and at different time points. Compared with the model group and the sham group, the increment rate of
astrocytes of the BMSCs group was significantly higher than that of the model group and the control group in SVZ area. (G, H) Proliferation
rate of GFAP in cortex area of ischemic side of rats in each group and at different time points. Compared with the model group and
the sham group, the increment rate of astrocytes of the BMSCs group was significantly higher than that of the model group and
the control group in cortex area (*p<0.05, **p<0.01) (SVZ: Subventricular Zone).
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bral ischemic area and surrounding areas.

In this study, the cerebral infarction area in BMSCs
group was significantly smaller than that of the model
group, and neurological deficit scores also decreased sig-
nificantly, indicating that BMSCs have a protective effect
on ischemic stroke in hypertension rats, which is con-
sistent with previous research (29). We also found that the
expression of the protein and mRNA of VEGF in BMSCS
group were significantly higher than that of the model
group, indicating that BMSCS can reduce the infarction
area by enhanced angiogenesis around ischemia, which in
turn promotes the recovery of neurological function. Glial
cell-derived neurotrophic factor was the most important
neurotrophic which can promote motor nerve develop-
ment and regeneration. LHSHEN et al found that on day
8 after cerebral infarction, the transplantation of BMSCs
significantly increased GDNF expression, promoted the
proliferation and migration of neuroblasts in SVZ, and re-
duced apoptosis of ischemia-half dark belt cells. Our stud-
ies have also found that after transplantation BMSCs, the
protein and mRNA expression of GDNF in cerebral ische-
mia regions have increased significantly higher than mod-
el groups and blank groups, which may be BMSCS to acti-
vate local astrocytes in semi-dark zone. The latter releases
a lot of GDNF, which promotes the improvement of the
function.

The initial astrocytes were considered to be “glue in the
brain”, providing the structural bracket necessary for neu-
ronal function, but now a large amount of evidence shows
that the interaction of star-colored cells and neurons far
exceeds a simple structure Auxiliary concept. The con-
nection between neurons is synaptic, although healthy
brain neurons can remain intact in their own life, but they
are constantly formed, enhanced, reduced, or dead. Astrocytes
play a key role in determining the exact generation of new
synapses, thereby affecting the microenvironment of the
ischemic zone to improve the effect of improving neural
kinetic energy. After transplantation of BMSCs in this
study, the proliferation ratio of astrocytes was significantly
increased with the model group and the sham group,
which may be the formation of new synapses, by affecting
the microenvironment of ischemic zone to promote func-
tional improvement. In summary, BMSCs can migrate and
survive in cerebral ischemia, creating microenvironment
facilitating survival and regenerative microenvironment to
repair injuries, reducing infarction area, and effectively
improving nerve function.

Although BMSCs cannot directly convert into neurons,
more and more evidence show that stem cell intervention
can increase the degree of expansion of astrocytes, and re-

pair the entire neural circuit by affecting the astrocytes.
The results of this study point in the same direction as
those of Song & Mohamad who reported that trans-
plantation of BMSCs improved neurological dysfunction
and up-regulated the expression of neurotrophic factors
and related growth protein, ultimately achieving the role
of protecting the ischemic side of the brain (30). Uniquely,
this study also used an animal model with hypertension,
which is more in line with clinical needs. Compared with
normal rats, the model of cerebral ischemia in SHR rats
can lead to more severe neurological impairment. As a re-
sult, in previous studies, the efficacy of stem cells in
healthy animal models may be exaggerated. Thus, further
research involving disease model animals can provide a
new treatment scheme for solving the thorny problem of
dysfunction of ischemic stroke in patients with hyperten-
sion.

In conclusion, increasing research evidence supports
that stem cell transplantation can treat ischemic stroke
and improve damage to neurological function. In the pres-
ent study, it was found that BMSC transplantation im-
proved defects in spontaneously hypertensive ischemic
stroke model rats by enhancing secretion of VEGF and
GDNF, preventing neuronal injury and death, improving
the pathological state of neurons, promoting the repair
and regeneration of injured neurons, and enhancing the
proliferation and differentiation of endogenous neural
stem cells. These findings suggest that BMSCs have a
therapeutic effect in spontaneously hypertensive stroke
rats. Despite many studies on BMSC transplantation, this
treatment is not widely used in clinics, indicating that the
conversion between basic and clinical research has not
been successful. More basic experimental data are needed
to support this transformation. Stem cells show great po-
tential for regeneration. Future research should continue
to use these cells for cellular and gene therapy applica-
tions, explore additional therapeutic mechanisms, and
combine multiple mechanisms to achieve the best therapy.
Ultimately, the aim is to generate highly functional mes-
enchymal stem cells for cell-based clinical applications.
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