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Abstract: Previous studies have shown the beneficial effects of adipose-derived stem cells
(ADSCs) transplantation in stroke. However, the molecular mechanism by which transplanted
ADSCs promote nerve healing is not yet elucidated. In order to make clear the molecular mechanism for the neuroprotective effects of ADSCs and investigate roles of the BDNF–TrkB signaling
in neuroprotection of ADSCs, we, therefore, examined the neurological function, brain water
content, and the protein expression in middle cerebral artery occlusion (MCAO) rats with or
without ADSCs transplantation. ADSCs were transplanted intravenously into rats at 30 minutes
after MCAO. K252a, an inhibitor of TrkB, was administered into rats by intraventricular and
brain stereotaxic injection. Modified neurological severity score tests were performed to measure
behavioral outcomes. The results showed that ADSCs significantly alleviated neurological
deficits and reduced brain water content in MCAO rats. The protein expression levels of BDNF
and TrkB significantly increased in the cortex of MCAO rats with ADSCs treatment. However,
K252a administration reversed the ADSCs-induced elevation of BDNF, TrkB, and Bcl-2 and
reduction of Bax protein in MCAO rats. ADSCs promote BDNF expression via the TrkB signaling and improve functional neurological recovery in stroke rats.
Keywords: stroke, adipose tissue-derived stem cells, brain-derived neurotrophic factor, TrkB

Introduction

Correspondence: Hanbing Ning
Department of Digestive Diseases,
The First Affiliated Hospital of
Zhengzhou University, No 1 Jianshe
East Road, Zhengzhou 450052, Henan,
People’s Republic of China
Tel +86 371 6361 6719
Email nhbing419@163.com

Stroke is a devastating disease that leads to death and severe disability worldwide.
According to the type of blood vessel injury, stroke is divided into ischemic and hemorrhagic subtypes. Almost 80% of strokes are ischemic, and the rest are hemorrhagic.1 The
majority of patients suffer from different degrees of neurologic deficits such as behavior,
sensory, memory, and cognitive disorders, most of which are caused by the blockages
of blood vessels in different regions of the brain.2 Inflammation, oxidative stress, and
apoptosis are all involved in the ischemic stroke-induced brain damage.3,4 No therapeutic
strategies apart from thrombolytic drugs have been convincingly shown to be effective
for the patients who suffered from ischemic stroke. However, due to the limitations of
complications risk and narrow therapeutic time window, the method of thrombolysis is
only appropriate for a few patients.5 In the recent years, accumulating researches have
demonstrated that stem cell-based treatments may be a novel therapy for stroke.
Adipose-derived stem cells (ADSCs), a type of pluripotent stem cells, can be isolated
from liposuction waste tissue by collagenase digestion and differential centrifugation.
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A growing body of evidence has shown the wound-healing
functions of ADSCs transplantation in the central nervous
system injuries to be associated with stroke, multiple sclerosis, Parkinson’s disease, and spinal cord injury.6,7 Several
studies have shown that the intracerebroventricular or intravenous transplantation of ADSCs into the damaged brain
area of mouse models contributed to tissue regeneration.8,9
ADSCs-based therapies for multiple tissues and organ injuries may offer a feasible solution for serious diseases. The
transplantation of ADSCs for stroke patients has recently
been regarded as a potentially workable therapeutic method
because of the relative ease of being acquired, a greater possibility of autologous transplantation, and their protective
biological effects against stroke.6 Besides neuroprotective
functions, ADSCs have neurorestorative effects for contributing to recovery of damaged brain tissue. In animal models
of stroke, ADSCs promoted recovery of stroke by increasing
brain plasticity such as neurogenesis, remyelination, synaptogenesis, and angiogenesis.10–12
In the recent years, BDNF, one of the members of
neurotrophin family, has been identified as an important
neuroprotective factor in damaged brain. BDNF is produced
by glutamate neurons and widely distributed in the brain,
with the highest expression in the hippocampus. As the
most active neurotrophins, BDNF plays an important role
in neuroplasticity and inhibits inflammatory factor and
neuronal apoptosis.13 BDNF has been proved to be involved
in learning, memory formation, depression, and recovery
from brain injury in animal models.14,15 Activation of TrkB
is important for BDNF-mediated neuronal protection.16 TrkB
knockout in mice enhanced hippocampal-dependent memory
deficits and reduced hippocampal long-term potentiation.17
A previous study has shown that the BDNF signaling via
TrkB is implicated in the neuroplasticity and functional
recovery following cervical spinal cord injury.18 These discoveries suggest that pharmacological strategies for elevating
the BDNF level may provide a novel therapeutic method for
stroke-induced brain injury. In this study, we confirmed the
protective effect of ADSCs on stroke-induced brain damage and investigated the mechanism of ADSCs on BDNF
expression in middle cerebral artery occlusion (MCAO) rats
by using a TrkB inhibitor.

Materials and methods
Isolation and culture of adipose tissuederived stem cells
The subcutaneous adipose tissue was separated from the inguinal region of rats following the procedure of MCAO surgery.

1288

Powered by TCPDF (www.tcpdf.org)

submit your manuscript | www.dovepress.com

Dovepress

Adipose tissue was washed with phosphate-buffered saline
(PBS) three times under sterile conditions to remove red
blood cells and cellular debris. Then, the extracellular matrix
was enzymatically digested with equal volume of 0.5 mg/mL
collagenase (Sigma-Aldrich Co., St Louis, MO, USA) and
0.25% trypsin (Sigma-Aldrich Co.) for 1 hour at 37°C. The
cell suspension was centrifuged at 1,200× g for 10 minutes.
The ADSCs were cultured in Dulbecco’s Modified Eagle’s
Medium (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific) and 1% antibiotic/antimycotic solution (Thermo
Fisher Scientific) and maintained at a temperature of 37°C
and 5% humidified carbon dioxide. After 24 hours of incubation, the cells were washed thoroughly with PBS to remove
nonadherent cells. On the third pass, ADSCs were trypsinized
and counted before being administered to the experimental
animals.

Flow cytometry
ADSCs of rats were digested by 0.25% trypsinase for
15 minutes at 37°C. After being washed twice with PBS, the
cells were incubated with monoclonal antibodies, including
anti-CD29 antibody (BioLegend, San Diego, CA, USA),
anti-CD90 antibody (BioLegend), anti-CD105 antibody
(R&D Systems, Inc., Minneapolis, MN, USA), anti-CD45
antibody (BioLegend), anti-CD106 antibody (BioLegend),
or anti-CD34 antibody (BioLegend). The secondary
antibodies, antirabbit or goat fluorescein isothiocyanateconjugated antibodies (BD, Franklin Lakes, NJ, USA), were
used according to the manufacturer’s instructions. Negative
controls were conducted by omitting the primary antibodies.
The scatter parameters of ADSCs were analyzed using
FACScan flow cytometer (Beckman Coulter, Inc., Fullerton,
CA, USA) and CellQuest analysis software (BD).

Animals and MCAO surgical procedure
The adult male Sprague Dawley rats were purchased from
the Shanghai Experimental Animal Centre. The animals were
kept under standard conditions at a temperature of 25°C and
a 12-hour light/dark cycle and had free access to food and
water. The rats were randomly assigned into four groups:
the sham-operated group, the MCAO group, the MCAO +
vehicle group, and the MCAO + ADSCs group. The rats were
anesthetized with 5% isoflurane in O2 and treated with 2%
isoflurane throughout surgery. Throughout the surgery, the
rats were maintained at 37°C±0.5°C. The right carotid artery
was clamped with a small vascular clip. The middle cerebral
artery was occluded until the tip occluded the origin of the
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middle cerebral artery. After closure of the operative sites,
the animals were allowed to awake from the anesthesia.19
The animal experiment was reviewed and approved
by the Animal Care and Use Committee of the Second
Affiliated Hospital of Zhengzhou University and performed
in accordance with the Guidelines for the Care and Use of
Laboratory Animals.

Transplants of ADSCs and drug treatment
The ADSCs were washed with PBS and centrifuged twice
at 1,000× g for 5 minutes. Viability was measured using the
trypan blue dye exclusion method, and cell concentration was
adjusted to 1×104 cells/μL. In the experimental group, a total
of 5×105 ADSCs in 500 μL PBS were infused into each rat by
tail intravenous injection after 24 hours of surgical operation.
In parallel, an equal amount of PBS was injected into the rats
in the control group. Injection time for all was 4 minutes.
Nothing was done with the sham-operated group.
The rats were administered intraventricularly with K252a
(10 μL, 0.5 μg/μL in 1% dimethyl sulfoxide; Cell Signaling
Technology, Inc., Danvers, MA, USA) or the same volume of
dimethyl sulfoxide after MCAO. One hour after MCAO, the
heads of rats were fixed on a stereotaxic instrument (David
Kopf Instruments, Tujunga, CA, USA) and then injected
using a microsyringe (Hamilton, Reno, NV, USA) at a rate
of 0.5 μL/min. Based on the stereotaxic map of the rat brain,
a 1 mm hole was drilled (0.8 mm posterior and 1.5 mm lateral
to the bregma and 3.3 mm from the dura mater).

Neurologic severity scores
The modified neurological severity score (mNSS), a composite of motor, sensory, reflex, and balance tests, was used
to evaluate neurologic deficits of rats d1, d7, d14, d21, and
d28 after MCAO, as previously described.19–21 The items of
motor tests of the mNSS mainly reflect the function of the
motor representation area in the contralateral cortex, damage
to which causes contralateral limb paralysis, resulting in a
high score on the motor tests. Sensory tests mainly reflect a
combination of visual, tactile, and deep sensation. Balance
tests mainly reflect hindlimb placing performance. If the
hindlimb of rats is not placed on the beam or the hindlimb
is placed on the vertical surface of the beam in order to support the weight of rats and maintain balance, the rats obtain
high scores on balance tests. The neurologic function were
graded 0–5 scores (0, no neurologic deficit; 5, maximal
deficit). Rats with a score of 1 were not able to perform the
test or did not have the tested reflex. A higher score indicated
a more severe injury.
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Analysis of brain water content
Brains were separated at 72 hours after MCAO and divided
into two hemispheres, and cerebella were abandoned. The
brain samples were weighed to acquire the wet weights. The
samples were dried in an electric oven at 100°C for 24 hours
for dry weights. Water contents are represented as percentages of wet weights in the following formula:22
Wet weight − Dry weight
×100%
Wet weight


Western blot analysis
The brain tissues were lysed using radioimmunoprecipitation
lysis buffer (Beyotime Institute of Biotechnology, Jiangsu,
People’s Republic of China). Proteins mixed with loading buffer
were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto a hybrid polyvinylidene
difluoride membrane (EMD Millipore, Billerica, MA, USA).
Then, nonspecific binding was blocked by incubating with
5% (w/v) nonfat milk in Tris-buffered saline with Tween-20
(Sigma-Aldrich Co.) at room temperature for 1 hour. The membranes were incubated with primary antibodies, including antiBDNF antibody (Cell Signaling Technology), anti-TrkB
antibody (Santa Cruz Biotechnology Inc., Dallas, TX, USA),
anti-Bcl-2 antibody (Santa Cruz Biotechnology Inc.), anti-Bax
antibody (Santa Cruz Biotechnology Inc.), and anti-β-actin antibody (Sigma-Aldrich Co.). After overnight incubation with the
primary antibody at 4°C, blots were incubated with horseradish
peroxidase-conjugated secondary antibodies (CWBIO, Beijing,
People’s Republic of China) for 1 hour at room temperature.
Following washing three times (15 minutes each) with TBST
(Tris 20 mM, NaCl 150 mM, and Tween 20 0.1%, pH 7.6) at
room temperature, the membranes were subjected to enhanced
chemiluminescence (Pierce, Rockford, IL, USA) and exposed to
film. Each Western blot band was quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis
The Student’s t-test and one-way analysis of variance
were used for statistical analyses. A P-value of 0.05 was
considered statistically significant. Data were expressed as
mean ± standard error of the mean.

Results
Characterization of adipose tissuederived stem cells
Aimed to confirm phenotype and purity of ADSCs, cell surface markers were determined by flow cytometry. The flow
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Figure 1 Cell surface antigens of rat ADSCs were analyzed with flow cytometry.
Notes: Representative flow FACS was performed to analyze the ADSCs isolated from the rats. The cells were positive for CD29 (A), CD90 (B), and CD105 (C), while a
few ADSCs expressed CD34 (D), CD45 (E), and CD106 (F).
Abbreviations: ADSCs, adipose-derived stem cells; FACS, fluorescence-activated cell sorting.

cytometric analysis showed that CD29, CD90, and CD105
were highly expressed in almost all ADSCs. On the contrary,
CD34, CD45, and CD106 were nearly not expressed in the
ADSCs (Figure 1). These results were consistent with the
previous reports for porcine ADSCs.23

brain water content was determined. The percentage of brain
water content in the vehicle group significantly increased
compared with that of the sham control group. However, the
brain water content in the ADSCs group was lower than that
in the vehicle group (Figure 3).

Intravenous administration of ADSCs
improves functional recovery of rats

ADSCs treatment reduced brain water
content after MCAO
The water content is an important marker of brain injury,
and it reaches the peak 3 days after brain damage. To test
whether ADSCs transplantation decreases brain edema,
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In order to assess the effects of administration of ADSCs
on functional recovery of rats, mNSS tests were performed
to measure behavioral outcomes at different time points
after MCAO. As shown in Figure 2, the scores of rats in
the ADSCs group were significantly lower than those in the
vehicle group at day 7 after ADSCs transplantation. These
data showed that transplantation of ADSCs by tail vein
injection alleviated neurological deficits in the rat model
of stroke.
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Figure 2 The effects of ADSCs via tail intravenous injection on functional recovery
after MCAO.
Notes: The mNSS values of rats in MCAO, MCAO + vehicle, and MCAO + ADSCs
groups are shown. Data are expressed as mean ± SD (n=6). *P0.05, **P0.01, and
***P0.0001.
Abbreviations: ADSCs, adipose-derived stem cells; MCAO, middle cerebral artery
occlusion; mNSS, modified neurological severity score.
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Figure 3 ADSCs treatment decreased brain water contents in MCAO rats.
Notes: Brain water contents in rats were measured at 72 hours after MCAO.
The brain water content in the vehicle group was significantly higher than that
in the Sham-operated group. The brain water content in the ADSCs group was
significantly reduced compared with that in the vehicle group. Data are presented as
mean ± SD (n=6). **P0.01.
Abbreviations: ADSCs, adipose-derived stem cells; MCAO, middle cerebral artery
occlusion.

ADSCs transplantation increases BDNF
level by activating TrkB signaling in the
cortex of MCAO rats
We examined the expression of BDNF and TrkB in the cortex
of rats at day 7 after MCAO by Western blot analysis. The
protein expression levels of BDNF and TrkB in the MCAO
group significantly decreased compared with those in the
sham-operated group. ADSCs transplantation augmented
BDNF and TrkB expression in the brain of MCAO rats.
However, the protein expression of BDNF decreased in the
presence of K252a (Figure 4). The results showed that TrkB
activation was essential for BDNF expression in MCAO rats
with ADSCs transplantation.

ADSCs transplantation regulates
apoptosis-related protein expression in
the cortex of rats after MCAO
As shown in Figure 5, the expression levels of Bcl-2 in MCAO
and vehicle + MCAO groups were significantly decreased
compared with those of the sham-operated group. Moreover, Bax in MCAO and vehicle + MCAO groups increased
compared with that of the sham-operated group. ADSCs
transplantation significantly elevated the expression level of
Bcl-2 and attenuated the expression level of Bax. However,
the ADSCs-induced increase in Bcl-2 and decrease in Bax
protein were reversed in MCAO rats treated with K252a.
These data demonstrated that the antiapoptotic function of
transplanted ADSCs may be dependent on BDNF-TrkB
signaling in rat cortical neurons.
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Figure 4 Effects of ADSCs on BDNF and TrkB expression in MCAO rats.
Notes: Extracts of cortex were prepared and subjected to Western blot. β-actin
was used as a loading control. BDNF and TrkB proteins increased in MCAO rats with
ADSCs transplantation. Treatment with K252a reversed the ADSCs-induced increase
in BDNF and TrkB protein in MCAO rats. Data are expressed as mean ± SD (n=6).
**P0.01 and ***P0.001.
Abbreviations: ADSCs, adipose-derived stem cells; MCAO, middle cerebral artery
occlusion.

Discussion
In the recent years, multiple ways have been explored to find an
effective therapeutic approach for stroke. The inflammationinduced neuron loss leads to irreversible damages and infarction areas in the brain of patients with stroke, and there is
currently no cure for this disorder.8 The key point to solve
this problem is to explore an effective treatment strategy to
regenerate neuronal cells. Therefore, stem cells transplantation
may be an effective method for curing stroke.
A large number of evidence indicated that ADSCs transplantation remarkably improved the neurological defects
and functions via various molecular mechanisms, and no
serious complications have been observed so far. A study
demonstrated that ADSCs transplantation via tail intravenous
injection or brain stereotaxic injection promoted restoration
and regeneration of nerve injury in animal models.24 A large
number of evidence indicated that ADSCs were capable of
secreting multiple neurotrophic factors and vascular endothelial growth factors that contributed to early peripheral nerve
regeneration. ADSCs were capable of producing a mass of
vascular endothelial growth factor, which contributed to
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Figure 5 Effects of ADSCs on the expression of apoptosis-related proteins.
Notes: The expression levels of Bax and Bcl-2 were determined using Western
blot. β-actin was used as a loading control. The Bcl-2 expression level significantly
increased and Bax expression level significantly decreased in the MCAO + ADSCs
group compared with the MCAO + vehicle group. The increase in Bcl-2 and decrease
in Bax were prevented by K252a treatment. Data are expressed as mean ± SD (n=6).
**P0.01 and ***P0.001.
Abbreviations: ADSCs, adipose-derived stem cells; MCAO, middle cerebral artery
occlusion.

implant biocompatibility. Transplantation of ADSCs attenuated functional deficits in MCAO rats.25 Human ADSCs
administration with MCAO mice could apparently attenuate
stroke symptoms and ameliorate neurological functions by
enhancing immunosuppression and evaluating the viability
of endogenous neurons.26 Inflammatory and apoptosis factors
have been found to be involved in brain aging and neurodegeneration.27 Adipose-derived mesenchymal stem cells
therapy contribute to recovery of neurological function in
rats after acute ischemic stroke by promoting vasculogenesis and neurogenesis as well as its inhibitory properties on
inflammation and apoptosis.28 In this study, we demonstrated
that transplanted ADSCs improved neurological function in
rats after MCAO.
The growth factors, especially BDNF and glial cellderived neurotrophic factor, have antiapoptotic and neurotrophic effects on neurons.29 Decreasing the BDNF mRNA
level by intracerebroventricular injection of antisense oligonucleotide prevented recovery of behavioral functions in
rats after stroke.30 A previous study suggested that adipose
stromal cells prevented hypoxia-induced brain damage by
1292
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elevating expression of BDNF.31 Here, we further investigated the mechanism of BDNF upregulation in MCAO rats
with ADSCs transplantation. We demonstrated that inhibition
of TrkB receptor signaling with K252a prevented the increase
in BDNF induced by ADSCs treatment. The antiapoptotic
protein Bcl-2 regulates permeabilization of the mitochondrial
outer membrane and further controls apoptosis.32 We found
that Bcl-2 expression was elevated in the brain of MCAO
rats with ADSCs transplantation. Although the mechanisms
underlying the therapeutic potential of ADSCs transplantation in promoting neurological functional recovery of rats
with MCAO have been clarified in this study, the challenges
that exist in the clinical application of ADSCs for stroke may
be more difficult. The short-term outcome of ADSCs transplantation for neurologic deficits after stroke was impressive,
while the long-term outcome was needed to be followed up
to evaluate the therapeutic effect accurately.
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These findings suggested that ADSCs contributed to nerve
healing and enhanced BDNF expression by activating TrkB
signaling in MCAO rats. ADSCs may be developed as a
novel cell-based therapy for the recovery of stroke. Further
investigations should be conducted to clarify the mechanisms
of antiapoptosis of ADSCs.
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