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Abstract: Adipose tissue-derived mesenchymal stem cells (ADSCs) are of great interest as a cellular therapeutic 
agent for regenerative and immunomodulatory purposes. The aim of this study was to investigate whether ADSCs 
transplantation could promote nerve repair in rats of cerebral ischemia-reperfusion (I/R) injury. We isolated and 
cultured human ADSCs, and then measured cell surface antigens by flow cytometry and immunofluorescence. 
Healthy SD rats were randomly divided into sham group, MCAO group, MCAO+vehicle group and MCAO+ADSCs 
group. Cerebral ischemia-reperfusion injury was induced by middle cerebral artery occlusion (MCAO). Then the 
human ADSCs were transplanted into the brain of rats 24 h after MCAO. The mRNA level of BDNF (brain derived 
neurotrophic factor, BDNF), NGF (nerve growth factor, NGF) and bFGF (basic fibroblasts growth factor, bFGF) were 
detected by real-time PCR at different time points (d7, d14, d21 and d28 after MCAO). Meanwhile, the neurological 
deficit scores were estimated. The neurological deficit of rats in MCAO+ADSCs group attenuated at d7 in contrast 
to the MCAO+vehicle group (P<0.05). Subsequently, they were dramatically ameliorated with the time especially 
at d28. At d7, d14, d21 and d28 after ADSCs transplantation, BDNF, NGF and bFGF mRNA in MCAO+ADSCs group 
were strikingly higher than those in MCAO+vehicle group, and these two groups both reached the peak at d14. The 
western blotting results showed that BDNF and Bcl-2 expressed higher in MCAO+ADSCs group than MCAO+vehicle 
group. Therefore, our current results suggest that ADSCs promote nerve repair after injury through elevating the 
expression of neurotrophic factors and inhibiting the apoptosis of neural cells. 
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Introduction

Stroke is a significant health problem and the 
third leading cause of death in the worldwide 
[1]. Ischemia-reperfusion (I/R) injury resulting 
from stroke leads to metabolic distress, oxida-
tive stress and inflammation, making it likely 
that multiple therapeutic intervention strate-
gies may be needed for successful treatment. 
However, limited advances have been made in 
developing therapies to confront the harmful 
effects of ischemic stroke, with the only avail-
able treatment being thrombolysis with tissue 
plasminogen activator (tPA) [2, 3]. Unfortunately, 
due to the narrow therapeutic window (<4.5 h) 
and safety concerns, less than 5% of all 

patients are treated with tPA. Thus, the devel-
opment of treatment strategies for cerebral 
ischemic injury is a high priority. 

Mesenchymal stem cells (MSC) have emerged 
as cells with great clinical potential. It has dem-
onstrated the immunosuppressive and regen-
erative capacities of MSC in vitro studies. 
Currently, MSC have been evaluated as a cell 
therapeutic agent in many medical fields includ-
ing graft versus host disease, solid organ trans-
plantation, and Crohn’s disease [4-6]. As one 
kind of adult mesenchymal stem cells (MSCs), 
human bone marrow-derived mesenchymal 
stem cells (BMSCs) have been widely studied, 
but harvesting these cells involves a highly inva-
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sive procedure [7]. Furthermore, the quantities, 
differentiation potential and frequency of MSCs 
derived from bone marrow decline with increas-
ing age [7-9]. Therefore, an alternative cell 
source is in urgent demand [10, 11]. Adipose-
derived stem cells (ADSCs) have similar pheno-
typic and gene expression profiles to BMSCs 
[12, 13], but there are unique advantages that 
they can be harvested easily by a safe and con-
ventional liposuction procedure from subcuta-
neous fat tissue. The frequency of ADSCs in 
adipose tissue is much higher than that of 
MSCs in bone marrow [14], and ADSCs prolifer-
ate significantly faster than BMSCs [15, 16]. 

Therefore, the present study was undertaken to 
investigate whether the implantation of ADSCs 
can alleviate the ischemia-reperfusion injury 
and promote the nerve repair in rats, and clarify 
the mechanism of this process. 

Materials and methods

The isolation of human ADSCs

Human ADSCs were isolated from the upper 
eyelid orbital fat tissues of healthy adults dur-
ing double eyelid operations from patients at 
age within 18-30 years. All donors gave 
informed consent for harvesting of their adi-
pose tissue. Donors with infectious or systemic 
diseases or malignancies were excluded in the 
study. Adipose tissue was washed extensively 
with phosphate-buffered saline (PBS) three 
times. And then the tissue was minced and 
digested at 37°C for 1 h with equal volume of 
0.5 mg/ml collagenase type IV (Sigma, USA) 
and 0.25% trypsin (BD, USA). Subsequently, the 
suspension was centrifuged to separate the 
floating adipocytes from the stromal vascular 
fraction. Then the cells in the stromal vascular 
fraction were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS; 
Gibco), and kept at 37°C, 5% CO2, 20% O2, and 
95% humidity. After 24 h, the non-adherent 
cells were removed. The adherent cells were 
continuously cultured and used for the experi-
ment between passages 3 and 5.

Flow cytometry 

Human ADSCs (n=6) within 3-5 passages the 
initial plating of the primary culture were digest-
ed with 0.25% trypsin and washed with PBS. 

Then the cells were incubated with mouse anti-
human CD90-FITC monoclonal antibody (Bio- 
legend, USA), CD105-PE monoclonal antibody 
(R&D Systems, USA), CD45-PE monoclonal 
antibody (Biolegend, USA) or CD34-APC mono-
clonal antibody (Biolegend, USA). Meanwhile, 
the isotypic control was used. After incubation 
in darkness for 30 min at room temperature, 
the cells were analyzed immediately by a flow 
cytometer (FACS Calibur, BD). The experiments 
were repeated three times.

Immunofluorescence

Human ADSC cells of third passage (1×105 

cells/well) were seeded in 24-well plate and 
cultured for 24 h. Then cells were washed and 
fixed with phenolformaldehyde (4%; 20 min, 
4°C). Samples were blocked with 2% BSA (in 
PBS), and then they were incubated with rabbit 
anti-human CD90 mAb (1:100, Santa Cruz 
Biotechnology, USA), rabbit anti-human CD105 
mAb (1:100, Santa Cruz Biotechnology), rabbit 
anti-human CD34 mAb (1:200, Cell Signaling 
Technology, USA) and rabbit anti-human CD45 
mAb (1:100, Santa Cruz Technology) overnight 
at 4°C. Subsequently, the cells were washed in 
PBS, and then incubated with fluorescein-iso-
thiocyanate (FITC)-conjugated rabbit secondary 
mAb. Florescence images were captured by 
Leitz DMRX microscope. The experiments were 
repeated three times.

Animals

Ninety-six adult male Sprague-Dawley rats 
(200-250 g) were purchased from Shandong 
University and housed in a temperature-con-
trolled room with free access to food and water 
under 12 hr light-dark conditions. The animals 
were randomly separated into four groups: 
sham group, MCAO group, MCAO+vehicle group 
and MCAO+ADSCs group. All procedures were 
performed in accordance with protocols app- 
roved by the Institutional Committee for Animal 
Care and Use of Weifang Medical University. 

MCAO surgical procedure

Sprague-Dawley rats were anesthetized before 
surgery by intraperitoneal injection of 10% chlo-
ral hydrate at a dose of 350 mg/kg. The right 
MCA (middle cerebral artery) was occluded as 
described by Longa et al [17] with minor modifi-
cations. Briefly, the right common carotid artery 
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was exposed, and a 4-0 monofilament nylon 
thread coated with silicon was then inserted 
from the external into the internal carotid artery 
until the tip occluded the origin of the MCA. 
After closure of the operative sites, the animals 
were allowed to awake from the anesthesia. 
The occluder was left in place for 1 h and then 
removed. And then the reperfusion started. 
Rectal temperature was recorded and main-
tained at 37±0.5°C. An observer blinded to the 
identity of the groups assessed neurological 
deficits after reperfusion (before euthanization) 
by the forelimb akinesia test, whereas the 
spontaneous rotational test was used as a cri-
terion for evaluating the ischemic insult [18]. 
Animals not showing behavioral deficits at the- 
se time points after reperfusion were excluded 
from the study.

Intracranial transplants of human ADSCs

Twenty-four hours after the MCAO, the ADSCs 
were thawed into PBS. The cells were washed 
and centrifuged three times (1000 rpm for 7 
min). Viability was determined using the trypan 
blue dye exclusion method, and cell concentra-
tion was adjusted to 5×104 cells/μl. In the vehi-
cle and ADSCs groups, the rats were re-anes-
thetized and held on a stereotactic frame. Then 
25 μl Hamilton microinjector was fixed to the 
frame. The cell suspension (5×104/μl) was 
transplanted into the right corpus striatum (7 
μl) and cerebral cortex (3 μl) respectively, and 
the injection time was no less than 10 min. The 
needle was retained for at least 5 min after the 
injection, and the hole was sealed off by max so 
that the fluid could not run out. The MCAO+ 
vehicle group was injected PBS and the proce-
dure was same to the MCAO+ADSCs group. 

Neurobehavioral evaluation

An observer blinded to the identity of the groups 
assessed neurological deficits at 24 h, d7, d14, 
d21 and d28 after MCAO in all groups. According 
to Longa [17], the neurologic findings were 
scored on a five-point scale: a score of 0 indi-
cated no neurologic deficit, a score of 1 (failure 
to extend left forepaw fully) a mild focal neuro-
logic deficit, a score of 2 (circling to the left) a 
moderate focal neurologic deficit, and a score 
of 3 (falling to the left) a severe focal deficit; 
rats with a score of 4 did not walk spontane-
ously and had a depressed level of consciou- 
sness. 

Quantitative real time polymerase chain reac-
tion 

After the last behavioral tests, the brains were 
removed and cryopreserved in liquid nitrogen. 
For detection of the growth factors BDNF, NGF 
and bFGF in the rat brain after transplantation 
of ADSC cells, real time PCR was carried out. 
RNA was extracted from brain tissue using 
RNase Miniprep Kit (Qiagen, USA) according to 
manufacturer’s protocol. RNA was used for 
reverse transcription using RevertAid™ first 
strand cDNA synthesis kit with oligo (dT) prim-
ers (Fermentas, Lithuania). Quantitative poly-
merase chain reaction (qPCR) was performed 
using primers specific for rat BDNF, NGF and 
bFGF mRNAs. Primers for real time PCR were 
as follows: BDNF (169 bp): sense: 5’-GTG 
TGATATTAGCGAGTGG-3’, antisense: 5’-GCAG 
CCTCCCTTGGTGTAAC-3’, NGF (122 bp): sense: 
5’-GCACCACGAACACCTT-3’, antisense: 5’-GCC- 
TCTTCTTGTAGCCTTCCT-3’, bFGF (161 bp): sen- 
se: 5’-CACTTACACCTCCAAGAAGCAT-3’, antise- 
nse: 5’-AGAACACTCAGAACAGACTCCT-3’, β-actin 
(153 bp): sense: 5’-TGTTGCCCTAGACTTCGA- 
GCA-3’, antisense: 5’-GGACCCAGGAAGGAAG- 
GCT-3’. The experiment was duplicated three 
times. 

Western blotting 

Brain tissues (n=3 for each group) were 
obtained from the entire MCA territory at d7, 
d14, d21 and d28 after MCAO. The tissues 
were homogenized using a polytron homogeniz-
er, then sonicated for 10 s three times at 4°C. 
And then the lysates were centrifuged at 12000 
rpm for 25 min at 4°C. The supernatant was 
estimated by the method of Bradford. The 
supernatant (30 μg protein) was subjected to 
SDS-PAGE and electrophoretically transferred 
to PVDF membranes (0.45 μm; Hybond-P, 
Amersham, Buckinghamshire, HP, UK). Blots 
were blocked in a blocking buffer, containing 
5% bovine serum, 0.1% Tween 20 in 0.1 M PBS 
(pH 7.4), and incubated with rabbit anti-BDNF 
(1:200, Santa Cruz Biotechnology), rabbit anti-
Bcl-2 (1:200, Santa Cruz Biotechnology) and 
rabbit anti-actin (1:500, Santa Cruz Biotech- 
nology) at 4°C overnight. Blots were subse-
quently washed 4 times with TBST and incu-
bated with secondary peroxidase conjugated 
goat anti-rabbit IgG (Amersham) for 2 hours. 
The band with peroxidase activity was detected 
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using film exposure with enhanced chemilumi-
nescence detection reagents (ECL system, 
Amersham).

Statistics analysis

All values are shown as mean±SD. Data were 
analyzed by using one-way analysis of variance 
and least significant difference (equal varianc-
es assumed), or Tamhane’s test (equal varianc-
es not assumed) was used post hoc for multiple 
comparisons with Statistical Package for the 
Social Sciences software version 11.5. Diff- 
erences were considered as statistically signifi-
cant at P<0.05.

Results 

The morphology of ADSCs in culture

At the beginning, the ADSCs appeared as a 
spindle shape (Figure 1A). They were cultured 
in DMEM containing 10% FBS, which prolifer-
ated rapidly and reached 80% confluency 3-4 
days. After the third passage, ADSCs adopted a 
fibroblast-like morphology with long cell pro-
cesses (Figure 1B).

Cell surface antigens on human ADSCs

In order to confirm phenotype and purity of 
ADSCs, cell surface markers were determined 

Figure 1. The phenotype of human ADSCs in culture. Morphology of ADSCs at day 3 (A: original magnification ×50) 
and day 7 (B: original magnification ×50).

Figure 2. Cell surface antigens of human ADSCs are analyzed by immunofluorescence and flow cytometry. The 
ADSCs were positive for CD90 and CD105, whereas negative for CD34 and CD45 (A: original magnification ×200). 
The FACS illustrated that over 95% of ADSCs expressed CD90 and CD105, however, few ADSCs expressed CD34 
and CD45 (B).
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by flow cytometry and immunofluorescence. It 
showed that ADSCs expressed high level of 
CD90 and CD105, characteristics of mesen-
chymal stem cells (Figure 2A). The ADSCs were 
negative for hematopoietic stem cell makers 
such as CD34 and CD45. Meanwhile, the flow 
cytometric analysis manifested that ADSCs 
expressed the MSC markers such as CD90 and 
CD105 (Figure 2B). Such an expression profile 
is consistent with previous reports for porcine 
ADSCs [19-21].

ADSCs transplantation ameliorates neurologi-
cal deficits

As shown in Table 1, rats in MCAO group, 
MCAO+vehicle group and MCAO+ADSCs group 
represented obvious neurological deficit com-
pared to sham group (P<0.01) before ADSCs 
transplantation, and there was no significant 
difference among these three groups. The neu-
rological deficit of rats in MCAO+ADSCs group 
attenuated at d7 after ADSCs transplantation 
in contrast to the MCAO+vehicle group (P<0.05). 
Subsequently, they were dramatically alleviat-
ed with time especially at d28 (P<0.01). It dem-
onstrated that ADSCs could alleviate neurologi-
cal function in rats of ischemia-reperfusion 
injury. 

Intracranial transplants of ADSCs improve the 
expression of BDNF, NGF and bFGF mRNA in 
rats

As shown, BDNF, NGF and bFGF mRNA of MCAO 
group were significantly higher than those in 
sham group (P<0.05, P<0.01) (Figure 3). At d7, 
d14, d21 and d28 after MCAO, BDNF, NGF and 
bFGF mRNA in MCAO+ADSCs group were strik-
ingly higher than those in MCAO+vechile group 
(P<0.05, P<0.01). These two groups both 
reached the peak at d14 and then declined, but 
the expression in MCAO+ADSCs group was still 
higher than MCAO+vehicle group at d21 and 

d28 (P<0.05, P<0.01) (Figure 3). It illustrated 
that intracranial injection of ADSCs could pro-
mote the expression of BDNF, NGF and bFGF. 
After cerebral ischemia-reperfusion injury, the 
injured tissue repaired itself, and ADSCs 
enhanced the intensity and duration of repair, 
which ameliorated local microenvironment and 
facilitated nerve repair. 

ADSCs transplantation promotes the expres-
sion of BDNF and Bcl-2 in rats after MCAO

To clarify the mechanism that human ADSCs 
alleviated nerve damage and promoted nerve 
repair, we measured the expression of BDNF 
and Bcl-2 in groups. It showed that the expres-
sion of BDNF and Bcl-2 increased at d7 and 
d14 in MCAO+vehicle and MCAO+ADSCs group 
and then decreased from d21. At d7 and d14, 
the protein level of BDNF in MCAO+ADSCs 
group was dramatically higher than that in 
MCAO+vehicle group (P<0.05, P<0.01) (Figure 
4A and 4C). In accordance with BDNF, the 
expression of Bcl-2 in the MCAO+ADSCs group 
was significantly higher than that in MCAO+ 
vehicle group (P<0.05) (Figure 4B and 4D). 
Therefore, human ADSCs facilitates nerve 
repair through improving the expression of 
BDNF and Bcl-2 as well as its downstream sig-
nal pathways. 

Discussion 

Cerebral ischemia and reperfusion is a patho-
logical condition characterized by an initial 
restriction of blood supply to brain and followed 
by the subsequent restoration of blood flow 
and concomitant reoxygenation. Ischemia 
results in an almost immediate loss of oxygen 
and glucose to the cerebral tissue. However, 
perhaps surprisingly, restoration of blood flow 
and reoxygenation is frequently associated 
with an exacerbation of brain injury [22]. 
Ischemia and reperfusion injury contributes to 

Table 1. Neurological deficit scores at different time points after MCAO in all groups

Groups
Neurological deficit scores

24 h d7 d14 d21 d28
Sham 0 0 0 0 0
MCAO 3.24±0.65** 2.79±0.54** 3.11±0.47** 2.51±0.52** 2.86±0.51**

MCAO+vehicle 3.41±0.58** 2.95±0.65** 2.94±0.53** 2.71±0.51** 2.58±0.62**

MCAO+ADSCs 3.52±0.51** 2.14±0.61**,# 1.47±0.32**,## 0.78±0.43*,## 0.36±0.18##

*P<0.05, **P<0.01 compared to sham group, #P<0.05 compared to MCAO+vehicle group, ##P<0.01 compared to MCAO+vehicle 
group.
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pathology in a wide range of conditions [23]. 
For example, limited oxygen availability (hypox-
ia) occurs during the ischemic period is related 
to impaired endothelial cell barrier function 
[24] due to decreases in adenylate cyclase 
activity and intracellular cAMP levels and a con-
comitant increase in vascular permeability and 
leakage [23]. In addition, ischemia and reperfu-
sion leads to the activation of cell death pro-
grams, including apoptosis, autophagy-associ-
ated cell death and necrosis [25]. 

Various MSCs derived from bone marrow, fat 
and umbilical cord blood have received atten-
tion in the field of tissue engineering because 
of their distinct biologic capability such as 
transdifferentiation and self-renewal [26]. 
Adipose tissue-derived mesenchymal stem 
cells (ADSCs) are capable of differentiating into 
one or more phenotypes and functional repro-
duction of damaged tissue [27]. ADSCs share 
the same properties of stem cells, such as the 
ability to divide and renew themselves for long 
periods, and differentiate into specialized cells. 

Compared with other MSCs, ADSCs can easily 
be harvested from patients and can be cul-
tured and expanded rapidly. In addition, long-
term cultured ADSCs maintain their mesenchy-
mal pluripotency [28]. In this study, we con-
firmed that human ADSCs expressed charac-
teristic surface markers (CD90 and CD105 
positive, and CD34 and CD45 negative), which 
was consistent with the literature [19-21, 
29-31]. These results indicate that ADSCs pos-
sess the low immunogenicity and can escape 
from immune response [32, 33]. Therefore, the 
cells may be expanded for a variety of thera-
peutic applications and offer a rich source for 
stem cell-based therapy [34]. 

Previous studies have shown ADSCs can differ-
entiate into Schwann cell [35] and promote 
peripheral nerve repair [36, 37]. On the other 
hand, it has shown that neurotrophic factors 
are essential molecules which can promote 
early peripheral nerve regeneration by litera-
ture [38]. Neurotrophins are central to many 
facets of CNS function, from differentiation and 

Figure 3. ADSCs transplantation promotes the expression of BDNF, NGF and bFGF mRNA in brain. The human 
ADSCs were intracranial transplanted after MCAO surgery, and we detected the expression of BDNF, NGF and bFGF 
mRNA in these groups. It demonstrated that BDNF, NGF and bFGF mRNA in MCAO group were significantly higher 
than those in sham group. Meanwhile, the expression of BDNF, NGF and bFGF in MCAO+ADSCs group was dramati-
cally higher than that in MCAO+vehicle group. They reached the peak at day 14 after ADSCs transplantation and 
then decreased with time. Moreover, they were still higher than MCAO+vehicle group at d21 and d28. *P<0.05, 
**P<0.01 compared to sham group, #P<0.05, ##P<0.01 compared to MCAO+vehicle group, ☆P<0.05, ☆☆P<0.01 
compared to MCAO+ADSCs group.
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neuronal survival to synaptogenesis and activi-
ty-dependent forms of synaptic plasticity [39]. 
In the mammalian brain, four neurotrophins 
have been identified: nerve growth factor (NGF), 
brain-derived neurotrophic factor (BDNF), neu-
rotrophin 3 (NT3) and neurotrophin 4 (NT4). 
BDNF is the most abundant and widely distrib-
uted neurotrophin in the mammalian CNS [40]. 
In this study, we investigated the effect of 
ADSCs transplantation on nerve repair. In com-
parison with MCAO+vehicle group, the trans-
planted ADSCs elevated the expression of 
BDNF, NGF and bFGF in MCAO+ADSCs group, 
and they reached the peak at d14 after MCAO 
(Figure 3). 

Ischemia and reperfusion activates various 
programs of cell death, which can be catego-
rized as necrosis, apoptosis or autophagy-
associated cell death [25]. The process of 
apoptosis includes various changes, such as 
nuclear and DNA fragmentation, caspase acti-
vation and increased expression of apoptosis-
associated proteins. Apoptosis occurs mainly 
through two pathways: extrinsic and intrinsic 
apoptosis signaling [41]. The anti-apoptotic pro-
tein Bcl-2 regulated the intrinsic or mitochon-

drial pathway [42]. The neurotrophic factor 
BDNF is involved in growth, differentiation, 
maturation, and survival of neurons [43]. The 
animal studies indicate that the BDNF in adult 
rats supports the survival of the basal forebrain 
cholinergic neurons, promotes neuronal differ-
entiation and survival, and inhibits brain inju-
ries induced by cerebral ischemia and hypoxia 
[44]. Our results revealed that ADSCs trans-
plantation promoted the protein level of BDNF 
and Bcl-2 (Figure 4), which may further regu-
lated the neurons apoptosis and enhanced its 
repair. Moreover, we confirmed that ADSCs 
indeed participated in the repair of injured 
nerve through neurobehavioral evaluation 
(Table 1). However, we were unable to investi-
gate the differentiation of transplanted cells in 
vivo, so it is unclear that these high expressed 
neurotrophic factors were secreted by the 
transplanted ADSCs directly or by Schwann 
cells. Nevertheless, we demonstrated that the 
high level of neurotrophic factors expression 
was followed by ADSCs transplantation in the 
brain of rats. 

In summary, our study demonstrated that 
ADSCs promote nerve repair in rats of cerebral 
ischemia-reperfusion injury through elevating 

Figure 4. ADSCs transplantation facilitates the protein level of BDNF and Bcl-2 and further improves nerve re-
pair. The expression of BDNF and Bcl-2 was analyzed by western blotting. β-Actin is used as loading control. The 
results are the means±SD (n=6). The protein levels of BDNF and Bcl-2 in MCAO+ADSCs group were higher than 
those in MCAO+vehicle group. In addition, BDNF and Bcl-2 in MCAO+ADSCs group increased at d7 and d14 and 
declines from d21. There was alike in MCAO+vehicle group. *P<0.05, **P<0.01 compared to the protein level at 24 
h. #P<0.05, ##P<0.01 compared to MCAO+vehicle group. 
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the expression of neurotrophic factors such as 
BDNF and NGF. Moreover, our results suggest 
that ADSCs transplantation represents a pow-
erful therapeutic approach for nerve injury. 
However, the detailed mechanism by which 
ADSCs promote nerve repair is not explicit yet, 
it needs further investigation.
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