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Bone marrow stem cells (BMSCs) have been shown to improve neurological function recovery in cerebral
ischemia. Hypoxia-inducible factor-1 (HIF-1) a-AA is a more stable mutant form of HIF-1a, which is a crucial
oxygen-sensitive regulator. To investigate the protective effects of HIF-1a-AA-modified BMSCs on neuron sur-
vival in cerebral ischemia models, we co-cultured HIF-1a-AA-modified BMSCs with neuron-like cells (PC12 cells)
and observed a significant increase in the release of vascular endothelial growth factor (VEGF) from BMSCs, the
decreased PC12 cell apoptosis, and the upregulation of Survivin expression reduced by hypoxia in PC12 cells
compared to enhanced green fluorescent protein (EGFP) BMSCs. In addition, to explore whether VEGF secreted by
HIF-1a-AA-modified BMSCs plays an important role in preventing hypoxia-induced apoptosis and the possible
mechanism involved, exogenous VEGF were applied and the similar protective effects on PC12 cells were ob-
served in vitro. Furthermore, hypoxia reduced the expression of phosphorylated Akt and phosphorylated FoxO1,
whereas the administration of VEGF reversed these changes. Transfection of FoxO1 H215R, a DNA-binding
mutant, abrogated the inhibitory ability on Survivin promoter activity, whereas FoxO1 AAA, the active form of
FoxO1, presented further repression on Survivin promoter, indicating that FoxO1 directly binds on Survivin
promoter as a transcriptional repressor and that phosphorylation status of FoxO1 affects its inhibition on the
Survivin promoter. Transplantation of HIF-1a-AA-modified BMSCs after cerebral ischemia in vivo sufficiently
reduced neurons apoptosis, decreased cerebral infarction volume, and induced a significant improvement on the
modified neurological severity score compared to the EGFP BMSCs group. In conclusion, HIF-1a-AA-modified
MSCs showed an obvious protective effect on neuron-like cells or neuron after ischemia in vitro and in vivo, at
least in part, through the VEGF/PI3K/Akt/FoxO1 pathway.

Introduction

Cerebral ischemia is a common cerebrovascular disease
with high disability and mortality [1,2]. Bone marrow

stem cells (BMSCs) have captured scientists’ attention in curing
central nervous diseases such as cerebral ischemia, stroke, and
spinal cord injury. BMSCs are a kind of adult stem cells with
the ability to divide with unlimited self-renewal properties and
differentiation potential [3]. It is generally assumed that BMSCs
transplanted into the vein or artery can cross the blood–brain
barrier and reach the ischemia region and differentiate into
neuron-like cells, and then improve neurological function re-

covery in cerebral ischemia [4]. Meanwhile, BMSCs have been
shown to provide an attractive microenvironment for injured
and damaged tissues, through the secretion of cytokines and
trophic factors, to activate endogenous brain remodeling [5,6].
These processes may include neurogenesis, angiogenesis, and
synaptogenesis, reducing neuronal apoptosis and promoting
neuronal proliferation in the boundary zone of the ischemic
hemisphere. However, these possible therapeutic potentials
remain to be characterized and subsequently further enhanced.
Many studies on stroke using BMSCs as treatment suggest
genetic modification of BMSCs to improve therapeutic po-
tential. Indeed, overexpression of trophic factors such as
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brain-derived neurotrophic factor (BDNF), fibroblast growth
factor-2, and hematopoietic growth factor in gene-modified
BMSCs has been demonstrated to improve neurologic outcome
in animal models of ischemic stroke [7–9]

Hypoxia-inducible factor-1 (HIF-1) is an oxygen-sensitive
transcription factor [10]. HIF-1 is a heterodimeric protein that
consists of a functional HIF-1a subunit and a constitutively
expressed HIF-1b subunit. The HIF-1a subunit’s stability and
transcriptional activity are subject to the regulation of in-
tracellular oxygen concentration [11]. Two critical prolines in
HIF-1a (Pro402 and Pro564) can be hydroxylated by proline
hydroxylase under normoxia conditions. Hydroxylation of
HIF-1a leads to its binding to von Hippel-Lindau (VHL) and
ubiquitin-mediated degradation [12–14]. It has been shown
that HIF-1a mutation in which 2 prolines were substituted to
alanine (P402A and P564A) is more stable than wild-type
HIF-1a and exhibit higher transcription activities in upre-
gulating its downstream targets [15].

In the cerebral ischemia, as a crucial physiological regu-
lator of the cellular response to low oxygen concentrations,
HIF-1a is upregulated and induces the expression level of its
downstream target genes [10], such as vascular endothelial
growth factor (VEGF), erythropoietin (EPO), and CXC che-
mokine receptor 4 (CXCR4) [16], and it is also involved in
angiogenesis, cell survival, anaerobic metabolism, cell mi-
gration, and differentiation, suggesting that HIF-1a plays an
important role in the functional recovery of ischemia [10].
Furthermore, the central role of HIF-1 in the cellular response
to hypoxia makes this factor an attractive therapeutic target
for ischemic stroke [17]. Recently, Dai et al. reported that
HIF-1a-induced VEGF overexpression in BMSCs protected
cardiomyocytes against ischemia [18]. In a way, HIF-1 can
serve as a neurotrophic and neuroprotective factor [19],
which raises the possibility that HIF-1 plays essential roles in
BMSC-mediated promotion of neurological and functional
recovery in ischemic brain.

In the current study, we established the alanine-mutated
HIF-1a-modified BMSCs, first applied them into brain is-
chemia, and observed the neuron protective effects of neuron
and brain function. In addition, we specifically investigated
the mechanisms of how HIF-1a-AA-modified BMSCs pre-
vent hypoxia-induced apoptosis.

Materials and Methods

Preparation, isolation, and culture of BMSCs

BMSCs were isolated by the density gradient technique as
described previously [20]. In brief, the bone marrow was
obtained from the femurs and tibias taken from male Spra-
gue-Dawley rats (weighing from 60 to 80 g). The bone mar-
row mononuclear cells were separated over Ficoll-Hypaque
gradients (Sigma Chemical Co.) at 400 g for 30 min and
plated into 25-cm2 flasks in Iscove’s modified Dulbecco
medium: Nutrient Mixture F-12 (GIBCO, Invitrogen) sup-
plemented with 10% fetal bovine serum (Kibbutz Beit Hae-
mek). After the cells were incubated at 37�C in 5% CO2 for 3
days, the culture medium containing nonadherent cells was
removed, and the adherent layer was washed once with the
fresh medium and then cultured continuously. Cells were
passaged at 1:3 dilution when reaching 80% confluence.
BMSCs used for intravenous transplantation in these exper-
iments were harvested from passage 5.

Culture and treatment of PC12 cells

PC12 cells, a rat cell line derived from phaeochromocytoma
cells, can be induced into neuronal-like cells with nerve growth
factor (NGF) [21] and were provided as a kind gift by Professor
Jianqiang Feng [22]. Induced PC12 cells were maintained on
tissue culture plastic in the RPMI-1640 medium supplemented
with 10% heat-inactivated horse serum and 5% fetal bovine
serum (FBS) with 50 ng/ml purified recombinant Mouse beta-
NGF (R&D Systems) at 37�C under an atmosphere of 5% CO2

and 95% air. 293T cells were obtained from ATCC. 293T cells
were maintained with Dulbecco’s modified Eagle media
(DMEM) and 10% FBS with 100mg/mL penicillin and strep-
tomycin. All of the cells were grown at 37�C in a humidified
atmosphere of 5% CO2. For anoxia treatment, PC12 cells were
exposed to anoxic atmosphere (95% N2, 5% CO2 incubator) for
3–24 h. As an alternative, PC12 cells were treated with different
doses of CoCl2, a hypoxia mimic compound, for 20 h. To test
whether anoxic condition and CoCl2 can cause the comparable
effects on PC12 cell fate, we treated PC12 cells under anoxic
condition and different doses of CoCl2 and observed similar
rates of cell apoptosis between anoxic conditions and 0.6 mM
CoCl2 treatment. Then, for the experimental convenience, we
performed 0.6 mM CoCl2 treatment in the experiments of ex-
ploring the mechanisms of how VEGF protects PC12 cells from
apoptosis. For co-culturing of BMSCs and PC12 cells, we cul-
tured PC12 cells on the bottom of transwell plate and enhanced
green fluorescent protein (EGFP)-BMSCs or HIF-1a-AA-mod-
ified BMSCs on the transwell plate filters in which the pore is
0.4mm so that only factors secreted by BMSCs, not BMSCs
themselves, can go through the filters in the transwell plates.

Cell characterization assessment for Annexin
V/propidium iodide flow cytometry assay

PC12 cells were quickly trypsinized to detach from the
plastic plates and washed with phosphate-buffered saline
(PBS) (PH 7.2), resuspended with 1 · Binding buffer, and
stained with Annexin V and propidium iodide (PI) for 15 min
according to the manufacturer’s protocol. The stained cells
were processed with flow cytometry by FACSCalibur flow
cytometer (BD Biosciences) to assess the apoptosis.

Growth inhibition assay

A growth inhibition assay of cells was performed as pre-
viously described [23]. Briefly, cells were digested with
trypsin, counted, and then plated in a 96-well plate at a
density of 5 · 103 cells per well. The cells were exposed to
various concentrations of cobalt chloride or anoxia. After the
treated cells were incubated for 16 h or at described time
points, 50mL MTT (1 mg/mL; Sigma-Aldrich) was added
and the plates were incubated at 37�C for 4 h. To dissolve
formazan, 150mL dimethyl sulfoxide was added and the
plates were measured at 540 nm by spectrometer (Wellscan
MK3; Labsystems Dragon).

RNA extraction, cDNA synthesis,
and semi-quantitative reverse transcriptase–
polymerase chain reaction

Total RNA was extracted from BMSCs and PC12 cells using
RNAiso plus reagent (Takara), according to the manufacturer’s
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protocol. The first strand of cDNA was obtained using Re-
vertAid First Strand cDNA Synthesis Kit (MBI). Polymerase
chain reaction (PCR) was performed with rTaq polymerase
(Takara). The cycling conditions used were as follows: dena-
turing at 94�C for 5 min, annealing at 60�C for 1 min, and po-
lymerization at 72�C for 1 min. Primers used for PCR are
shown in Table 1. The resulting PCR products were analyzed
by 1.5% agarose gels with a DL2,000 DNA Marker (Takara) as a
size reference. Gel images were obtained with G:BOX gel image
machine (Syngene) and the band density was quantified with
the application GeneSys image acquisition software (Syngene).
All results represented the average density of positive bands
obtained from at least 3 independent experiments.

Western blotting

BMSCs and PC12 cells were rinsed with ice-cold PBS (pH
7.2) and lysed in RIPA buffer (Kangcheng). Protein concen-
trations were measured using the Protein Analysis System
(Bio-Rad). After lysis and evaluation of protein content via
Bradford protein assay, equal amounts of protein were sep-
arated by sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis and transferred to the polyvinylidene fluoride
membrane (0.45-mm pore size; Roche). Membranes were
blocked in 5% nonfat dry milk for 1 h and incubated with the
corresponding primary Ab [anti-HIF-1a (1:1000; Chemicon,
Millipore); anti-p-FoxO1 or anti-FoxO1 (1:500 or 1:1000; Cell
Signaling Technology); anti-p-Akt or anti-Akt (1:500; Kang-
cheng); anti-Survivin (1:500; Cell Signaling Technology)] at
4�C overnight. Blots were washed with TBS-T [20 mM Tris
(pH 7.5), 0.5 M NaCl, and 0.01% Tween-20] and incubated
with horseradish peroxidase (HRP)-conjugated respective
secondary Abs (1:2000) for 1 h at room temperature (RT). For
western blotting of b-actin, membrane was incubated with
HRP-conjugated anti-b-actin (1:10,000, Kaicheng) at 4�C
overnight. Antigen-Ab complexes were visualized by en-
hanced chemiluminescence (PIERCE). b-actin was used as a
control for protein loading.

Lentivirus vector construction

The mutant HIF-1a (P402A/P564A) fragment was di-
gested from HA-HIF-1a (P402A/P564A)-pBabe-puro pur-
chased from Addgene and then was sub-cloned into
Lentiviral backbone Lv-IRES-EGFP vector. The integrity of
plasmids was identified by restriction enzyme analysis and
confirmed by DNA sequencing.

Lentivirus production and infection of BMSCs

Recombinant lentiviruses were produced by cotransfec-
tion of 293T cells with the packaging plasmids (VSVG, gag-

pol) and lentivirus expression plasmids (Lv-HIF-1a-IRES-
EGFP or Lv-IRES-EGFP), using the Lipofectamine 2000 re-
agent (Invitrogen). The virus-containing supernatant was
harvested 48 h post-transfection and filtered through a Millex
HV filter (0.45 mm Millipore Corp.). BMSCs of passage 3 were
infected with the lentivirus in the presence of 10mg/mL
Polybrene (Sigma-Aldrich). BMSCs infected with Lv-HIF-1a-
AA-IRES-EGFP were named HIF-1a-AA-BMSCs, and
BMSCs infected with Lv-IRES-EGFP were named EGFP-
BMSCs.

Immunofluorescence microscopy of BMSCs
and PC12 cells

BMSCs and PC12 cells were fixed with 4% formaldehyde
for 10 min at RT and then washed with PBS 3 times. After
that, cells were incubated with 5% bovine serum albumin for
1 h at RT. Cells were incubated with primary anti-Survivin
(1:250; Cell Signaling Technology) overnight at 4�C, followed
by Alexa 488 anti-rabbit (1: 500; Cell Signaling Technology)
for 45 min. Cells were counterstained with 4¢,6-diamidino-2-
phenylindole (DAPI; blue; Sigma-Aldrich) for nuclear stain-
ing. For detecting apoptosis by Hoechst 33258 (Beyotime
Institute of Biotechnology) staining, cells were fixed in 4%
formaldehyde for 30 min at RT, washed with PBS 3 times,
and then stained with Hoechst 33258 for 1 h at RT, followed
by washing with PBS 3 times. Cells were viewed under a
Leica DMI4000B microscope (Leica) and pictures were cap-
tured with Leica Application Suite (LAS) Microscope Soft-
ware (Leica).

Measurement of VEGF by Enzyme-Linked
Immunosorbent Assay

EGFP-BMSCs and HIF-1a-AA-modified BMSCs were
plated in 6-well plates, separately. After 96 h in culture,
VEGF released from BMSCs into culture supernatant was
directly measured using the enzyme-linked immunosorbent
assay (ELISA) kit (RayBiotech) according to manufacturer’s
instructions.

Co-transfection

Transient transfections in PC12 cells were performed us-
ing Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. PC12 cells were seeded at 5 · 104

cells/well in a 24-well plate 1 day before transfection. The
following day, cells were transfected with 0.6 mg of Survivin
reporter and/or 0.25 mg pCDNA3, pCDNA3.1/FoxO1,
pCDNA3/FoxO1 AAA, or pCDNA3/FoxO1 H215R plasmid
as indicated. Total amount of DNA transfected per well was
adjusted to be uniform by transfecting empty vectors as
necessary. Forty-eight hours later, cells were harvested
and the luciferase activity was determined with the dual-
Luciferase reporter assay system (Promega). Firefly lucifer-
ase was normalized to Renilla luciferase activity.

Animals and pMCAo model

Healthy male Sprague–Dawley rats (weighing 220–250 g)
were obtained from the Experimental Animal Center of Sun
Yat-Sen University and randomly divided into 3 groups: the
HIF-1a-AA-BMSCs (n = 9), EGFP-BMSCs (n = 9), and the

Table 1. The Primers are Used in Amplifying Vascular

Endothelial Growth Factor, SURVIVIN, and b-Actin

VEGF (forward) 5¢-GCCCATGAAGTGGTGAAGTT-3¢
VEGF (reverse) 5¢-ACTCCAGGGCTTCATCATTG-3¢
Survivin (forward) 5¢-AACAGAAAGAGTTCGAGGAG-3¢
Survivin (reverse) 5¢-ACAATAGAGCAAAGCCACA-3¢
b-actin (forward) 5¢-TGTCACCAACTGGGACGATA-3¢
b-actin (reverse) 5¢-AACACAGCCTGGATGGCTAC-3¢

VEGF, vascular endothelial growth factor.
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control group (n = 9). The animals were kept in a standard
light/dark schedule with free access to food and water. All
animal procedures were conducted in compliance with the
guidelines of the Institutional Animal Care and Use Com-
mittee. Permanent middle cerebral artery occlusion was in-
duced by a modification of the intraluminal vascular
occlusion method as previously described [24,25]. Briefly, the
animals were anesthetized with 10% chloral hydrate (0.4 g/
kg, i.p.). The left common carotid artery, external carotid
artery (ECA), and internal carotid artery (ICA) were exposed
through a ventral midline incision in the neck. A silicone-
coated nylon filament at the diameter of 0.234 mm, with its
tip rounded by heating near flame, was introduced from the
ECA into the lumen of the ICA until it blocked the origin of
the middle cerebral artery (MCA).

Intravenous administration of BMSCs

In vivo study, the experimental groups consisted of 3
groups: control group (rats given MCA occlusion [MCAo]
without cell administration but with 1 mL PBS), EGFP-
BMSCs group (rats transplanted with 2 · 106 EGFP-BMSCs),
and HIF-1a-AA-BMSCs group (rats transplanted with 2 · 106

HIF-1a-AA-BMSCs) were injected intravenously at 3 h after
MCAo. All the transplantation procedures were performed
under aseptic conditions.

Behavioral tests

All animals were assessed with modified neurological
severity score (mNSS) tests before MCAo and at day 1, 7, 14,
or 28 after MCAo (n = 6 for each group). Neurological func-
tion including motor and sensory systems as well as reflexes
and a balance test is graded on a numeric scale from 0 to 18
(normal score, 0; maximal deficit score, 18); the higher the
score, the more severe the neurological deficit. Spatial
learning and memory was assessed using a modified version
of the Morris water-maze test [26]. Briefly, the rats were
placed in a circular tank of warm, opaque water with a
hidden platform. During training trials, latency to find the
platform location is recorded. During probe trials, the plat-
form is removed, and the percentage of time spent in the
quadrant that normally contains the platform is compared to
the time spent in other quadrants.

Terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling assay

DNA strand breaks were detected using the terminal
deoxynucleotidyl transferase-mediated dUTP nick end la-
beling (TUNEL) method. Briefly, brain sections were depar-
affinized and digested with proteinase K (Roche Molecular
Biochemicals) and then covered with the TUNEL reaction
mixture, followed by converter-POD/wash buffer. Finally,

sections were covered with the AEC substrate solution and
detected with diaminobenzidine (DAB, Chemicon ES005-
10ML). The integrated optical density (IOD) of apoptotic
neuronal cells was measured in the cortex and hippocampus
of ipsilateral hemisphere using a light microscope (Olympus
BH2-RFL-T3 Japan 400 · ) and color image recorder ( JVC KY
F30B 3-CCD Germany) and analyzed using Pro Plus soft-
ware 5.1 (Media Cybernetics). The neuronal apoptosis from
one section per animal (n = 3 each group) was evaluated by
immunohistochemistry to determine IOD of the apoptotic
cells exhibiting positive staining. For each slide, 6 fields were
selected and examined randomly, in a defined rectangular
field area ( · 200 objective), a total of at least 2000 cells per
field were counted. The apoptotic index was determined (i.e.,
IOD of apoptotic cells divided by the total neuronal cells
counted · 200) from a total of 18 fields per group. The assays
were performed in a double-blinded manner.

Cerebral infarction measurement

Cerebral infarction volume was measured by staining
brain slices with triphenyltetrazolium chloride (TTC; Sigma)
at day 3 after MCAo. The animals (n = 3 for each group) were
decapitated under deep anesthesia with 10% chloral hydrate
(0.8 g/kg, i.p.). The brains were quickly removed and sliced
into 5 coronal sections at 3-mm intervals. The slices were
incubated in a 2% solution of TTC at 37�C for 30 min and
then fixed in a 10% formaldehyde solution overnight. The
infarct area of each brain slice was analyzed using the Image-
Pro plus 5.0 analysis software. The total infarction volume
for each brain was calculated by summation of the infarcted
area of all brain slices.

Statistical analysis

The experimental measurements were performed blindly.
SigmaStat (SPSS, Inc.) statistical software was used for all
statistical analysis. All data represented at least 3 indepen-
dent experiments (n = 3–8). We used z-tests to determine if
the ratiometric data (i.e., normalized against control) are
different from controls. Statistical differences between the
means for the different groups were evaluated with a one-
way analysis of variance. Results are expressed as mean –
SEM. P < 0.05 was set as statistical significance.

Results

Establishment of lentiviral-mediated
HIF-1a-AA-modified BMSCs

We constructed the lentiviral vector containing HIF-1a-
AA, which mutates 2 critical prolines (Pro402 and Pro564)
into alanines and then infected BMSCs with lentivirus con-
taining HIF-1a-AA or EGFP as control. As shown in Fig. 1A

FIG. 1. Establishment of lentiviral-mediated hypoxia-inducible factor (HIF)-1a-AA-modified bone marrow stem cells
(BMSCs). (A) Flow cytometry analysis of green fluorescent protein (GFP) expression in BMSCs infected with Lv-enhanced
green fluorescent protein (EGFP) at different time points when Multiplicity of Infection (MOI) = 100. (B) Flow cytometry
analysis of GFP expression in BMSCs infected with Lv-EGFP at different MOI after 48 h. (C) Representative pictures of both
phase image and fluorescein isothiocyanate image of HIF1a-AA BMSCs (100 · ). (D) Flow cytometry analysis of GFP ex-
pression in BMSCs, EGFP-BMSCs, and HIF1a-AA BMSCs at MOI = 100. (E) Representative picture of western blotting of
HIF1a expression in EGFP-BMSCs, and HIF1a-AA BMSCs. b-actin was used as a control for protein loading. P £ 0.05; data are
means – SEM (n = 3); *significant difference from EGFP-BMSCs.

‰
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and B, fluorescence-activated cell sorting (FACS) data ex-
amined that overexpression of EGFP in BMSCs mediated by
lentivirus transduction achieved the best infection ratio after
40 h and at multiplicity of infection greater than 100. The
morphology of BMSCs was not obviously affected by
transduction with lentivirus containing EGFP only (Fig. 1Ci)
and the EGFP-expressed BMSCs were identified as green
cells under fluoresce microscopy (Fig. 1Cii). The ratio of
EGFP-expressed BMSCs was examined by FACS analysis
and was 75.2% and 82.5% for EGFP-induced BMSCs and
HIF-1a-AA-induced BMSCs, respectively (Fig. 1D). Next, we
checked the HIF-1a expression in BMSCs and HIF-1a-AA-
induced BMSCs and found a significant increase of HIF-1a
expression in HIF-1a-AA-induced BMSCs compared to
BMSCs only (Fig. 1E), confirming the successful over-
expression of HIF-1a-AA in BMSCs.

Induction of apoptosis in PC12 cells

Cellular apoptosis in neuron-like cells (PC12 cells) was
induced under anoxic condition or chemically induced
hypoxia by cobalt chloride (CoCl2) [27]. At the beginning, the
apoptotic rates with different doses of CoCl2 by FACS
analysis of Annexin-V/PI staining were 3.8% – 0.7%,
8.9% – 2.5%, 10.1% – 2.4%, 25.9% – 6.4%, 35.4% – 8.5%, and
52.2% – 13.2%, respectively (Fig. 2A). The similar results
were observed in the MTT assay (Fig. 2B), suggesting that
the apoptosis was obviously induced beyond the concen-
tration of 0.4 mM CoCl2. Therefore, we chose the dose of
0.6 mM CoCl2 for further hypoxia experiments due to less
toxicity and good apoptosis effect in PC12 cells, which was
confirmed with an increase of Hoechst-positive stained cells
(Fig. 2C).

To make a comparison of anoxia and chemically induced
hypoxia, we also applied anoxic conditions to PC12 cells. The
apoptotic rate of PC12 cells was 53.8% – 3.3%, under anoxia
by FACS analysis of Annexin-V/PI staining (Fig. 2D) and
more positively stained nucleoli were found in PC12 cells
under anoxic conditions by Hoechst staining (Fig. 2E), indi-
cating the comparable effects of apoptosis in PC12 cells by
either anoxia or CoCl2-induced hypoxia. In addition, we
examined the cell viability at different time points by MTT
assay and found that cell viability was reduced to
23.3% – 2.5% at 24 h (Fig. 2F).

HIF-1a-AA-modified BMSCs protect PC12 cells
from apoptosis

To investigate the protective effects of HIF-1a-AA-modi-
fied BMSCs, we co-cultured HIF-1a-AA-modified BMSCs
with PC12 cells in transwell plates with 0.4 mm pore under
anoxia and used EGFP-modified BMSCs as control BMSCs.
As shown in Fig. 3, the apoptosis rates under hypoxia were
53.8% – 3.3%, 39.7% – 4.1%, and 26.6% – 3.9% in the groups of
PC12 cells, PC12 + EGFP-BMSCs, and PC12 + HIF-1a-AA-
BMSCs, respectively. This result suggested that both control
BMSCs and HIF-1a-AA-modified BMSCs presented protec-
tive effects of preventing apoptosis on PC12 cells. In addi-
tion, HIF-1a-AA-modified BMSCs provided a more effective
protection than control BMSCs did. Then, we observed
the lowest number of the positive Hoechst-stained nucleus
with co-culture of HIF-1a-AA-modified BMSCs (Fig. 3B),

further confirming the better protective effect of HIF-1a-AA-
modified BMSCs.

It is well known that Survivin inhibits cell apoptosis as a
member of the inhibitor of apoptosis [28]. Therefore, we
explored the role of Survivin in apoptosis with co-culture of
BMSCs. As expected, BMSCs increased the level of Survivin
expression measured with reverse transcriptase-PCR (Fig.
3C), western blotting (Fig. 3D), and immunostaining (Fig.
3E). Moreover, there is a further increase of Survivin ex-
pression with co-culture of HIF-1a-AA-modified BMSCs
(Fig. 3C, D, E), consistent with the reduction of apoptosis
induced by hypoxia, indicating that Survivin might repress
hypoxia-induced apoptosis in PC12 cells.

VEGF secreted from HIF-1a-AA-modified
BMSCs prevent apoptosis

BMSCs have been shown to benefit neurological recovery
after cerebral ischemia [6,29]. The possible mechanisms are
differentiating into neuron-like cells [4,30] and excreting
trophic factors [5,6]. It is well recognized that VEGF was
upregulated by HIF-1a [31]. Our previous study showed that
VEGF released from BMSCs plays an important role in me-
diating BMSCs’ beneficial effects of neuronal survival and
proliferation [32]. To explore whether VEGF is also involved
in the cytoprotection of HIF-1a-AA-modified BMSCs, we
cultured PC12 cells on the bottom of transwell plate and HIF-
1a-AA-modified BMSCs on the transwell plates filters with
the 0.4 mm pore. Therefore, only factors secreted by BMSCs
will go through the filters and act on PC12 cells grown on the
bottom layer of transwell plate. We analyzed the expression
of VEGF in BMSCs and found that VEGF expression was
enhanced in HIF-1a-AA-modified BMSCs, suggesting that
overexpression of HIF-1a-AA increased the expression level
of VEGF (Fig. 4A). In addition, we quantified the VEGF level
in the culture medium of EGFP-BMSCs and HIF-1a-AA-
modified BMSCs and observed that the release of VEGF from
HIF-1a-AA-modified BMSCs was obviously higher than that
from EGFP-BMSCs (Fig. 4B). Then, we applied exogenous
VEGF to examine the protective effects in PC12 cells. VEGF
decreased the cell apoptosis induced by 0.4 mM, 0.6 mM, or
0.8 mM CoCl2 (Fig. 4C) and reduced the number of positively
stained PC12 cells by Hoechst staining (Fig. 4D), indicating
that VEGF secreted by BMSCs might play an important role
in protection of PC12 cells from hypoxia. Likewise, cell via-
bility also increased with the addition of VEGF at different
doses of CoCl2 (Fig. 4E).

VEGF regulates Survivin through the p-AKT/
p-FoxO1 pathway

Although VEGF has been shown to promote endothelial cell
survival [33], the exact mechanisms of how VEGF regulates
neuron survival were still elusive. We examined VEGF
downstream pathways p-Akt and p-ERK1/2 after treatment
with CoCl2, with or without VEGF. It showed that p-Akt was
slightly decreased at the beginning with the addition of CoCl2,
then was dramatically repressed after 4 h and p-FoxO1 was
reduced at 8 h with the treatment of CoCl2 (Fig. 5A), whereas
there was no change of p-ERK 1/2 under CoCl2-induced
hypoxia (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertonline.com/scd), suggesting
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FIG. 2. Apoptosis of PC12 cells. (A) Histograms and quantitative analysis of flow cytometry of Annexin-V/propidium iodide
(PI) staining in PC12 cells treated with different doses of CoCl2 (n = 3). (B) MTT assay of PC12 cells treated with different doses
of CoCl2 (n = 8). (C) Hoechst staining of PC12 cells treated with or without 0.6 mM CoCl2 (100 · ) (n = 2). (D) Histograms and
quantitative analysis of flow cytometry of Annexin-V/PI staining in PC12 cells under normoxic or anoxic condition for 12 h
(n = 3). (E) Hoechst staining of PC12 cells under normoxic or anoxic condition for 12 h (100 · ) (n = 2). Hoechst-positive staining is
denoted by white arrows. (F) MTT assay of PC12 cells under anoxic condition at different time points (n = 3). Data are
means – SEM; P £ 0.05; *significant difference from control. Color images available online at www.liebertonline.com/scd
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FIG. 3. HIF1a-AA-modified BMSCs protect PC12 cells from apoptosis. (A) Histograms and quantitative analysis of flow
cytometry of Annexin-V/PI staining in PC12 cells under anoxic condition for 12 h without co-culturing of BMSCs (no BMSCs), or
with co-culturing of EGFP-BMSCs or HIF1a-AA-BMSCs (n = 3). (B) Hoechst staining of PC12 cells under anoxic condition for 12 h
without co-culturing of BMSCs (no BMSCs), or with co-culturing of EGFP-BMSCs or HIF1a-AA-BMSCs (100 · ) (n = 2). Polymerase
chain reaction (PCR) (n = 3) (C), western blotting (n = 3) (D), and immunostaining (n = 2) of Survivin (green) (E) in PC12 cells under
anoxic condition for 12 h without co-culturing of BMSCs (no BMSCs), or with co-culturing of EGFP-BMSCs or HIF1a-AA-BMSCs
(400 · ). Nuclei were counterstained with 4¢,6-diamidino-2-phenylindole. Data are means – SEM; P £ 0.05; *significant difference
from no BMSCs; **significant difference from other conditions. Color images available online at www.liebertonline.com/scd
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FIG. 4. Vascular endothelial growth factor (VEGF) secreted from HIF1a-AA-modified BMSCs prevents apoptosis. (A)
Representative picture of PCR of VEGF expression in EGFP BMSCs or HIF1a-AA-BMSCs. b-actin was used as a control for
protein loading. Data are means – SEM (n = 3); P £ 0.05; *significant difference from EGFP BMSCs. (B) The level of the released
VEGF from EGFP BMSCs or HIF1a-AA-BMSCs by ELISA. Data are means – SEM (n = 4); P £ 0.05; *significant difference from
EGFP BMSCs. (C) Histograms of flow cytometry of Annexin-V/PI staining and relative apoptotic ratio of PC12 cells treated
with different doses of CoCl2 and with or without VEGF (n = 3). Data are means – SEM; P £ 0.05; *significant difference from
CoCl2 treatment only at the same dosage. (D) Hoechst staining of PC12 cells treated with 0.6 mM CoCl2 and with or without
VEGF (100 · ) (n = 2). Hoechst-positive staining is denoted by white arrows. (E) Histograms and quantitative analysis of MTT
assay (n = 8) of PC12 cells treated with different doses of CoCl2 and with or without VEGF. Data are means – SEM; P £ 0.05;
*significant difference from CoCl2 treatment only at the same dosage. Color images available online at www.liebertonline
.com/scd
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that hypoxia depressed the p-Akt/p-FoxO1 pathway but not
the p-ERK 1/2 pathway. Administration of VEGF increased the
expression of p-Akt at 4 h and induced phosphorylated FoxO1
at 8 h (Fig. 5B), indicating that VEGF activated the p-Akt
pathway, further leading to FoxO1 inactivation by phosphor-
ylation.

The addition of VEGF also rescued Survivin expression
that it is repressed by CoCl2 treatment at both mRNA level
(Fig. 5C) and protein level (Fig. 5D), which was consistent
with the cell protection from hypoxia-induced apoptosis. To
investigate whether FoxO1 directly regulates Survivin ex-
pression, we co-transfected wild-type FoxO1 or FoxO1
H215R, a FoxO1-binding mutant, into PC12 cells, respec-
tively. As shown in Fig. 5E, wild-type FoxO1 repressed about
30% Survivin promoter activity, but FoxO1 H215R lost the
inhibitory ability on Survivin promoter activity, suggesting
that FoxO1 regulates Survivin expresssion as a transcrip-
tional repressor. Then, we further explored whether the
phosphorylation of FoxO1 is involved in the regulation of the

Survivin promoter, FoxO1 or FoxO1 AAA, which is an ac-
tivated form of FoxO1, was transfected into PC12 cells, re-
spectively. Interestingly, FoxO1 AAA repressed further 30%
Survivin promoter activity compared to wild-type FoxO1
(Fig. 5F), indicating that nonphosphorylated FoxO1 has a
better efficiency in repressing Survivin and the phophoryla-
tion of FoxO1 plays an important role in the regulation of
Survivin.

HIF-1a-AA-modified BMSCs protect neurons
from ischemia

To investigate the effects of HIF-1a-AA-modified BMSCs
in protecting neurons from ischemia, we established ische-
mic stroke models that were induced by permanent MCAo
in Sprague-Dawley rats, and then transplanted HIF-1a-AA-
modified BMSCs into these rats intravenously. At the be-
ginning, we examined the neuronal apoptosis with TUNEL
immunohistochemistry staining in the ischemia cortex and

FIG. 5. VEGF regulates Survivin
through the p-AKT/p-FoxO1 path-
way. (A) Representative picture of
western blotting of p-Akt, Akt, p-
FoxO1, and FoxO1 in PC12 cells trea-
ted with 0.6 mM CoCl2 at the indicated
time points (n = 3). (B) Representative
picture of western blotting of p-Akt,
Akt, p-FoxO1, and FoxO1 in PC12 cells
treated with 0.6 mM CoCl2 and with or
without VEGF (n = 3). Representative
pictures of PCR (C) and western blot-
ting (D) of Survivin in PC12 cells
treated with 0.6 mM CoCl2 and with or
without VEGF. b-actin was used as an
internal control. Data are means – SEM
(n = 3); *significant difference from
control. (E) PC12 cells were co-trans-
fected with the Survivin-luc reporter
construct and with empty vector,
FoxO1, or a FoxO1 construct lacking
the DNA binding capacity (FoxO1
H215R) as indicated. Data are
means – SEM (n = 3); P £ 0.05; *sig-
nificant difference from empty vector.
(F) PC12 cells were co-transfected with
the Survivin-luc reporter construct and
with either with FoxO1 or a depho-
sphorylated form of FoxO1, which
renders it constitutive activity (FoxO1
AAA) as indicated. About 48 h later,
dual luciferase assay was performed.
Data are means – SEM (n = 3); P £ 0.05;
*significant difference from transfec-
tion of FoxO1.
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hippocampus region in 14 days after transplantation. At day
14 after MCAo, neuronal apoptosis was prominently less in
both hippocampus (*7.2 · 104, P < 0.05) and cortex (3.7 · 104,
P < 0.01) of the HIF-1a-AA-BMSCs group compared with
EGFP-BMSCs rats (1.4 · 105 and 1.8 · 105, respectively), or the

no BMSCs group of rats (sham group) (1.6 · 105 and 1.3 · 105,
respectively) (Fig. 6A), suggesting the neuronal protective
effects of HIF-1a-AA-modified BMSCs to PC12 cells.

Next, we evaluated neurological function using a modi-
fied neurological severity score (mNSS) and only included

FIG. 6. HIF1a-AA-modified BMSCs protect neuron from ischemia. (A) Representative photographs and quantitative
analysis of hippocampus and cortex tissue using terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
assay in 3 groups of rats (no BMSCs group [sham group], EGFP-BMSCs group, and HIF1a-AA-BMSCs group) at day 14 after
middle cerebral artery occlusion (MCAo) (n = 3). Scale bar, 100 mm; data are means – SEM; P £ 0.05; *significant difference
from sham group (no BMSCs); **significant difference from EGFP-BMSCs group. (B) Comparison of neurological outcome on
the modified neurological severity score (mNSS) among the 3 groups of rats at days 1, 7, 14, and 28 after MCAo (n = 6). Data
are means – SEM; P £ 0.05; *significant difference from sham group (no BMSCs); **significant difference from EGFP-BMSCs
group. (C) Cerebral infarct volume of 3 groups of rats measured by straining brain slices with TTC at day 7 after MCAo
(n = 3). Data are means – SEM; P £ 0.05; *significant difference from sham group (no BMSCs) and EGFP-BMSCs group. Color
images available online at www.liebertonline.com/scd
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the moderate and severely injured rats (mNSS > 6) in subse-
quent experiments ( > 90% of rats in each group). No signif-
icant difference was detected among 3 groups of animals
before surgery and before treatment. However, the rats
treated with HIF-1a-AA-modified BMSCs had significant
improvement on their mNSS compared to those without
BMSCs treatment (sham group) from day 7 after MCAo.
Additionally, the significant neurological functional recovery
was observed in the EGFP-BMSCs group compared to the
sham-group rats 14 days after MCAo. At days 14 and 28 after
MCAo, significant neurological functional recovery in rats
with HIF-1a-AA-BMSCs was observed when compared to
either the EGFP-BMSCs or sham groups (Fig. 6B).

In addition, cerebral infarction volume was measured by
TTC staining. Significant reductions of infarction volume
were found in rats of the HIF-1a-AA-BMSCs group on day 3
after MCAo (Fig. 6C), further indicating beneficial effects of
neuronal protection and neurological improvement with
transplantation of HIF-1a-AA-modified BMSCs.

Discussion

Cerebral hypoxia is defined as the reduction of the oxygen
supply in the brain, often caused by brain ischemia [10]. The
prolonged shortness of oxygen in the brain usually leads to
neuronal disorder, even apoptosis and necrosis. Therefore,
the severity of the cerebral hypoxia is dependent on the
neuron survival and improved neurological outcome. Dur-
ing the past decade, administration of BMSC has been shown
to be a potential cell therapy in brain ischemia [34,35]. Per-
rasso L. also showed that intravenous administration of
BMSCs after global cerebral ischemia decreases hippocampal
neural damage, suggesting that BMSCs increase neuron

survival by intravenous infusion [3]. In our previous study,
we demonstrated that EGFP-BMSCs migrate to hippocam-
pus and cortex regions under ischemia condition after in-
travenous injection [36], indicating that BMSCs could pass
blood–brain barrier and go to hippocampus and cortex. After
transplantation into the body, MSCs have shown the ability
to differentiate into neuron-like cells that secrete trophic
factors such as VEGF [32], BDNF [8], and NGF [37], which
play important roles in protecting the injured neurons.

In the current study, we induced the HIF-1a mutant
(Pro402Ala and Pro564Ala) in BMSCs by lentiviral transduc-
tion and observed better neuronal protection and improve-
ment of neurological deficits. Mutant HIF-1a is more stable
than wild type and enhances the regulation of various HIF-1a
downstream targets such as VEGF [31], CXCR4 [16], and EPO
[38]. VEGF is upregulated by HIF-1a by directly binding to
the HRE element on the VEGF promoter [31]. It is well known
that VEGF is the main contributor for angiogenesis by pro-
moting endothelial cell survival, proliferation, and migration
[33,39,40]. Furthermore, Oosthuyse et al. (2001) found that
VEGF also acts on motor neurons as a neuroprotective factor
[41]. We examined a further increase of VEGF expression
identified in the HIF-1a mutant expressed BMSCs (Fig. 4A),
leading to an increased release of VEGF from HIF-1a-AA-
modified BMSCs (Fig. 4B). Administration of VEGF in vitro
protected neuron-like PC12 cells from hypoxia-induced apo-
ptosis. Similarly, our previous study showed that knocking
down VEGF expression attenuated the BMSCs’ beneficial ef-
fects of neuronal survival and proliferation [32]. Taken to-
gether, these results suggest that VEGF might play an
essential role in neuronal protection by the HIF-1a mutant
expressed BMSCs. The interaction of CXCR4 expression on
the BMSC surface and SDF-1 expression in the injured brain

FIG. 7. Model of anti-apoptotic ef-
fects of HIF-1a-modified MSCs.
HIF1a-AA-modified BMSCs act on
PC12 cells, at least in part, through
secretion of VEGF, further activating
its downstream signaling pathways—
PI3K/p-Akt. Then, p-Akt phophor-
ylates FoxO1 and causes p-FoxO1
translocated out from nucleus to cyto-
plasm, leading to the loss of FoxO1
repression on Survivin promoter,
thereby promoting cell survival.
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area attracts BMSCs to the ischemic lesion of brain [36]. EPO
has been shown to get rid of ROS and have anti-inflammation
effects in ischemia brain [38]. Whether the HIF-1a mutant
expressed BMSCs also have a further increased expression on
CXCR4 or EPO need to be investigated in future.

The exact mechanisms of how VEGF regulates neuron
survival were not fully understood. Survivin, a member of
the inhibitors of apoptosis proteins (IAP) [28], inhibits cell
apoptosis by interfering with the function of caspases [42].
Many studies have presented the upregulated expression of
Survivin in vascular endothelial cells after brain ischemia
[43,44]. However, a couple of reports mentioned that there
are less colocalization of TUNEL-labeled neurons and Sur-
vivin staining in brain tissue with traumatic brain injury [45],
suggesting that Survivin represses neuron apoptosis after
TBI. Our study showed that hypoxia decreased the expres-
sion of Survivin with an increase of cell apoptotic rates, but
the administration of the HIF-1a-AA-BMSCs increased the
expression of Survivin and reduced PC12 cell apoptosis.
Furthermore, VEGF, which was further enhanced by the
HIF-1a-AA-BMSCs, also upregulated the expression of Sur-
vivin under hypoxia conditions and was accompanied with a
decreased apoptotic rate, indicating that the HIF-1a-AA-
modified BMSCs promote cellular survival through the
regulation of Survivin by VEGF.

We further investigated the underlying mechanisms of
how VEGF regulates Survivin. Phosphatidylinositol 3-
kinase (PI-3K) and serine-threonine protein kinase (Akt)
pathway [46–48] and Raf/MEK/ERK pathway [49] have
been reported to be involved in VEGF promoted cell sur-
vival. We checked the expression of p-Akt, p-FoxO1, and
p-ERK 1/2 under hypoxia and further applied exogenous
VEGF to examine whether VEGF activates these pathways
in PC12 cells. Interestingly, we found that the hypoxia
condition only affected the expression level of p-Akt and
p-FoxO1 (Fig. 5A) but not p-ERK 1/2 (Supplementary Fig.
S1), and then with the addition of the VEGF activated p-Akt
pathway (Fig. 5B), indicating that VEGF activates p-Akt,
which was downregulated by hypoxia, thereby leading to
neuron survival.

Transcription factor FoxOs belong to the Fox family, which
is involved in many important cellular processes, such as
regulation of mammalian cell apoptosis, stress response, an-
giogenesis, and glucose metabolism [50]. It has shown that p-
Akt phosphorylates FoxO in various cell lines to transfer
phosphorylated FoxO from the nucleus to the cytoplasm,
which causes the inactivation of FoxO transcriptional activity
and suppresses the expression of the downstream gene of
FoxO [51]. FoxO1 is an important transcriptional factor in-
volved in cell apoptosis [52] and stress response [53]. FoxO1
and FoxO3 have been reported to bind directly on the Sur-
vivin promoter as a transcription repressor [54]. In our study,
we presented that FoxO1 is involved in apoptosis of PC12
cells by detecting the reduction of p-FoxO1 under hypoxia,
whereas this reduction was reversed by VEGF, suggesting
that phosphorylation of Foxo1 is regulated by VEGF. We
transfected wild-type FoxO1 into PC12 cells, resulting in 30%
reduction of Survivin promoter activities. In addition, a FoxO1
mutant—FoxO1 AAA—as an activated form of FoxO1 with 3
mutated phosphorylation sites resulted in further repression
on the Survivin promoter activities, supporting the role of
phosphorylation of FoxO1 in the regulation of Survivin.

Conclusion

Our research work showed that HIF-1a-AA-modified
BMSCs presented better neuron protection and an im-
provement of neurological function under hypoxic condi-
tions, which might provide a better therapy of BMSC
administration to cerebral ischemia. We have also demon-
strated the possible mechanism of the beneficial effects of
HIF-1a-AA-modified BMSCs acting, at least in part, through
secretion of VEGF, activating its downstream signaling
pathways—Akt/FoxO1 (Fig. 7).
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