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Abstract: Mesenchymal stem cell (MSC) transplantation is a promising therapeutic strategy for myocardial infarc-
tion. The survival rate of the grafted MSCs is limited by the conditions of hypoxia and low nutrient levels. In this
study, we investigated the role of hypoxia-inducible factor 1 alpha (Hif-1a) in oxygen-glucose deprivation (OGD)-
induced injury in MSCs. Hif-1a was overexpressed or suppressed in MSCs by transfection with a Hif-1a expressing
vector or Hif-1a-specific SiRNA, respectively. Then MSCs were exposed to OGD, and the changes in cell viability, cell
cycle distribution and apoptosis were respectively monitored by MTT assay and flow cytometry. Additionally, expres-
sion levels of Beclinl, LC3 I and LC3 Il, as well phosphorylation of PI3K, AKT and mTOR were detected by RT-PCR
and Western blotting. The results indicated that Hif-1a overexpression improved cell viability, reduced G1 phase
cells accumulation, and suppressed apoptosis under OGD condition (P<0.05). Beclin1 expression and the LC3 Il/
LC3 | ratio were increased by Hif-1a overexpression, and were decreased by Hif-1a knock-down (P<0.05). In ad-
dition, PI3K, AKT and mTOR were inactivated by Hif-1a overexpression, and phosphorylated by Hif-1a knock-down
(P<0.05). In conclusion, these data suggest that Hif-1a overexpression protects MSCs from OGD-induced injury via
a mechanism in which autophagy and PI3K/AKT/mTOR pathway are implicated.
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Introduction considered to be a potential therapeutic strat-
egy for myocardial infarction [5]. However, the
survival rate of the grafted MSCs is unsatisfac-
tory, since they need to survive under condi-

tions of hypoxia and low nutrient levels [6].

Mesenchymal stem cells (MSCs) are a class of
multipotent adult stromal cells found in various
tissues, such as bone marrow, umbilical cord
blood, adipose-derived stromal cells, peripher-

al blood, fetal liver, lung, amniotic fluid, and pla-
centa [1]. MSCs can differentiate into various
connective tissues as well as other cell types,
including myocytes and neurons [2]. Addition-
ally, MSCs have been shown to provide cyto-
kines and growth factors support for maintain-
ing the functions of hematopoietic and embry-
onic stem cells [3]. Based on their low immuno-
genicity as well as the ease of harvesting and
high cell yield, MSCs are believed to be a prom-
ising stem cell population for cell-based strate-
gies [4]. For instance, MSC transplantation is

Hypoxia-inducible factor 1 (Hif-1) is one of the
main components of the cellular response to
lack of oxygen, and is a major transcription fac-
tor involved in cell adaptation to hypoxia [7]. Hif-
1, a subunit of Hif-1, undergoes rapid degra-
dation by an ubiquitin-proteasome system un-
der normoxic conditions [8]. Hif-1a has been
shown to modulate the expression of multiple
target genes involved in angiogenesis, energy
metabolism, apoptosis, autophagy, prolifera-
tion, and other adaptive responses to hypoxia
[9, 10]. Studies in MSCs have shown that Hif-1a
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induces osteogenesis and angiogenesis, and
promotes osteogenic differentiation [11]. How-
ever, the role for Hif-1a in improving the survival
rate of MSCs under hypoxic conditions remains
to be established.

Oxygen-glucose deprivation (OGD) is a com-
monly used model to mimic an ischemic milieu
in vitro. In the current study, OGD model was
adopted in MSCs, and the expression of Hif-1x
was upregulated or suppressed by transfection
with a Hif-loo expressing vector or Hif-1a-
specific siRNA. The role of Hif-la in OGD-
induced injury was investigated by monitoring
cell viability, cell cycle distribution and apopto-
sis. Furthermore, the effects of Hif-1oc on MSCs
were evaluated by measuring the changes in
the expression of autophagy-related factors
and PI3K/AKT/mTOR pathway proteins. This
study may provide evidence to indicate the fea-
sibility of using Hif-1a modification as an effec-
tive strategy to improve MSCs survival following
OGD exposure.

Materials and methods
Animals and MSC isolation

Specific pathogen-free grade male Sprague-
Dawley (SD) rats (weight 200-225 g) were pur-
chased from Vital River Laboratories (Beijing,
China). All the animal experiments conducted in
this study were approved by the Animal Ethics
Committee of Southern Medical University and
were performed according to the instructions
of our institute. The rats were anesthetized by
intraperitoneal (IP) injection of chloral hydrate
(350 mg/kg) and then euthanized by cervical
dislocation for sampling. MSCs obtained from
the femurs and tibias were cultured with
Iscove’s Modified Dulbecco’s Medium (IMDM;
Gibco, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS; Hyclone, Logan,
UT, USA) and maintained in a humidified incu-
bator at 37°C under 5% CO,, [12].

Plasmids and siRNA transfection

Full-length rat Hif-1o0 cDNA was amplified by
PCR using the following primer sequences: for-
ward (5-CTA GCT AGC TAG ACC ATG GAG GGC
GGC-3’) and reverse (5'-CGG GAT CCT TAT CAG
TTA ACT TGA TCC-3’). The pcHif-1a plasmid was
generated by introducing the amplified cDNA
sequence into pcDNA3.1 (Sangon Biotech,
Shanghai, China); pcNC was used as a negative
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control. The primer sequences of for generation
of the Hif-1a-specific siRNA were as follows: for-
ward (5-TCG AGG AAG GAA CCT GAT GCT TTA
TTC AAG AGA TAA AGC ATC AGG TTC CTT CTT
A-3’) and reverse (5’-CTA GTA AGA AGG AAC CTG
ATG CTT TAT CTC TTG AAT AAA GCA TCA GGT
TCC TTC C-3’). siNC was used as a negative
control.

Cells were transfected using Lipofectamine
3000 reagent (Invitrogen) following the manu-
facturer’s protocol. Stable Hif-1a transfectants
were generated under G418 (Gibco, Paisley,
UK) selection.

OGD induction

MSCs were incubated with glucose-free medi-
um and then exposed to hypoxic conditions (5%
CO, and 95% N,). After 8 h, MSCs were harvest-
ed for use in subsequent analyses [13, 14].

Cell viability assay

Cell viability was assessed using 3-(4, 5-dimeth-
ylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay according to standard method
[15]. The transfected MSCs were seeded in
96-well plates (5 x 103 cells/well) and cultured
for 48 h under OGD condition before the addi-
tion of 20 yL MTT reagent (5 mg/mL, Sigma-
Aldrich, St Louis, MO, USA). After incubation for
4 h at 37°C, 150 yL dimethyl sulfoxide (DMSO,
Sigma-Aldrich) was added and the absorbance
at 570 nm was measured using an iMarkmicro-
plate reader (Bio-rod, Hercules, CA, USA).

Apoptosis assay

Cell apoptosis was analyzed using an Annexin
V: FITC Apoptosis Detection Kit (BD Biosciences,
San Jose, CA, USA) according to the manufac-
turer’'s recommendations. Following exposure
to OGD condition, 1 x 10° MSCs were washed
in PBS twice and fixed in 200 pyL Annexin-
binding buffer containing 10 yL Annexin V-FITC
and 5 uL PI. After incubation at room tempera-
ture for 30 min in the dark, 300 pL PBS was
added for flow cytometric analysis of apoptotic
cells using a FACScan flow cytometer (Beckman
Coulter, Fullerton, CA, USA).

Cell cycle analysis

Cell cycle distribution was detected using the
CycleTestPlus DNA Reagent Kit (BD Bioscienc-
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es) according to the manufacturer’'s recommen-
dations. Following exposure of OGD condition,
the transfected MSCs were harvested and fixed
overnight at 4°C in 300 pyL PBS and 700 pL
chilled ethanol. The fixed cells were then resus-
pended gently in 50 yg/mL Pl containing 0.1%
Triton X-100 and 20 pg/mL RNase A for 30 min
at 37°C in the dark. Three thousand events per
sample were recorded using the FACScan flow
cytometer (Beckman Coulter, Fullerton, CA,
USA).

RT-PCR

Following exposure of OGD condition, total RNA
was isolated from the transfected MSCs using
TRIzol reagent (Invitrogen) and DNasel (Pro-
mega). cDNA was prepared by reverse tran-
scription using the Transcriptor First Strand
cDNA Synthesis Kit (Roche, Basel, Switzerland).
RT-PCR was carried out using FastSTART
Universal SYBR Green Master (ROX) (Roche)
with the following primers: Hif-1la forward (5™-
CAT CAG CTA TTT GCG TGT GAG GA-3’) and
reverse (5-AGC AAT TCA TCT GTG CTT TCA TGT
C-3’); GAPDH forward (5-GCA CCG TCA AGG
CTG AGA AC-3’) and reverse (5-TGG TGA AGA
CGC CAG TGG A-3').

Western blot analysis

Following exposure of OGD condition, total cel-
lular proteins were extracted from the trans-
fected MSCs using a Radio Immunoprecipitation
Assay Kit (Beyotime, Shanghai, China) supple-
mented with protease inhibitors (Roche) acco-
rding to the manufacturer’s instructions. The
protein concentration was quantified using the

2494

L B

W AN
&%

— D . e, Hifda
T S G S  GAPDH

O (A% WO Ao
Qo"\ QOY\\’\ 9\‘”\ é\“\‘

Figure 1. Effect of transfection on hypoxia-inducible
factor 1-alpha (Hif-1a) expression. Mesenchymal
stem cells (MSCs) were transfected with a Hif-1a
expressing vector (pcHif-1a) or Hif-la-specific siR-
NA (siHif-1a); pcNC and siNC were used as negative
controls, respectively. The transfection efficiency
was determined by (A) RT-PCR and (B) Western blot
analyses. *, P<0.05.

BCA™ Protein Assay Kit (Pierce, Appleton, WI,
USA). Protein samples were separated by sodi-
um dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto
nitrocellulose membranes. Membranes were
then incubated with 5% non-fat dried milk for 1
h at room temperature prior to incubation over-
night at 4°C with primary antibodies for the
detection of Hif-1la, Beclinl, LC3 [, LC3 I,
p-PI3K, PI3K, p-AKT, AKT, p-mTOR, mTOR
(1:1,000; all from Cell Signaling Technology),
and GAPDH (1:1,000; Chemicon International).
After washing in TBST buffer, the membranes
were incubated with the appropriate secondary
detection antibodies (1:5,000; Odyssey, LI-
COR) for 1 h at room temperature. The signals
were acquired with the Odyssey infrared imag-
ing system and analyzed as specified in the
Odyssey software manual [13]. GAPDH was
used as an internal reference.

Statistical analysis

All data represent the mean + standard deriva-
tion (SD) of three independent experiments.
Statistical analyses were performed using the
SPSS version 13.0 program (SPSS Inc., Chica-
go, IL, USA). Differences between groups were
analyzed using Student’s t-test and P<0.05 was
considered to indicate statistical significance.

Results
Effect of transfection on Hif-1a expression
MSCs were divided into four groups and respec-

tively transfected with pcNC, pcHif-1a, siNC
and siHif-1a. Transfection efficiency was evalu-
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Figure 2. Overexpression of hypoxia-inducible factor 1 alpha (Hif-1a) protectedmesenchymal stem cells (MSCs)
against oxygen-glucose deprivation (OGD)-induced injury. MSCs were transfected with a Hif-1a expressing vector
(pcHif-1a) or its negative control (pcNC), and then exposed to OGD condition for 8 h. MTT assay and flow cytometry
were performed to detect the changes in (A) cell viability, (B) cell cycle distribution, and (C and D) apoptosis. *,

P<0.05; ns, no significance.

ated by RT-PCR and Western blotting analyses.
As expected, both the mRNA and protein levels
of Hif-1a were upregulated by transfection with
the Hif-1a expressing vector (pcHif-1a) and
were downregulated by transfection with Hif-
la-specific siRNA (siHif-1x), when compared
with their correspondingly negative controls
(P<0.05; Figure 1A and 1B).

Overexpression of Hif-1a protected MSCs
against OGD-induced injury

Next, the functional effects of Hif-1la on OGD-
injured MSCs were assessed by evaluating the
changes in cell viability, cell cycle distribution
and apoptosis. MTT analysis revealed that cell
viability was significantly promoted by Hif-1a
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overexpression (P<0.05; Figure 2A). Flow cyto-
metry analytical results showed that Hif-1a
overexpression arrested much less cells in G1
phase and suppressed apoptotic cells rate
(P<0.05; Figure 2B-D). These data suggested
that Hif-la overexpression protected MSCs
from OGD-induced damage by controlling cell
viability, cell cycle distribution and apoptosis.

Overexpression of Hif-1a modulated expres-
sion of autophagy-related factors and PI3K/
AKT/mTOR pathway proteins

It is well-known that Beclinl is an autophagy-
related gene, and the conversion of LC3 | to
LC3 Il is a hallmark of autophagy induction [16,
17]. Impaired autophagy is reflected by sup-

Am J Transl Res 2017;9(5):2492-2499
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Figure 3. Overexpression of hypoxia-inducible factor 1 alpha (Hif-1a) modulated the expression of autophagy-related
factors and PI3K/AKT/mTOR pathway proteins. Mesenchymal stem cells (MSCs) were transfected with a Hif-1a
expressing vector (pcHif-1a) or Hif-1a-specific siRNA (siHif-1a); pcNCand siNC were used as negative controls, re-
spectively. The transfected cells were then exposed to oxygen-glucose deprivation (OGD) condition for 8 h. A: mRNA
levels of Beclind, LC3 | and LC3 Il were measured by RT-PCR. B-D: Protein levels of Beclinl, LC3 |, LC3 Il, p-PI3K,
t-PI3K, p-AKT, t-AKT, p-mTOR and t-mTOR were detected by Western blotting. *, P<0.05.

pression of the LC3 1I/LC3 | ratio and Beclinl
expression [17, 18]. In the current study, RT-PCR
and Western blotting analyses were performed
to monitor the levels of LC3 1, LC3 Il and Beclinl
in MSCs. Increases in Beclinl expression and
the LC3 II/LC3 | ratio were observed in Hif-1a
overexpressing-MSCs, while were decreased in
Hif-1a silencing-MSCs (P<0.05; Figure 3A, 3B
and 3D). These data provide support for the
hypothesis that autophagy is induced by Hif-1a
overexpression after OGD induction.

Extensive research suggests that autophagy is
induced by inhibition of the PI3K/AKT/mTOR
signaling pathway [19, 20]. Since Hif-1a incr-
eased the level of autophagy, we examined the
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ability of Hif-1a to modulate the PI3K/AKT/
mTOR signaling pathway. The results of Western
blot analysis shown in Figure 3C and 3D
revealed that Hif-1a overexpression notably
suppressed the activation of PI3K, AKT and
mTOR, while Hif-1a knock-down exhibited the
completely opposite impacts (P<0.05). These
findings indicated that Hif-1a overexpression
protected MSCs from OGD-induced damage
through the suppression of the PISK/AKT/
mTOR signaling pathway.

Discussion

Recent studies have indicated that MSC death
after transplantation is a negative factor impa-

Am J Transl Res 2017;9(5):2492-2499
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cting on the outcome of cell-based therapies
for myocardial infarction [21]. High sensitivity
to the hypoxic and glucose-deficient environ-
ment have been implicated as major determi-
nants of MSC fate in these procedures [22, 23].
OGD induces apoptosis in approximately 40%
of transplanted MSCs within 4 h [23]. Thus, st-
rategies that improve the survival rate of MSCs
under OGD condition are urgently required.

In this study, overexpression and suppression
of Hif-1a in MSCs was achieved by transfection
with a Hif-1a expressing vector and Hif-1a-
specific siRNA, respectively. Hif-1a overexpres-
sion resulted in an increased MSCs viability, a
reduction of G1 phase cells population, and a
decrease of apoptotic cells rate. Furthermore,
increases in Beclinl expression and the LC3 1l/
LC3 I ratio, as well as inactivation of the PI3K,
AKT and mTOR proteins were observed in Hif-
1o overexpressing-MSCs.

Currently, regulation of the Hif-1 pathway is of
great interest due to its capacity to direct MSC
behavior, while the role of Hif-1a in MSC sur-
vival is controversial. Some studies suggest
that Hif-1a is responsible for the proliferation of
MSCs under hypoxic conditions [11] and has a
limited, but pivotal role in enhancing MSCs
lifespan [24]. In contrast, some evidences indi-
cate that Hif-la expression is increased in
hypoxic MSCs and is associated with a decre-
ased proliferation rate and accumulation of
cells in the G1 phase [25]. The supply of glu-
cose as an indispensable energy source for
cells is limited under ischemic conditions. G-
ucose depletion is responsible for the impair-
ment of MSC survival and function [26]. Hypo-
xic conditions result in massive MSC death due
to complete exhaustion of glucose; however,
MSCs are able to withstand exposure to severe,
continuous hypoxia provided that a glucose
supply is available [26]. Furthermore a high-gl-
ucose concentration attenuated hypoxia-indu-
ced expression of Hif-1a in mouse MSCs [27].

In the current study, Hif-1a-modified MSCs were
exposed to hypoxia and glucose-free condi-
tions, i.e., OGD, to investigate the protective
effects of Hif-1a under such conditions. Hif-1a
overexpression improved the resistance of
MSCs to OGD-induced injury, indicating Hif-1a
played a protective role in OGD-injured MSCs.

Autophagy is a double-edged sword that can
serve as a protection mechanism but can also
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contribute to cell damage [28]. Autophagy can
be induced by changes in environmental condi-
tions, such as hypoxia and nutrient depletion
[28, 29]. More importantly, autophagy is rapidly
induced by hypoxia via a Hif-1-dependent path-
way [29]. In cardiomyocytes, autophagy trig-
gered by hypoxia is enhanced by Hif-1a overex-
pression; moreover, Hif-1a-mediated autopha-
gy ameliorates the reduction in cell viability
induced by hypoxia [30]. The findings of the
present study demonstrated that Hif-1a regu-
lated the induction of autophagy-related fac-
tors, such as Beclinl and LC3 II/LC3 | ratio,
which might be associated with the functional
impact of Hif-1a on OGD-damaged MSCs.

To further explore the hypothesis that Hif-1o-
induced autophagy protected MSCs against
OGD-induced injury, we monitored the expres-
sion of PI3K/AKT/mTOR signaling pathway pro-
teins. PI3BK is a crucial upstream autophagy
regulator, and PI3BK/AKT signaling is a well-
characterized pathway that contributes to
mTOR activation [31]. During early hypoxia,
PI3BK/AKT/mTOR seems to be involved in the
action of insulin on Hif-1a activity by positive
regulation of Hif-1a translation [32]. The data
obtained in the current study indicated that Hif-
1a accumulation promoted autophagy, at least
in part, by blocking the PI3K/AKT/mTOR signal-
ing pathway. However, further studies are
required to confirm this hypothesis.

In conclusion, this study shows that Hif-1a
overexpression protects MSCs against OGD-
induced injury by promoting viability, reducing
the G1 phase cell population, and suppressing
apoptosis. Autophagy and PISK/AKT/mTOR sig-
naling pathway are implicated in the mecha-
nism by which Hif-1a protects MSCs against
OGD-induced injury in MSCs.
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