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Effect of the PI3K/AKT signaling pathway on hypoxia-induced
proliferation and differentiation of bone marrow-derived
mesenchymal stem cells
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Abstract. Bone marrow-derived mesenchymal stem cell
(BM-MSC) transplantation has been demonstrated to be an
effective way of augmenting angiogenesis of ischemic tissue.
The low oxygen conditions in ischemic tissue directly affect
the biological behavior of engrafted cells. However, to date,
the mechanism through which hypoxia regulates self-renewal,
differentiation and paracrine function of BM-MSCs remains
unclear. Clarification of this mechanism would be beneficial
to the use of stem cell-based therapy. The PI3K/AKT pathway
has been extensively investigated for its role in cell prolifera-
tion, cell transformation, paracrine function and angiogenesis.
The present study aimed to analyze the role of PI3K/AKT
pathway in hypoxia-induced proliferation of BM-MSCs and
their differentiation into endothelial cells in vitro by the appli-
cation of LY294002, a PI3K/AKT pathway inhibitor, with
cells cultured in normoxia serving as a control. The results
showed that rat BM-MSCs at passage 3 and 4 displayed only
few phenotypical differences in the expression of surface
antigens as detected by flow cytometry. When compared with
the cells treated in normoxia, the proliferation of BM-MSCs
in hypoxia was promoted, a greater number of cells expressed
CD31 and a higher expression of vascular endothelial
growth factor was observed after culture in hypoxic condi-
tions. However, by inhibiting with LY294002, these changes
induced by hypoxia were partly inhibited. In conclusion, the
present study showed that the PI3K/AKT pathway served an
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important role in hypoxia-enhanced in vitro proliferation of
BM-MSCs and their differentiation into endothelial cells and
paracrine vascular endothelial growth factor.

Introduction

In recent years, studies based on animal and clinical trials
have demonstrated the potential value of bone marrow-derived
mesenchymal stem cell (BM-MSC) transplantation in
augmenting angiogenesis of ischemic tissue, such as in
myocardial infarction, stroke and skin flaps (1-5). In ischemic
tissue, oxygen concentration markedly decreases, and influ-
ences the biological behavior of engrafted cells directly (6-8).

BM-MSCs are multipotent cells that can be induced to
terminally differentiate into multiple lineages and secrete
various cytokines, such as vascular endothelial growth factor
(VEGF), epidermal growth factor and insulin-like growth
factor (9,10). In vivo, BM-MSCs are located near bone
surfaces and perivascular niches, both of which have low
levels of oxygen supply (11,12). Therefore, oxygen tension is
currently recognized as a crucial component of the stem-cell
‘niche’ that maintains the proliferative capacity and func-
tions of BM-MSCs. The effect of hypoxic culture conditions
may decrease the cell expansion time and induce the differ-
entiation of BM-MSCs when compared with the standard
protocols (13,14). In addition, BM-MSCs paracrine more
angiogenesis-associated cytokines subsequent to culturing
under hypoxic conditions, including basic fibroblast growth
factor (bFGF), VEGF, interleukin-6 (IL-6) and IL-8 (15).
To date, the mechanism through which hypoxia regulates
self-renewal, differentiation and paracrine of BM-MSCs
remains unclear.

The phosphatidylinositol 3-kinases (PI3Ks) and their
downstream target AKT are a conserved family of signal
transduction enzymes that has been investigated extensively
for its roles in cell proliferation, cell transformation, paracrine
function and angiogenesis (16-18). Therefore, in the present
study, the activation of PI3K/AKT pathway in BM-MSCs
cultured under hypoxic conditions was detected. In addition,
the PI3K/AKT pathway-mediated cellular responses were
examined, including proliferation, differentiation into endo-
thelial cells and paracrine function.
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Materials and methods

Cell culture. All the animal procedures were approved under
the guidelines of Shanghai Jiao Tong University Medical
Center and the Institutional Animal Care and Use Committee
(Shanghai, China). Ten male Wistar rats (3-week-old; weight,
25-30 g) were sacrificed with 3% sodium pentobarbital
(Xinya, Inc., Shanghai, China). Next, bone marrow (BM) cells
were flushed with 2 ml Dulbecco's modified Eagle's medium
(DMEM; Gibco-BRL; Thermo Fisher Scientific, Inc., Grand
Island, NY, USA) from the femur and tibia of the rats. To
remove the red blood cells from the BM cells, red blood cell
lysis buffer (Sigma-Aldrich, St. Louis, MO, USA) was added
for 10 min, and centrifuged at 800 x g for 5 min at room
temperature. Then, 1x10 ® remaining BM cells were plated in a
100 mm dish with 10 ml DMEM supplemented with 10% fetal
bovine serum (Gibco-BRL; Thermo Fisher Scientific, Inc.) and
1% penicillin/streptomycin (Sigma-Aldrich) and cultivated in
a humidified atmosphere with 20% O, and 5% CO, at 37°C
(Thermo Scientific BBD 6220 CO, incubator; Omnilab,
Bremen, Germany). After 3 days of culture, the medium and
non-adherent cells were replaced, while adherent BM-MSCs
were further grown in fresh medium. When 80-90% confluence
was reached, adherent cells were trypsinized and expanded at
a dilution of 1:3. All cells used in the present study were of
passages 3 to 4.

Cell morphology and characterization of BM-MSCs expanded
in vitro. The BM-MSCs at passages 3 or 4 were collected
and resuspended in phosphate-buffered saline containing 1%
bovine serum albumin (Sigma-Aldrich) at 1x10° cells/ml. Cell
aliquots were incubated with phycoerythrin-conjugated mouse
anti-rat cluster of differentiation (CD)90 at a 1:200 dilution
(cat. no. 554898, BD Biosciences, San Jose, CA, USA) and
CD105 at a 1:150 dilution (cat. no. 562380, BD Biosciences) and
fluorescein isothiocyanate-conjugated mouse anti-rat CD34 at
a 1:100 dilution (cat. no. 555005; BD Biosciences) and CD29
at a 1:200 dilution (cat. no. 60942; BD Biosciences) at 37°C for
1 h. Labeled cells were analyzed by flow cytometry and with
FACSDiva Pro software version 3.0 (BD Biosciences).

Cell treatments. BM-MSCs were plated on culture dish
overnight with complete medium in a humidified atmosphere
with 20% O,. Subsequently, the cells were transferred to be
cultured under 2% O, in complete medium with or without
25 mM LY294002 (Sigma-Aldrich), which is a commonly
used PI3K/AKT signaling pathway inhibitor (19,20). The cells
cultured in complete medium at 20% O, served as the control
group. In total, there were three study groups, including the
normoxia (control), hypoxia group and hypoxia+LY294002
groups.

Determination of AKT activation. Western blot analysis was
performed in order to detect the expression levels of AKT
and phosphorylated AKT (p-AKT), since the phosphorylation
of AKT represents the activation of the PI3K/AKT signaling
pathway (19,21). Briefly, 3x10° cells were treated as described
above for 7 days, and 3x10° cells were harvested and lysed
with M-PER lysis buffer (Pierce Biotechnology, Inc.,
Rockford, IL, USA) followed by centrifugation at 12,000 x g

at 4°C for 10 min. The supernatants were then collected, and
protein concentration was determined using a BCA assay kit
(Invitrogen; Thermo Fisher Scientific, Inc). In all cell groups,
20 mg cellular protein was resolved to 10% SDS-PAGE and
transferred onto polyvinylidene difluoride membranes. The
membranes were washed once with Tris-buffered saline with
0.1% Tween 20 (TBST) then blocked for 1 h at room tempera-
ture with 5% skim milk in Tris-buffered saline containing
0.1% Tween 20. Then, membranes were probed with primary
antibodies against p-AKT (1:1,000 dilution; cat. no. 4060;
Cell Signaling Technology, Inc., Danvers, MA, USA), AKT
(1:1,500 dilution; cat. no. 4691; Cell Signaling Technology,
Inc.) and B-actin (1:2,000 dilution; cat. no. 3700; Cell Signaling
Technology, Inc.) overnight at 4°C. The membranes were then
washed with TBST three times and incubated horseradish
peroxidase-conjugated mouse anti-rabbit IgG (1:3,000 dilution;
cat. no. 5127; Cell Signaling Technology, Inc.) for 1 h at room
temperature. The samples were then developed using chemilu-
minescence substrates (EMD Millipore, Billerica, MA, USA).
Images of the membranes were captured using a Bio-Rad
ChemiDoc XRS system (Bio-Rad Laboratories, Inc., Hercules,
CA, USA), and quantified and analyzed using the Quantity One
software (version 16.0; Bio-Rad Laboratories, Inc.).

Cell proliferation assay. Cell proliferation was assessed by cell
counting kit-8 (CCK-8) assay (Sigma-Aldrich) according to the
manufacturer's instructions. Briefly, BM-MSCs were seeded
in a 96-well plate at a density of 3,000 cells/well and treated
under different conditions, as described earlier. Subsequently,
the cells were incubated with CCK-8 solution for 2 h at 37°C.
Absorbance of each well was measured at 450 nm. The results
were presented as the ration OD,;, of treated cells / OD,s, of
control cells. Three independent experiments were performed.

Immunofluorescence staining. In order to investigate the
expression of CD31 on the cell surface in the various study
groups, the treated cells were grown on glass coverslips and
fixed with 4% paraformaldehyde. The cells (1x10*) were then
blocked with 10% bovine serum albumin at 37°C for 1 h and
incubated with rabbit anti-rat CD31 antibody (1:100 dilution;
cat. no. ab32457; Abcam, Cambridge, UK) at 4°C overnight.
Subsequent to washing, the cells were incubated with the Alexa
Fluor 555-conjugated goat anti-rabbit IgG (1:100 dilution;
cat. no. sc-3739; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA) for 1 h at 37°C. The nuclei of cells were then counter-
stained with DAPI (Abcam). Fluorescence images of the cells
were acquired using a fluorescence microscope. The number
of CD31-positive cells in 10 random fields of view in the three
groups was counted in order to perform statistical analysis.

Gene expression determination. Quantitative polymerase
chain reaction (QPCR) was perform to detect the expression of
specific genes of endothelial cells, including fms related tyro-
sine kinase 1 (FIt-1), fetal liver kinase 1 (Flk-1), von Willebrand
factor (vWF) and vascular endothelial (VE)-cadherin. In
addition, qPCR was used to measure the gene expression of
VEGEF, which is the most important angiogenesis-associated
cytokine (22). Following appropriate treatment for 7 days,
1x10° cells were collected from each group, and total RNA
was prepared from the cells using TRIzol reagent (Invitrogen;
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Table I. Primer sequences and product size.

Gene Primer sequence (5'—3") Product size (bp)

Flk-1 Sense: 5'-CCCGCACGAATGATATCCCA-3' 136
Anti-sense: 5'-TCCTGCAGTGCATAACCTGG-3'

Flt-1 Sense: 5'-ATCCCTCAGCCTACCATCAA-3' 303
Anti-sense: 5'-AAAGCCGTTTGGCACATCT-3'

vWF Sense: 5'-GATGACCCTGATGCTGTCTG-3' 153
Antisense: 5'-GTCTCCCTTGTTGCCATTGT-3'

VE-cadherin Sense: 5'-CGCTTCTACCACTTCCACCT-3' 305
Anti-sense: 5'-GCGTTGTCATTCTCATCCAA-3'

VEGF Sense: 5'-CAGCGACAAGGCAGACTATT-3' 151
Antisense: 5'-GTTGGCACGATTTAAGAGGG-3'

GAPDH Sense: 5'-CTCATGGCCTACATGGCCTC-3' 70

Antisense: 5'-CTCATGGCCTACATGGCCTC-3

Flt-1, fms-related tyrosine kinase 1; Flk-1, fetal liver kinase 1; vWF, von Willebrand factor; VE, vascular endothelial; VEGF, vascular endo-

thelial growth factor.

Thermo Fisher Scientific, Inc.) according to the manufacturer's
instructions. Next, the total RNA was reverse-transcribed
into complementary DNA using GeneAmp RNA PCR Core
kit (Applied Biosystems; Thermo Fisher Scientific, Inc.,
Foster City, CA, USA). Quantitative gene expression was
subsequently determined with the Mastercycler Realplex S
instrument (Eppendorf, Hamburg, Germany) with the SYBR
Green Realtime PCR Master Mix (Toyobo, Osaka, Japan).
The reaction was performed in a 20 ul system, including the
following: 10 ul SYBR Premix Ex Taq 11, 1 ul cDNA, 2 ul
primers, and 7 ul ultrapure water. All primers were designed
using primer 5.0 and synthesized by Shenggong Biotech Co.,
Ltd. (Shanghai, China). The gene primer sequences are shown
in Table I. PCR amplification was performed as follows: One
cycle of denaturation at 94°C for 4 min, followed by 40 cycles
of denaturation at 94°C for 30 sec, annealing at the appropriate
temperature for 30 sec, and extension/fluorescence acquisition
at 72°C for 30 sec. Absolute gene transcription was normalized
to GAPDH. The relative expression level of the target mRNA
was plotted as a fold change compared with the control using
the 2-AACq method (23).

Statistical analysis. All values were expressed as the
mean =+ standard deviation. Analysis of variance with Dunnett's
test was used to determine statistically significant differences
in multiple comparisons, which were indicated by values of
P<0.05. All statistical analyses were performed using SPSS
software, version 16.0 (SPSS, Inc., Chicago, IL, USA).

Results

Characterization of BM-MSCs. As shown in Fig. 1A, rat
BM-MSCs at passage 3 or 4 were demonstrated to have an
elongated fibroblast-like morphology. Fluorescence-activated
cell sorting analysis of BM-MSCs revealed that the majority of
cells were negative for the lineage cell marker CD34, whereas
they strongly expressed typical surface antigens of stem cells,
including CD90, CD105 and CD29 (Fig. 1B).

AKT activation detected by western blot analysis. Western blot
analysis was performed to analyze AKT and p-AKT expression,
and the result was displayed as the fold of p-AKT to total AKT.
[-actin was used as an internal control. In the hypoxia group,
higher expression of p-AKT was observed when compared with
the control group (P<0.001), suggesting that the PI3K/AKT
signaling pathway was activated. However, upon the addition of
LY294002, the expression of p-AKT was evidently decreased
as compared with the hypoxia group (P=0.04) (Fig. 2A and B).
These findings indicated that hypoxia was able to effectively
activate the PI3K/AKT pathway, and that LY294002 was a
potent inhibitor of the PI3K/AKT pathway, which is consistent
with the results of previous studies (24,25).

Cell proliferation after different treatments. As shown in
Fig. 2C, the proliferation of cultured BM-MSCs in the hypoxia
group at days 2 and 3 was much higher compared with that in
the normoxia group (P=0.030 and P=0.017, respectively). In the
hypoxia group treated with LY294002, the cell proliferation at
day 3 remained significantly higher compared with that in cells
cultured in normoxia (P=0.026). These findings demonstrated
that hypoxia was able to significantly enhance the proliferation
of cultured BM-MSCs, and this effect was partly inhibited by
PI3K/AKT pathway inhibitor (Fig. 2C).

Endothelial cell differentiation ofrat BM-MSCs. After culturing
under hypoxia for 7 days, immunofluorescence staining results
showed that approximately 32.25+3.5% BM-MSCs expressed
CD31, a known marker of endothelial cells, which was signifi-
cantly higher compared with the percentage in the normoxia
group (1.4+0.2%; P<0.001; Fig. 3). In the hypoxia+LY294002
group, the percentage of differentiated cells decreased to
8.47+1.2%, which was significantly different compared with
both the normoxia (P=0.035) and hypoxia groups (P=0.024)
(Fig. 3).

Hypoxia upregulates the expression of endothelial
cell-specific genes. qPCR analysis was performed to
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Figure 1. Morphology of rat BM-MSCs and flow cytometric analysis of BM-MSCs expanded to passage 3 under normoxic conditions. (A) BM-MSCs exhibit an
elongated fibroblast-like morphology. Scale bar, 40 ym. (B) The majority of BM-MSCs express CD90, CD105 and CD?29, but are negative for CD34. BM-MSC,
bone marrow-derived mesenchymal stem cell.
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Figure 2. Western blot analysis of the expression of AKT and p-AKT and cell proliferation following various treatments. (A) PI3K/AKT signaling was activated
during hypoxia, as evidenced by the marked expression of p-AKT and a higher ratio of p-AKT/total AKT. Treatment with LY294002 decreased AKT expression
and the corresponding ration of p-AKT/total AKT. (B) Hypoxia enhanced cell proliferation compared with normoxia following treatment for 2 and 3 days. (C) Cell
proliferation decreased following treatment with LY294002 at day 3, ‘P<0.05. p-AKT, phosphorylated protein kinase B; PI3K, phosphatidylinositide 3-kinase.
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Figure 3. The expression of CD31 after culture for 7 days. (A) Representative images of anti-CD31 immunofluorescence staining. The cellular localization
of CD31 was the cytomembrane. After merging DAPI and anti-CD31 stainings, the positive cells represented the endothelial cells. Scale bar, 40 ym. (B) The
density of CD31-positive cells in the hypoxia group was significantly increased compared with the other two groups. LY294002 inhibited the differentiation of
BM-MSCs into endothelial cells. "P<0.05. BM-MSC, bone marrow-derived mesenchymal stem cell; DAPI, 4’,6-diamidino-2-phenylindole.

investigate the relative mRNA expression of endothelial
cell-specific genes in the three study groups. The results
demonstrated that hypoxia significantly upregulated the
mRNA expression levels of Flk-1 (4.98-fold), Flt-1 (3.29-fold),
VWF (4.76-fold) and VE-cadherin (5.08-fold) when compared
with those in the normoxia group (Fig. 4A). Following the
addition of LY294002 under hypoxia, the mRNA expression
levels decreased for Flk-1 (2.33-fold), Flt-1 (2.34-fold), vVWF
(1.52-fold) and VE-cadherin (3.17-fold) when compared with
those in the normoxia group, with a significant decrease
observed for all genes except VWF. Furthermore, the mRNA
expression of these genes was significantly reduced in the
hypoxia+LY294002 group when compared with that in the
hypoxia group, with the exception of Flt-1 that did not present
a significant decrease (Fig. 4A).

VEGF expression induced by hypoxia. In hypoxic condi-
tion, treated cells showed a significantly higher VEGF gene

expression (12.9+0.16-fold) compared with that of cells
cultured under normoxia (P<0.001). Furthermore, after addi-
tion of LY294002, the expression of VEGF gene in hypoxia
was 4.85+0.43 times greater than that of the normoxia group,
and the difference was statistically significant (P=0.040).
There was also a statistical significant difference between
the hypoxia groups with and without LY294002 (P=0.003;
Fig. 4B).

Discussion

Stem cell transplantation represents an attractive technique
for use in tissue engineering and reparative medicine. For the
improvement of the therapeutic potential of BM-MSCs, a more
comprehensive understanding of the in vitro culture parameters
that can maintain their stem-cell phenotype and multipotent
capabilities during expansion is required (7). Oxygen has
been demonstrated to be a potent signaling molecule due to its
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Figure 4. Expression of endothelial cell-specific genes and VEGF. (A) Hypoxia significantly increased the expression of endothelial cell-specific genes in
BM-MSCs, including Flk-1, Flt-1, vVWF and VE-cadherin, as compared with the cells cultured under normoxic conditions. Following inhibition with LY294002,
the hypoxia-induced expression of the endothelial cell-specific genes was significantly decreased. "P<0.05. (B) The highest expression levels of VEGF were
observed in the hypoxia group, and LY294002 significantly decreased VEGF expression levels. 'P<0.05. BM-MSC, bone marrow-derived mesenchymal stem
cell; EC, endothelial cell; Flt-1, fms-related tyrosine kinase 1; Flk-1, fetal liver kinase 1; vVWF, von Willebrand factor; VE, vascular endothelial; VEGF, vascular

endothelial growth factor.

ability to affect the fundamental characteristics of various types
of progenitor cells, including their proliferation, differentiation
and gene expression (6,26).

In the present study, BM-MSCs were cultured under 2% O,,
which is considered as mild to moderate level of hypoxia, for
the investigation of cell biology and possible underlying mecha-
nisms. The results showed that the PI3K/AKT signaling pathway
was activated by hypoxia, as indicated by the high expression of
p-AKT, which is the activated state of AKT. In addition, in order
to examine the effect of PI3K/AKT pathway on the influence
of hypoxia on BM-MSCs, a PI3K/AKT inhibitor was used to
prevent the signaling of this pathway.

Low oxygen is a potent proliferation regulator of numerous
cell types (6,25). In the present study, the hypoxic culture
conditions evidently induced BM-MSC proliferation; however,
following treatment with LY294002, the proliferation
decreased markedly. This result indicated that the PI3K/AKT
pathway served an important role in the process of cell prolif-
eration induced by hypoxia. Numerous studies have focused
on the role of PI3K/AKT in cell proliferation. For instance,
Watanabe et al (27) demonstrated that impaired PI3K/AKT acti-
vation directly contributes to the effect of aging on pancreatic
acinar cell proliferation. In addition, Mangi et al (28) genetically
modified MSCs with AKT using retroviruses and found that the

engineered AKT-MSCs were more resistant to hypoxic injury.
The role of PI3K/AKT in promoting cell proliferation may rely
on phosphorylating the pro-apoptotic protein Bad (29,30) or
caspase-9 (31), which may account for the antiapoptotic effect
of AKT, thereby inhibiting its pro-apoptotic function.

Hypoxia is also a potent differentiation inducer towards
endothelial cell differentiation. In a previous study, BM-MSCs
were treated with VEGF under hypoxic conditions, and a
greater proportion of BM-MSCs differentiated into endothelial
cells when compared with those cultured under standard condi-
tions (8). Xiao et al (22) demonstrated that PI3K/AKT signaling
pathway served an important role in rat cardiac stem cell differ-
entiation into endothelial cells, while Wortmannin (a PI3K/AKT
signaling pathway inhibitor) was able to decrease this differen-
tiation. Other than its role in promoting differentiation towards
endothelial cells, the PI3K/AKT pathway has been shown to
participate in improving neovascularization of human umbilical
vein endothelial cells, and LY294002 has been demonstrated
to abolish this positive effect (32). Therefore, the present study
examined the role of PI3K/AKT pathway in BM-MSC differ-
entiation. The results revealed that the PI3K/AKT signaling
pathway inhibitor LY294002 decreased the differentiation of
BM-MSCs towards endothelial cells, which was induced by
hypoxia.
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A previous in vitro study indicated that conditional medium
without stem cells attenuated myocardial reperfusion injury,
and the cardioprotection effect was mediated by the activation
of PI3K/AKT pathway through paracrine factors (33). These
observations suggested the important role of PI3K/AKT
pathway in the paracrine function of BM-MSCs. In ischemia
therapy, angiogenesis is crucial. Amongst all the molecules
participating in angiogenesis, VEGF is particularly relevant
since it modulates the function of vascular and non-vascular
cells (34) and promotes every step of angiogenesis, in both
physiological and pathological conditions (35). Therefore, in
the current study, VEGF expression was detected to repre-
sent the role of PI3K/AKT pathway in BM-MSC paracrine
function caused by hypoxia. Following treatment with the
PI3K/AKT inhibitor under hypoxia, VEGF expression in the
BM-MSCs decreased conspicuously. This result was consis-
tent with the findings of a previous study, which demonstrated
that the migration ability and cytokine paracrine function of
BM-MSCs were attenuated by a PI3K/AKT pathway inhibitor,
leading to a decreased mobilization, homing of BM-MSCs and
angiogenesis (36).

In conclusion, stem cell transplantation is widely applied
in ischemia treatment; however, the effect of low oxygen on
the engrafted cells remains unclear. Improved understanding
of the effect of hypoxia is essential in order to improve the
use of stem cell-based therapy. The results in the present
study indicated that hypoxia promoted the proliferation,
differentiation into endothelial cells and VEGF expression
of BM-MSCs, and thus the PI3K/AKT signaling pathway
may serve an important role in this effect. The current study
provides an insight into a potentially intriguing pathway,
which may assist further studies in stem cell-based applica-
tions in ischemia therapy.
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