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Introduction

Abstract

Aim: The recruitment of endothelial progenitor cells (EPC) to ischemia has
recently been suggested as an important mechanism of tissue repair. Although
tissue ischemia can facilitate EPC mobilization, recruitment, and retention at
the hypoxic site, the effects of hypoxia on EPC survival are not well known.
In the present study, we examined whether hypoxia (2% O,) would suppress
apoptosis induced by serum withdrawal and whether survival signals, such as
the phosphatidylinositol 3-kinase (PI3K)/Akt and extracellular signal-regulated
protein kinase (ERK) pathways, were involved in this process. Methods:
After being serum-starved for 24 h, EPC were cultured under normoxic or
hypoxic conditions (2% O,) for 24 h. Cell survival was assessed by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, annexin
V—propidium iodide dual-color flow cytometry, and terminal deoxynucleotidyl
transferase-mediated digoxigenin-dUTP nick-end labeling assay. The expressions
of signaling proteins were evaluated by Western blot analysis. Results: Under
hypoxic conditions, EPC were resistant to apoptosis induced by serum starvation.
The inhibition of the PI3K/Akt pathway using the LY294002 inhibitor prevented
hypoxia-inhibited apoptosis in EPC and altered the phosphorylation state of
glycogen synthase kinase-3f3, an effector protein involved in regulation of EPC
apoptosis. However, ERK inhibitor PD98059 had no significant effect on cell
survival. Conclusion: Our data demonstrated that hypoxia inhibited serum
withdrawal-induced apoptosis in EPC, which might be associated with the
activation of the PI3K/Akt pathway.

of ischemic tissues and re-endothelization of injured
3 . .
vessels”!. Moreover, previous studies have demonstrated

Tissue repair and regeneration after injury are thought to
involve the selective recruitment of circulating or resident
stem cell populations'”. Endothelial progenitor cells (EPC)
are a specific subtype of hematopoictic stem cells that
have been isolated from the peripheral blood of humans
and express various combinations of antigens traditionally
associated with hematopoietic stem cells, as well as
endothelial cells [such as CD34, the vascular endothelial
growth factor (VEGF) receptor-2, and CD133]",

Several studies have suggested that EPC play a
significant role in the endogenous neovascularization
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that hypoxic microenvironments (such as ischemic tissues
and injured vessels) are a conditional EPC niche in which
many proteins are directly regulated by hypoxia-inducible
factor-1 (HIF-1), such as VEGF and the chemokine stromal
cell-derived factor-1, which facilitate EPC mobilization,
recruitment, and retention at the hypoxic site™. However,
hypoxia on EPC proliferation and survival is not well
known.

The phosphatidylinositol 3-kinase (PI3K)/Akt and
extracellular signal-regulated protein kinase (ERK)
pathways are well-characterized cell survival signaling
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pathways. Previous studies have demonstrated that ERK
and PI3K/Akt are activated by hypoxia in many cell types,
such as rat nucleus pulposus cells and human lung cancer
cells™™”, resulting in an anti-apoptotic effect. However, it
is not well known whether these pathways are involved in
EPC survival.

The goal of the present study was to elucidate the anti-
apoptotic roles of the PI3K/Akt and ERK pathways in
hypoxia in EPC. Hypoxia suppresses apoptosis induced
by serum withdrawal in EPC and activates the PI3K/
Akt and ERK pathways. Moreover, blocking PI3K/
Akt activation reverses the acquired resistance to serum
withdrawal-induced apoptosis in response to hypoxia. To
our knowledge, our study is the first to report on the PI3K/
Akt pathway in EPC as a survival response to hypoxia.

Materials and methods

Reagents Anti-ERK1/2, anti-HIF-1a, antiphosphoryl-
ated ERK1/2, anti-Akt, antiphosphorylated Akt, and
the antibodies for the Western blot analysis were
purchased from Cell Signaling (Beverly, MA, USA).
Antiphosphorylated-glycogen synthase kinase-3 (Ser9)
and GSK-3p were purchased from Santa Cruz (Santa Cruz,
CA, USA). Annexin V-fluorescein isothiocyanate (FITC)
was purchased from BioVision (Mountain View, CA, USA).
PI3K inhibitor LY294002 and ERK inhibitor PD98059
were from Cell Signaling (USA). HIF-1a inhibitor
YC-1 and mammalian target of rapamycin (mTOR)
inhibitor rapamycin were from Alexis Biochemicals
(San Diego, CA, USA). Medium 199 was from Sigma
(St Louis, MO, USA), EGM-2 MV was from Cambrex
Bio Science (Walkersville, MD, USA), and the terminal
deoxynucleotidyl transferase-mediated digoxigenin-dUTP
nick-end labeling (TUNEL) assay kit was purchased from
Roche (China).

Isolation of mononuclear cells and cell culture The
EPC were cultured according to previously described
techniques'™. Briefly, mononuclear cells (MNC) were
isolated by density centrifugation (Histopaque 1077;
Sigma). After purification with 3 washing steps, 10°—10°
MNC were plated on fibronectin-coated 6-well plates or
cell culture flasks. The cells were cultured in endothelial
cell basal medium-2 supplemented with EGM-2 MV
single aliquots consisting of 20% fetal bovine serum,
VEGF, fibroblast growth factor-2, epidermal growth
factor, insulin-like growth factor-1, and ascorbic acid.
After 4 d in culture, non-adherent cells were removed
by washing with phosphate-buffered saline (PBS). New
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medium was applied, and the culture was maintained
through to d 7.

Hypoxic treatment For the hypoxic experiments,
cell cultures were placed in a modular incubator chamber
(Billups-Rothenberg, Del Mar, CA, USA) and flushed with
a gas mixture of 2% 0,/5% CO,/93% N,. The airtight
chamber containing the cell cultures was incubated for
periods of up to 24 h at 37 °C.

Viability assay The cells were plated in 96-well
plates (1x10° cells/well) in serum-free medium for
24 h and cultured under hypoxic conditions (2% O,) for
24 h. Cell survival (viability) was measured by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Briefly, after treatment, MTT diluted in PBS
was added to the culture medium to a final concentration of
0.5 g/L. At the end of the incubation period (4 h at 37 °C),
the medium was removed and the precipitated formazan
crystals were solubilized in DMSO. Product formation
was measured by reading the absorbance at 570 nm
using a microplate reader (Spectrums Flour Plus; Tecan,
Switzerland).

TUNEL TUNEL staining was done according to the
manufacturer’s instructions (Roche, China). Briefly, the
EPC were incubated in serum-free medium 199 for 24 h
and subjected to various treatments for 24 h. The cells
were fixed with 4% paraformaldehyde at room temperature.
Peroxidase activity in the cells was blocked with 3% H,0,.
After being permeabilized with 0.1% Triton X-100, the
cells were incubated in 50 pL. TUNEL reaction mixture
(Roche, China) for 1 h in a humidified atmosphere in the
dark, washed 3 times with PBS for 5 min, incubated in 50
pL converter peroxidase (POD) in a humidified chamber
at 37 °C for 30 min, washed 3 times with PBS, and
then incubated with a diaminobenzidine POD substrate.
The cells were washed 3 times and analyzed on a light
microscope.

Flow cytometry Fluorescein-conjugated annexin V
(Annexin V-FITC) was used to quantitatively determine
the percentage of cells undergoing apoptosis. Treated cells
were washed twice with cold PBS and then resuspended
in binding buffer at a concentration of 5x10° cells/mL.
Annexin V-FITC and propidium iodide (PI) were added
to the suspended cells. After incubation for 5 min at room
temperature in the dark, the percentage of apoptotic cells
was analyzed by flow cytometry.

Western blot analysis The EPC were cultured in
culture flasks and arrested in serum-free medium 199 for
24 h. After stimulation with hypoxia (2% oxygen) for
various periods of time, the cells were washed twice with
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ice-cold PBS, scraped, and collected. Cell proteins were
subjected to SDS-PAGE on 10% polyacrylamide gels and
transferred to nitrocellulose membranes. The membranes
were incubated overnight with a primary antibody at
the appropriate dilution before incubation for 1 h with a
secondary antirabbit antibody conjugated to horseradish
peroxidase (1:5000). The protein was then visualized using
enhanced chemiluminescence solution from Amersham
(New Jersey, USA) and X-ray film.

Statistical analysis Data were expressed as mean+
SEM for 3-9 individual experiments. The statistical
analysis between two groups was performed using unpaired
Student’s #-test, and comparisons between multiple groups
were made by one-way ANOVA. Probability values were
considered significant at P<0.05.

Results

Characterization of EPC After 7 d of culture, expand-
ed ex vivo EPC derived from peripheral blood of healthy
human volunteers exhibited spindle-shaped morphology.
The EPC were characterized as adherent cells double
positive for Dil-Ac-LDL uptake and lectin binding by
using laser scanning confocal microscope (LSCM) (Figure
1). A total of 93.8%+4.5% adherent cells showed an uptake
of Dil-Ac-LDL and lectin binding after 7 d of culture.
This was confirmed by demonstrating the expression of
well-established cell surface markers like VE-cadherin
(77.3%+6.1%), KDR (78.7%%9.7%), CD34 (31.3%+4.2%),
and AC133 (18.7%+5.0%) by fluorescence-activated cell
sorting (data not shown).

Hypoxia suppressed apoptosis induced by serum
withdrawal in EPC To assess the effect of hypoxia on
apoptosis induced by serum withdrawal, quiescent EPC
were cultured under normoxic or hypoxic conditions (2%
0,) for 24 h. Cell viability was measured using MTT
assay (Figure 2A). The induction of apoptosis upon
serum withdrawal was reduced when cells were cultured
under hypoxic conditions. In contrast, if the cells were

in normoxia and serum starved, there was a significant
decrease in cell survival (P<0.05). The flow cytometric
results using Annexin-V-PI supported these observations
(Figure 2B). After 24 h in hypoxic environments, 25.6%
of cells that were serum starved were in an early apoptotic
state. In contrast, under normoxic conditions, serum
starvation induced apoptosis of 35.9% for EPC. The
enhancement of EPs survival was confirmed by TUNEL
assay. The TUNEL assay showed that few nuclei of
the hypoxic serum-starved cells were TUNEL positive,
whereas serum-starved normoxic cells displayed numerous
apoptotic nuclei. These results indicated that hypoxia
suppressed serum withdrawal-induced apoptosis in EPC.
Hypoxia induced Akt and GSK-3p activation in EPC
Although many studies have suggested that the activation
of Akt is involved in hypoxia-mediated responses, there is
little direct evidence for this pathway in EPC under hypoxic
conditions. We performed time-course experiments in
which quiescent EPC were exposed to hypoxia for different
times. We analyzed phosphorylation of Akt-Ser473 and
found that Akt phosphorylation at Ser473 significantly
increased after 30 min and stayed at a steady level for
up to 12 h before reaching maximal levels after 24 h of
hypoxic exposure. Total Akt levels remained unchanged
under hypoxia (Figure 3A, 3B). Since Akt phosphorylated
multiple target proteins, we evaluated the phosphorylation
status of GSK-3f, an important effector protein involved in
the regulation of apoptosis. We observed that the activation
of GSK-3p significantly increased after 30 min under
hypoxic conditions and stayed at a steady level for up to
24 h (Figure 3C, 3D). To investigate whether the hypoxic
treatment was adequate, HIF-1a expression was determined
by Western blotting (Figure 4). HIF-1a significantly
increased after 2 h under hypoxic conditions and stayed at
a steady level for up to 24 h in EPC. These observations
suggested that hypoxia activated these pathways in EPC.
Hypoxia induced ERK activation in EPC To deter-
mine whether hypoxia-induced survival was associated
with specific change in mitogen-activated protein kinases,

Figure 1. Characterization of EPC. MNC
were cultured for 7 d, and the DiLDL
uptake of adherent cells (in red; excitation
wavelength: 543 nm) and lectin binding
(in green; excitation wavelength: 477
nm) were assessed under a laser scanning
confocal microscope. Double-positive cells
(yellow in the overlay) were identified as
differentiating EPC. (x400).
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Figure 2. Hypoxia (H) for 24 h suppressed apoptosis induced
by serum withdrawal in EPC. (A) quantitative analysis of
cell viability by MTT. Data are expressed as mean+SEM.
(n=3). °P<0.05 vs starved; “P>0.05, °P<0.05 vs H24 h. (B)
EPC apoptosis determined by annexin V-PI dual labeling. (C)
TUNEL assay to detect apoptotic EPC.
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Figure 3. Hypoxia induces Akt phosphorylation in EPC. (A) quiescent cells were exposed to hypoxia for the indicated times. Equivalent amounts
of total cell protein (50 pg) were subjected to Western blot analysis with antibodies against phosphorylated Akt and total Akt. (B) quantification of
phosphorylated Akt expression. Data are mean+SEM from 4 independent experiments. *P>0.05, "P<0.05, °P<0.01 vs normoxia (Nor). (C) Western
blot analysis with antibodies against phosphorylated GSK-3p and total GSK-3f8. (D) quantification of phosphorylated GSK-3p expression. Data are
mean+SEM from 4 independent experiments. “P>0.05, "P<0.05, °P<0.01 vs Nor. H15m and H30m represented hypoxia for 15 and 30 min, respectively.
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Figure 4. Hypoxia for 15 min to 24 h induces the expression of HIF-
lo in EPC. (A) quiescent cells were exposed to hypoxia (2% O,) for the
indicated times. Subsequently, equal amounts of protein (50 pug) were
prepared and analyzed by SDS-PAGE and Western blotting with a specific
rabbit antihuman HIF-1a monoclonal antibody. (B) quantification of HIF-
la expression. Data are mean+SEM from 4 independent experiments.
“P>0.05, °P<0.01 vs normoxia (Nor).

the cells were exposed to hypoxia for different times. The
activation of this pathway was determined by Western
blotting against active ERK (Figure 5). The active
phosphorylated form of ERK (Tyr202/Thr204) increased

Nor H15m H30m H2h H6h  HI12h  H24h

Phospho-ERK/ERK

Nor HI5m H30m H2h H6h HI12h H24h

Figure 5. Western blot analysis of ERK expression in EPC. (A) cultured
in hypoxia or normoxia (Nor) for 15 min—24 h. Equal amounts of protein
(50 ng) were electrophoresed on 8% SDS-PAGE, non-phosphorylated
ERK (total protein) is constant under both culture conditions. Hypoxic
condition resulted in a higher level of activation of ERK-1/2. (B)
Quantification of phosphorylated ERK expression. Data are mean+SEM
from 4 independent experiments. “P>0.05, “P<0.01 vs Nor.
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Figure 6. Western blot analysis of GSK-3 B from EPC cultured in
hypoxia and normoxia (Nor) for 24 h. (A) EPC were pre-incubated for
30 min with LY294002 (LY) or rapamycin (Ra) or YC-1 (YC), prior to
exposure to hypoxia (24 h). (B) quantification of phosphorylated GSK-
3B. Data are mean+SEM from 4 independent experiments. “P>0.05,
°P<0.01 vs Nor.

after 12 h of incubation under hypoxia and peaked at 24 h.
However, hypoxia did not affect total ERK expression
levels.

Hypoxia-phosphorylated GSK-3f requires PI3K/
Akt activity Intracellular signaling involves a complex
network. We were interested in investigating the
relationship between the hypoxia-induced activation
of Akt and its downstream signaling molecule. We
observed that EPC cultured in hypoxia for 24 h showed
inactivation (phosphorylation) of GSK-3p. The hypoxia-
induced phosphorylation of GSK-3p was abolished by
pretreatment with LY294002. The mTOR (the downstream
of PI3K/Akt) inhibitor rapamycin (10 pg/L) could block
the phosphorylation of GSK-3f3. However, the HIF-
la inhibitor YC-1 (50 umol/L) had no significant effect.
These results suggested that GSK-3p might be downstream
of PI3K/Akt/mTOR (Figure 6).

Inhibition of apoptosis by hypoxia requires PI3K/
Akt activity To evaluate whether the activation of the
PI3K/Akt or ERK pathways is necessary for the hypoxia-
induced suppression of apoptosis, we investigated the
effect of blocking these pathways individually in cells
exposed to hypoxia. After incubation for 30 min with or
without PD98059 (20 pmol/L) and LY294002 (20 umol/L),
the EPC were cultured in a hypoxic environment for 24 h.
The MTT assay and flow cytometric analysis showed that
the protective effect under hypoxia could be suppressed by
LY294002 (Figure 2A, 2B). These results indicated that
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protection against cell apoptosis by hypoxia was associated
with the activation of the PI3K/Akt survival pathway.

Discussion

In this study, we have shown that hypoxia suppresses
serum withdrawal-induced apoptosis in EPC. This effect
was paralleled by the promotion of Akt and GSK-38
phosphorylation. Thus, it was likely that the activation of
the PI3K/Akt/GSK-3p pathway by hypoxia might be the
mechanism responsible for its anti-apoptotic effect.

Recent studies have shown that many intracellular
signaling pathways are activated in response to hypoxia,
such as protein kinase C, NF-kB, mitogen-activated protein
kinase/ERK, and PI3K/Akt signaling pathways. Among
these signals, Akt and ERK activation deserve special
attention as anti-apoptotic signals. The present study
showed that hypoxia activated PI3K/Akt, which concurs
with previous reports on PC12 cells, human microvascular
endothelial cells, and rat aortic endothelial cells”'".
However, our results differed from another investigation
that found that hypoxia inhibited PI3K/Akt activation in
vascular smooth cell lines!"”. Thus, the effect of hypoxia
on PI3K/Akt activation may be cell type specific. We also
found a significant increase in the levels of phosphorylated
ERK after 12 h under hypoxic conditions. High expression
was maintained throughout the culture period. To
evaluate whether the activation of the PI3K/Akt and ERK
pathways is involved in the hypoxia-induced suppression
of apoptosis, we examined the effect of blocking these
pathways. LY294002 and PD98059 were used to block the
PI3K/Akt and ERK pathways. Interestingly, LY294002
pretreatment inhibited protection against cell apoptosis
by hypoxia. ERK inhibitor PD98059 had no significant
effect on hypoxia-induced cell survival. These results
indicated that protection against cell apoptosis by hypoxia
was associated with the activation of the PI3K/Akt survival
pathway.

Previous studies have shown that many downstream
targets of Akt are involved in cell survival pathways, such
as GSK-3, eNOS, BAD, NF-«B, and the FKHR family
of forkhead transcriptional factors'* ", GSK-3p is a
serine/threonine protein kinase. Unlike most other protein
kinases, GSK-3f is inactive when phosphorylated. GSK-
3B controls several downstream transcription factors that
are crucial in cell survival and function, including HIF-1,
B-catenin, cyclic adenosine monophosphate (cAMP)-
response element-binding protein, AP-1 and cyclin D1"*?",
EPC transduced with the inactive GSK-33 gene could
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increase the secretion of angiogenic cytokines (VEGF
and interleukin-8) and enhance survival, proliferation,
and differentiation'”. Several upstream kinases have
been identified that are capable of phosphorylating GSK-
3P, including members of the protein kinase C family and
protein kinase A, but Akt is the primary kinase responsible
for the phosphorylation and inactivation of GSK-3p%**.
In the present study, we showed that GSK-33 could be
inactivated by hypoxia in EPC, and the hypoxia-induced
phosphorylation of GSK-3f could be abolished by
pretreatment with LY294002. These findings suggested
that GSK-3 might be downstream of PI3K/Akt in EPC.
Interestingly, we found that mTOR inhibitor rapamycin
could inactivate GSK-3f3. Thus, mTOR might be upstream
of GSK-3B. HIF-1a has been regarded as the key mediator
of cellular responses to reduced oxygen availability™.
Some studies have shown that the activation of PI3K/Akt
may lead to the inhibition of GSK-3 activity, which then
cannot phosphorylate HIF-1a and target it for proteasomal
degradation”®?”’. We found that HIF-1a inhibitor
YC-1 had no significant effect on the hypoxia-induced
phosphorylation of GSK-3f3, which could be explained
by the fact that HIF-1a may be downstream of GSK-
3B in EPC. Further studies are required to elucidate our
speculation.

In summary, the present investigation demonstrates that
hypoxia suppresses serum withdrawal-induced apoptosis
in EPC. Apoptosis suppression by hypoxia correlates with
the promotion of Akt and GSK-3f phosphorylation. These
results may provide a mechanism by which EPC adapt to
their ischemic environments.
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