
Abstract. In solid tumours, necrosis is commonly found in
the core region in response to metabolic stress that results
from oxygen and glucose depletion (OGD) due to insufficient
vascularization and has been implicated in tumour progression.
We have previously shown that metabolic stress due to glucose
depletion (GD) induces necrosis and HMGB1 release through
mitochondrial ROS production in A549 lung adenocarcinoma
cells. In this study, we examined the effects of hypoxia on
GD-induced necrosis and show that hypoxia prevented
GD-induced mitochondrial ROS production, HMGB1 release,
and necrosis and switched the cell death mode to apoptosis
that is dependent on caspase-3 and -9. We further found
that inhibition of ERK1/2 by U0126 abolished the effects
of hypoxia to switch the cell death mode and to suppress
mitochondrial ROS production, indicating an important role(s)
of the ERK pathway in cell death mode determination. We
also found that during OGD-induced apoptosis the prosurvival
protein kinase Akt is activated and inhibition of Akt by the
phosphoinositide 3-kinase (PI3K) inhibitors LY294002 and
wortmannin prevent OGD-induced apoptosis, caspase-3 and
-9 activation, and nuclear translocation of AIF and EndoG.
Similar inhibitory effects of PI3K inhibitors were observed
in A549 cells that underwent apoptosis when treated with
GD in the presence of NAC (a general antioxidant) or
catalase (a H2O2 scavenger), or in the presence of active PKC
by treatment with phorbol-12-myristate-13-acetate, indicating

a crucial role(s) of the PI3K-Akt pathway in OGD-indcued
apoptosis. In conclusion, our results demonstrate that
hypoxia switches GD-induced necrosis to apoptosis and
ERK1/2 and PI3K-Akt exert anti-necrotic and pro-apoptotic
activities in the cell death, respectively. 

Introduction

Cell death occurs via two distinct pathways, apoptosis or
necrosis. Apoptosis is a well-defined cell death program that
is characterized by chromatin condensation/fragmentation and
formation of apoptotic bodies that are removed by phagocytic
cells (i.e., macrophages) before plasma membrane integrity is
lost and therefore in most cases does not cause inflammation
(1,2). Apoptotic cell death includes a proteolytic system
consisting of caspases that is activated via either an extrinsic
pathway, which depends on cell surface death receptors and
caspase-8 activation or an intrinsic mitochondrial pathway,
which depends on caspase-9 (1,2). Caspase-3, a downstream
effector of caspase-8 and -9, is a main executioner that
cleaves many cellular proteins including poly(ADP-ribose)
polymerase (PARP) and ß-catenin (1,2). In addition, two
major apoptotic nucleases, caspase-activated DNase (CAD)
and endonuclease G (EndoG), are responsible for DNA
fragmentation (3,4). In normal cells, CAD exists in the nucleus
as a heterodimer with an inhibitor of CAD (ICAD), and when
ICAD is cleaved by active caspase-3 in response to apoptotic
stimuli, CAD is activated. In contrast, EndoG in the mito-
chondrial inter-membrane space is translocated to the nucleus
upon apoptotic stresses with another apoptotic molecule,
apoptosis-inducing factor (AIF) (3,4). Apoptosis is regulated
by a number of factors including the tumour suppressor
p53 (1,2) and Bcl-2 family proteins including anti-apoptotic
proteins, such as Bcl-2, and pro-apoptotic BAX and BAK (5).
In addition, the phosphoinositide 3-kinase (PI3K) pathway
involving Akt/PKB kinase antagonizes apoptotic cell death
in response to many different toxic stresses (6-8). Unlike
apoptosis, during necrosis, the cell membrane is ruptured, and
the cytoplasmic contents [e.g., a nuclear protein high mobility
group box 1 (HMGB1)] are released into the extracellular
space causing a massive inflammatory response (9-12).
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Recently, necrosis and inflammation has been suggested to
promote tumour growth and angiogenesis through the tumour
promoting activity of HMGB1 and by increasing probability
of proto-oncogenic mutation (13-18). Indeed, increased
expression of HMGB1, as well as its receptor RAGE (receptor
for advanced glycation end-products), has been observed in
many different tumours including hepatomas and prostate
cancer, which correlates with invasiveness and poor outcome
when RAGE is expressed in conjunction with its ligand
(19,20). Since the consequences of necrotic and apoptotic
cell death are quite different for a whole organism, it is
crucial to decide whether cells die by necrosis or apoptosis
particularly with respect to the development of tumour in an
organism.

In solid tumours, necrosis is commonly found in the core
region in response to metabolic stress that results from
oxygen and glucose depletion (OGD) due to insufficient
vascularization (21-25). We have previously demonstrated that
GD induced necrosis through mitochondrial ROS production
in A549 lung carcinoma cells and that NAC (a general anti-
oxidant) or catalase (a H2O2 scavenger) could switch GD-
induced necrosis to apoptosis (26). We also showed that
protein kinase C-dependent ERK 1/2 activation switched
GD-induced necrosis to apoptosis through inhibiting ROS
production, possibly by inducing MnSOD expression and
preventing GD-induced down-regulation of CuZnSOD,
demonstrating a critical role(s) of ROS in the determination
of GD-induced cell death mode (26). Here we examined
the effects of hypoxia on GD-induced necrosis and show
that hypoxia prevented GD-induced necrosis and HMGB1
release. We further show that OGD-induced apoptosis is
regulated by the PI3K-Akt/PKB signal pathway. 

Materials and methods

Cell culture and drug treatment. Human lung adenocarcinoma
A549 cells were obtained from American Type Culture
Collection and maintained in RPMI-1640 containing 10%
FBS as described previously (26,27). For GD treatment, cells
were rinsed twice with glucose-free medium, and incubated
in GD medium (glucose-free RPMI-1640 or DMEM containing
10% dialyzed and heat-inactivated FBS and 1% PS). For
OGD, cells were exposed to OGD using an anaerobic chamber
(Forma 1025) containing 2% O2, 5% CO2 and 93% N2 in
37˚C for the indicated times. A549 cells were pretreated with
inhibitors including LY294002 (Sigma, 20 μM), wortmannin
(Sigma, 0.2 μM), U0126 (Sigma, 20 μM), z-VAD-fmk
(Calbiochem, 20 μM), z-DEVD-fmk (Calbiochem, 20 μM),
z-LEHD-fmk (Calbiochem, 50 μM), N-acetyl-L-cysteine
(Sigma, 10 mM), catalase (Sigma, 1,000 μg/ml) for 1 h, and
then treated with GD or OGD in the presence of the inhibitors.
For activation of PKC, cells were pretreated with phorbol-
12-myristate-13-acetate (PMA, Calbiochem, 100 nM) for
30 min and washed with glucose-free RPMI-1640 twice and
incubated in GD medium.

SDS-PAGE and Western blot analysis. Western blotting
was performed with antibodies to HMGB1 (BD Pharmingen,
CA), CuZnSOD, MnSOD, catalase (Santa Cruz, CA), ERK1/2,
phosphoERK1/2 (Cell Signaling, MA), Akt, phopsho-Akt

(Cell Signaling, MA), PARP (Santa Cruz), active caspase-3,
active caspase-9 (Cell Signaling), and ß-tubulin (Sigma).
After washing 3 times in Tris-buffered saline (TBS) with
0.1% Tween-20, primary antibody was detected using 1:1,000
diluted HRP-conjugated secondary antibodies and visualized
with the enhanced chemiluminescence detection system
(Amersham-Pharmacia Biotech, Buckinghamshire, UK). 

HMGB1 and CuZnSOD release, intracellular ROS and mito-
chondrial ROS production, Hoechst 33342 (HO) and pro-
pidium iodide (PI) staining, and AIF and EndoG translocation
assay. HMGB1 and CuZnSOD release assay and HO/PI
stainging was performed as described previously (26,27).
For immunofluorescence and confocal microscopy, A549
cells grown for 24 h on coverslips were incubated in GD
medium for the indicated times. The cells were fixed with
3.7% formaldehyde and permeabilized with 0.2% Triton X-100
for 30 min on ice. After blocking with 2% bovine serum
albumin in 0.1% PBST, the cells were incubated with the
primary antibodies against AIF and EndoG overnight at 4˚C,
then washed 3 times in PBST and incubated with the
secondary antibodies conjugated with fluorescein isothio-
cyanate (FITC; Sigma) for 1 h. Nuclei were then stained
with 2.5 mg/ml PI for 10 min. After washing 3 times with
PBS, coverslips were mounted onto microscopic slides using
Cristal mounting reagent (Biomeda, Foster City, CA). The
slides were observed by a fluorescence microscope (Carl Zeiss)
and photographed by AxioCam (Carl Zeiss). Intracellular
H2O2, O2

- and mitochondrial ROS were detected using the
2',7'-dichlorofluorescin diacetate (DCFH-DA) (Molecular
Probes, 50 μM), dihydroethidium (HE, Molecular Probes,
10 μM), or MitoTracker Red CM-H2XRos (Molecular Probe,
50 nM) under a fluorescence microscope. 

Results and Discussion

Hypoxia switches glucose deprivation-induced necrosis to
apoptosis in A549 cells. GD induced cell death mode (apoptotic
or necrotic) in A549 cell was determined by Hoechst33342
(HO)/propidium iodidie (PI) double staining. HO crosses
the plasma membrane of all cells regardless of cell damage,
but, polar PI only penetrates cells with damaged membranes.
Thus, intact blue nuclei, condensed/fragmented blue nuclei,
condensed/fragmented pink nuclei, and intact pink nuclei
were considered viable, early apoptotic, late apoptotic, and
necrotic cells, respectively. In the presence of glucose, most
of cells had intact blue nuclei, whereas cells cultured with
GD medium exhibited intact pink nuclei, indicating that GD
induces necrosis in A549 cells (Fig. 1a and b). We examined
the effects of hypoxia on GD-induced necrosis. We found
that hypoxia prevents GD-induced cell rounding and caused
blebbing of the plasma membrane after 15 h OGD treatment
(data not shown). Hypoxia markedly prevented GD-induced
necrosis and switched the cell death mode to apoptosis, as
observed by HO/PI staining (Fig. 1a and b). Whereas necrosis
could be observed after 12 h GD treatment, apoptosis was
observed to start at 15 h after OGD treatment, indicating that
necrosis and apoptosis are initiated at different time-points
possibly through different mechanisms. Necrosis-to-apoptosis
switch was confirmed by HMGB1 release assay. HMGB1 is
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a nuclear protein that plays a role(s) in DNA bending and
transcription, but is leaked rapidly into the medium when
membrane integrity is lost in permeabilized or necrotic cells.
Hypoxia prevented HMGB1 release into the extracellular space
and reduction its cellular levels in response to GD (Fig. 1c).
Previously, we have shown that CuZnSOD, but not other anti-

oxidants MnSOD and catalase, is released into the extracellular
space in an active form upon GD, thereby accelerating ROS
(possibly O2

-) damage and facilitating necrotic cell death
[(26) and Fig. 1c]. Hypoxia suppressed GD-induced CuZnSOD
release into the extracellular space of cells (Fig. 1c). To further
confirm hypoxia-mediated necrosis to apoptosis switch, nuclear
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Figure 1. Hypoxia switches GD-induced necrosis to apoptosis. (a and b) A549 cells were exposed to GD or OGD for the indicated times and stained with
HO/PI, and apoptotic and necrotic cells were scored under a fluorescence microscope. Results (500-800 cells in each group) are expressed as the means ±
SEM from three independent experiments. (c) A549 cells were exposed to GD or OGD for the indicated time and both the cells and medium bathing the cells
were prepared as described in Materials and methods and analyzed by Western blotting using antibodies to HMGB1, caspase-3, caspase-9, PARP, CuZnSOD,
MnSOD, catalase, and ERK1/2. (d and e) A549 cells were pretreated with z-VAD-fmk, z-DEVD-fmk, or z-LEHD-fmk and exposed to OGD for 15 h. The
cells were stained with HO/PI and observed under a fluorescence microscope and apoptotic and necrotic cells were scored. Results (500-800 cells in each
group) are expressed as the means ± SEM from three independent experiments. (f) A549 cells were exposed to OGD for 18 h and fixed, and stained with
AIF/PI or EndoG/PI as described in Materials and methods. The cells were observed under a fluorescence microscope.
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translocation of AIF and EndoG, two major apoptotic nucleases
that reside in the mitochondrial inter-membrane space in
normal cells, was performed in A549 cells. As shown in
Fig. 1f, OGD induced nuclear translocation of EndoG and
AIF. Then, we examined whether GD-induced apoptosis is
linked to either an extrinsic pathway, which activates caspase-8
(1,2) or an intrinsic mitochondrial pathway, which activates
caspase-9 (1,2). OGD caused activation of caspase-9 and
caspase-3 (Fig. 1c), but not caspase-8 (data not shown).
Furthermore, p85 cleavage product of PARP was also detected
in cells exposed to OGD (Fig. 1c). In addition, a broad caspase
inhibitor (z-VAD-fmk), caspase-3 inhibitor (z-DEVD-fmk),
and caspase-9 inhibitor (z-LEHD-fmk) completely suppressed
OGD-induced apoptosis (Fig. 1d and e), supporting that
caspase-3 and -9 play a critical role in OGD-induced apoptosis.
OGD-induced nuclear translocation of EndoG and AIF was

also prevented by a broad caspase (zVAD-fmk) (Fig. 1f), but
to a lesser extent, by caspase-3 inhibitor (z-DEVD-fmk) and
caspase-9 inhibitor (z-LEHD-fmk) (data not shown). 

Hypoxia inhibits GD-induced mitochondrial ROS production.
Previous studies showed that GD induced production of mito-
chondrial ROS (28,29) and could be switched to apoptosis
when ROS production was abolished by treatment with
antioxidants including NAC and catalase, indicating a critical
role(s) of ROS in the determination of GD-induced cell death
mode (26). Thus, we investigated whether the effects of
hypoxia is linked to regulation of GD-induced ROS production
and found that hypoxia inhibits GD-induced production of
mitochondrial ROS and intracellular O2

-, as determined using
MitoTracker Red CM-H2XRos or dihydroethidium (HE)
(Fig. 2a). 
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Figure 2. (a) A549 cells were exposed GD or OGD for the indicated times and treated with MitoTracker Red CM-H2XRos or dihydroethidium (HE) and
observed under a confocal microscope to detect mitochondrial ROS (Mito ROS) and intracellular O2

-, respectively. (b) A549 cells were exposed to hypoxia,
GD, or OGD for the indicated times and the resulting cell lysates were analyzed by SDS-PAGE and Western blotting with antibodies to p-ERK1/2, ERK1/2,
p-Akt/PKB, and Akt/PKB. (c) A549 cells were pretreated with U0126 for 1 h and exposed GD or OGD for 18 h and then stained with HO/PI and observed with
fluorescence microscopy and apoptotic and necrotic cells were scored. Results (500-800 cells in each group) are expressed as the means ± SEM from three
independent experiments. (d) A549 cells were exposed to GD or OGD for the indicated times and both the cells and medium bathing the cells were prepared as
described in Materials and methods and analyzed by Western blotting using antibodies to HMGB1 and ERK1/2. (e) A549 cells were pretreated with U0126 for
1 h and exposed GD or OGD for 18 h and treated with MitoTracker Red CM-H2XROS and observed under a confocal microscope to detect mitochondrial ROS
(Mito ROS).
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ERK1/2 plays an important role(s) in GD-induced cell death
mode determination. Previous studies have shown that the
MEK1/2-extracellular signal-regulated kinase 1/2 (ERK1/2)
pathway exert an inhibitory effect on GD-induced necrosis
(26,30). Thus, we investigated the role(s) of the MEK1/2-
ERK1/2 pathway in OGD-induced cell death. As shown in
Fig 2b, ERK1/2 was activated through phosphorylation of
Thr 202/Tyr 204 by either GD or OGD, although its activation
was higher in GD-treated cells than in OGD-treated cells.
We examined the effects of the MEK inhibitor U0126 on
OGD-induced apoptosis. We found that U0126 abolished the
effects of hypoxia to switch the cell death mode (Fig. 2c) and to
suppress GD-induced HMGB1 release (Fig. 2d) and reversed
the cell death mode to necrosis (Fig. 2c). Thus, ERK1/2 may
act as an anti-necrotic pathway in hypoxia-mediated cell death
mode switch. In addition, U0126 suppressed the activities of
hypoxia to prevent mitochondrial ROS production (Fig. 2e).
Thus, ERK1/2 appeared to prevent GD-induced necrosis
through mitochondrial RPS production.

The PI3K-Akt pathway is activated by hypoxia and regulates
OGD-induced apoptosis. In the course of this study, we
found that Akt/PKB is activated through phosphorylation
of Ser 473 by OGD (Fig. 2b). Akt/PKB is mostly activated

by the phosphoinositide 3-kinase (PI3K) signaling cascade
and plays a critical role(s) in cell survival and antagonizes
apoptotic cell death in response to a variety of toxic stresses
(6-8). Akt/PKB could be activated in response to some pro-
apoptotic stimuli such as UV irradiation and DNA damage,
and confers cancer cells with resistance to chemotherapy
and interferes with intended action of pro-apoptotic stimuli
(6-8). The PI3K-Akt/PKB pathway possesses anti-apoptotic
activities through phosphorylating and inactivating pro-
apoptotic molecules including BAD and GSK-3ß. Thus, we
hypothesized that inhibition of the PI3K-Akt/PKB signal
pathway makes cells susceptible to OGD-induced apoptosis.
We examined the effects of the PI3K inhibitors LY294002
and wortmannin on OGD-induced apoptosis. However,
unexpectedly, the PI3K inhibitors appeared to prevent OGD-
induced apoptosis (Fig. 3a and b), caspase-3 and -9 activation
and PARP cleavage (Fig. 3c), and OGD-induced nuclear
translocation of EndoG and AIF (Fig. 3d), without reversing
the cell death mode to necrosis (Fig. 3a), raising the possibility
that the PI3K-Akt signaling may exert a pro-apoptotic activity
in this type of cell death. 

To further confirm the unusual pro-apoptotic activity of
the PI3K-Akt signaling, we examined the effects of the
PI3K inhibitors LY294002 and wortmannin on apoptosis
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Figure 3. (a and b) A549 cells pretreated with LY294002 or wortmannin for 1 h were exposed OGD for 18 h and then stained with HO/PI and observed with
fluorescence microscopy and apoptotic and necrotic cells were scored. Results (500-800 cells in each group) are expressed as the means ± SEM from three
independent experiments. (c) A549 cells were exposed to GD or OGD for indicated time and the resulting cell lysates analyzed by Western blotting using antibodies
to caspase-3, caspase-9, PARP, and tubulin. (d) A549 cells pretreated with LY294002 for 1 h were exposed OGD for 15 h. The cells were fixed, and stained with
AIF/PI or EndoG/PI as described in Materials and methods. The cells were observed under a fluorescence microscope. 
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that occurs when treated with GD in the presence of NAC (a
general antioxidant) or catalase (a H2O2 scavenger), or in
the presence of active PKC by treatment with phorbol-12-

myristate-13-acetate. We found that the PI3K inhibitors
prevented apoptosis that occurred in these conditions (Fig. 4a).
The PI3K inhibitors also prevented caspase-3 activation and
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Figure 4. (a) A549 cells pretreated with LY294002 or wortmannin for 1 h and pretreated with NAC, catalase (CAT), or PMA were exposed OGD for 18 h and then
stained with HO/PI and observed with fluorescence microscopy and apoptotic and necrotic cells were scored. Results (500-800 cells in each group) are expressed as
the means ± SEM from three independent experiments. (b) A549 cells pretreated with LY294002 or wortmannin for 1 h and pretreated with NAC, catalase
(CAT) or PMA were exposed OGD for 18 h and then analyzed by Western blotting using antibodies to caspase-3, PARP, and tubulin. (C) A549 cells pretreated
with LY294002 or wortmannin for 1 h and pretreated with NAC or PMA were exposed GD for 18 h. The cells were fixed, and stained with AIF/PI or EndoG/PI
as described in Materials and methods. The cells were observed under a fluorescence microscope.
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PARP cleavage (Fig. 4b) and nuclear translocation of EndoG
and AIF (Fig. 4c). In addition, PI3K inhibition results in the
prevention of GD-induced apoptosis in A549 cells that were
cultured at a high density and exposed to GD (data not shown).
These results demonstrated that the PI3K-Akt signal cascade
exert pro-apoptotic activities. Although PI3K-Akt pathway is
a typical pro-survival pathway, recent studies demonstrated
that PI3K pathway is also involved in apoptotic cell death
(31-33). For instance, high glucose triggers the caspase-3
activation through PI3K/Akt-mediated NF-κB up-regulation
of COX-2, which in turn facilitates human umbilical vein
endothelial cells (HUVECs) apoptosis and may cause ROS
generation in HUVECs through a PI3K/Akt-dependent
pathway (31). In addition, inhibition of PI3K or mTOR
dramatically reduced hypoxia-induced necrotic cell death
in Lewis lung carcinoma cells under hypoxic conditions (32).
PI3K/mTOR pathway is necessary for the ability of inter-
feron-· to induce a caspase-dependent apoptosis that is
associated with activation of the pro-apoptotic Bak and Bax,
loss of mitochondrial membrane potential, and release of
cytochrome c (33). Thus, the PI3K-Akt signaling may exert a
pro-apoptotic activity in apoptotic cell death that occurs due
to altered cellular oxygen or glucose levels or in response to
a specific set of apoptotic stimuli, although its exact molecular
mechanism remains to be clarified. In conclusion, our results
demonstrate that hypoxia switches GD-induced necrosis to
apoptosis and ERK1/2 and PI3K-Akt exert anti-necrotic and
pro-apoptotic activities in the cell death, respectively (Fig. 5).

Biological relevance of hypoxia-mediated cell death mode
switch. When a solid tumour continues to grow, its center
becomes distant from surrounding blood vessels thereby
experiencing OGD-drived metabolic stress. Under such
stressful circumstances, tumour cells adapt to survive against

the potentially lethal effects of metabolic constraint or die by
necrosis. In fact, necrosis is commonly found in the core region
of solid tumours. Necrosis has been implicated in tumour
progression and aggressiveness. Necrotic cells may attract
macrophages into the tumour and necrotic cells and activated
macrophages could release HMGB1 outside the cells.
HMGB1 acts as a potent mediator of inflammation through
binding with high affinity to RAGE, thereby potentiating
angiogenesis, neoplastic growth and promoting tumour
initiation, promotion, and progression. Our results showed
that hypoxia could switch GD-induced necrosis to apoptosis
(Fig. 1). Why does hypoxia inhibit GD-induced necrosis
and switch the cell death mode to apoptosis? The reason
for this phenomenon is unclear. However, since excessive
inflammation and subsequent high level infiltration of mono-
cytes and/or neutrophil can lead to tumour cytotoxicity and
regression, hypoxia-mediated necrosis to apoptosis switch
may suppress the development of excessive inflammation that
could prevent tumour progression. In most tumours, apoptosis
is commonly observed in the surroundings of the necrotic
core. Thus, the ability of hypoxia to suppress metabolic
stress-induced necrosis and to switch the cell death mode
to apoptosis may contribute to promotion of malignant and
aggressive tumour progression.
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