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Antioxidants, HIF Prolyl Hydroxylase Inhibitors or Short
Interfering RNAs to BNIP3 or PUMA, Can Prevent

Prodeath Effects of the Transcriptional Activator, HIF-1�, 
in a Mouse Hippocampal Neuronal Line
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Abstract

Hypoxia-inducible factor (HIF) is a transcriptional activator that promotes death or survival in neurons. The
regulators and targets of HIF-1�–mediated death remain unclear. We found that prodeath effects of HIF-1 are
not attributable to an imbalance in HIF-1� and HIF-1� expression. Rather, the synergistic death caused by ox-
idative stress and by overexpression of an oxygen-resistant HIF-VP16 in neuroblasts was attributable to tran-
scriptional upregulation of BH3-only prodeath proteins, PUMA or BNIP3. By contrast, overexpression of BNIP3
was not sufficient to potentiate oxidative death. As acidosis is known to activate BNIP3-mediated death, we
examined other secondary stresses, such as oxidants or prolyl hydroxylase activity are necessary for exposing
the prodeath functions of HIF in neurons. Antioxidants or prolyl hydroxylase inhibition prevented potentia-
tion of death by HIF-1�. Together, these studies suggest that antioxidants and PHD inhibitors abrogate the abil-
ity of HIF-mediated transactivation of BH3-only proteins to potentiate oxidative death in normoxia. The find-
ings offer strategies for minimizing the prodeath effects of HIF-1 in neurologic conditions associated with
hypoxia and oxidative stress, such as stroke and spinal cord injury. Antioxid. Redox Signal. 11, 1989–1998.
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Introduction

DURING the past decade, hypoxia-inducible factor 1 (HIF-
1) has attracted the attention of many investigators be-

cause of its ability to mediate adaptive cellular responses to
a change in oxygen tension. HIF-1 is a transcription factor
that is composed of two subunits, HIF-1� and HIF-1� [also
known as aryl hydrocarbon nuclear translocator ARNT)]
(21). Both subunits are expressed constitutively; however,
whereas HIF-1� protein levels are relatively constant, HIF-
1� is subject to ubiquitination and proteosomal degradation
under normoxic conditions. An oxygen-dependent degrada-
tion domain (ODD) located at amino acids 401–603 is re-
sponsible for the protein instability in HIF-1�. Under nor-

moxic conditions, prolyl-4 hydroxylases (PHDs) that are spe-
cific toward HIF-1� hydroxylate two proline residues in the
ODD domain of HIF-1�. The von Hippel–Lindau protein
(VHL) E3 ubiquitin ligase complex associates with a hy-
droxylated proline residue and targets HIF-1� for proteoso-
mal degradation (7–11, 19). PHD is an oxygen-dependent en-
zyme that also requires Fe2�, ascorbate, and 2-oxoglutarate
for its activity. During hypoxia, oxygen becomes rate limit-
ing, and HIF-1� accumulates, migrates to the nucleus, asso-
ciates with HIF-1�, and the complex binds to a hypoxia-re-
sponse element of target genes. Besides HIF-1�, a number of
other BHLH/PAS family proteins are also able to form het-
erodimers with HIF-1�. Dimerization with aryl hydrocarbon
receptor (AhR), formed in response to xenobiotics, results in
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activation of P4501A1, quinine reductase, and glutathione S-
transferase genes (15, 16). Dimerization with SIM (single-
minded) protein leads to repression of HIF-1� (15, 16). The
role of homodimeric HIF-1� remains unclear.

HIF-1 upregulates a number of responses important for
adaptation to low oxygen tension, including erythropoietin,
glycolytic enzymes, and vascular endothelial growth factor
(VEGF). Previous studies from our laboratory demonstrated
that pharmacological activators of HIF-1 could also protect
cultured neurons from oxidative stress–induced death (29).
While examining whether HIF-1 activation is sufficient to ab-
rogate neuronal death due to oxidative stress, we found that
the stable expression of HIF-1� potentiates cell death in-
duced by glutamate toxicity but protects cells from ER stress–
and DNA damage–induced death (1).

A number of models exist showing how HIF-1� could en-
hance death. First, HIF-1� could induce cell death by stim-
ulating expression of key proapoptotic Bcl2-family BH3-only
proteins, such as BNIP3 (Bcl2/Adenovirus E1B 19-kD inter-
action protein 3), NIX (BNIP3L), and NOXA (2, 5, 25).
Proapoptotic members of the Bcl2 family can be separated
into two subfamilies. The first includes the “multidomain”
proteins (Bax and Bak) that share three BH regions contained
in antiapoptotic proteins but lack the BH4 domain. The sec-
ond group described earlier includes the “BH3-only” pro-
teins (BNIP3, NIX/BNIP3L, NOXA, PUMA, Bid, and Bad).
In contrast to multidomain proteins, BH3-only proteins are
structurally diverse. HIF-1 stabilization is believed to lead to
the transcriptional upregulation of BH3-only–containing
proteins via at least two defined mechanisms. First, het-
erodimeric HIF-1 can bind to hypoxia response elements in
the promoters of proteins such as BNIP3 and increase the
BNIP3 message (2, 4, 13, 26). Second, if HIF-1� is induced
out of proportion to its dimeric partner HIF-1�, it may also
binds to p53 and stabilizes it, leading to transcriptional up-
regulation of p53-dependent BH3-only family members, in-
cluding NOXA or PUMA (3, 5, 28).

The most investigated BH3-only family member that is
known to be induced by hypoxia, mimics of hypoxia, or hy-
poxia/ischemia is BNIP3. It was shown that BNIP3 causes
cell death via apoptotic, autophagic, or necrotic pathways
(24, 25, 27). Cellular localization of BNIP3 is important for
induction of cell death. In cardiac myocytes, hypoxia-in-
duced expression of BNIP3 does not lead to cell death; con-
comitant acidosis is required to activate the death pathway
via necrosis (14). BNIP3 was also found to be insufficient to
cause death in fibroblasts and tumor lines. Acidosis is be-
lieved to change the conformation of BNIP3 protein, increase
its association with mitochondrial membranes, and stimu-
late aberrant membrane permeability (25). By contrast,
BNIP3 overexpession in ventricular myocytes caused apop-
totic death via a caspase-regulated pathway (18). It was
shown, that in rat hippocampus, global brain ischemia re-
sults in the nuclear localization of BNIP3, raising the in-
triguing possibility that BNIP3 could mediate deleterious re-
sponses in neurons via nuclear rather than mitochondrial
pathways (20). These data support a role for BNIP3 in isch-
emic neuronal death, but its role in oxidative normoxic death
remains poorly explored.

We show that BNIP3 and PUMA are transcriptionally up-
regulated in response to HIF overexpression and that both
are necessary for the potentiation of oxidative death. The

transcriptional upregulation of BH3-only proteins and en-
hancement of oxidative death is unlikely related to the im-
balance between HIF-1� and HIF-1�. Finally, consistent with
prior results that indicate that a secondary state change is
necessary in the cell to activate BH3-only proteins–induced
cell death, we show that antioxidants or HIF prolyl hydrox-
ylase inhibitors abolish the increased death induced by
forced HIF expression. Together, these studies establish
strategies to limit the prodeath effects of HIF in the nervous
system.

Experimental Procedures

Plasmids and retroviruses

Plasmids encoding a fusion protein that comprises aa 1-529
of HIF-1� and the herpes simplex virus VP16 transactivation
domain, pBABE-puro-HIF-1�-VP16, and a control plasmid en-
coding only VP16, pBABE-puro-VP16, have been described
previously. The retroviral vector MSCV-IRES-GFP-ARNT ex-
pressing human ARNT1 (HIF-1�1) protein was the kind gift
of Dr. Oliver Hankinson (University of California). The cod-
ing region of murine BNIP3 was generated by RT-PCR (AB-
gene) from total RNA of HT22 cells treated with DFO at the
concentration of 100 �M overnight and cloned into the pBabe
retroviral vector between the BamHI and EcoRI restriction
sites. For immunofluorescence studies, the BNIP3 coding re-
gion was cloned into pEGFP (Clontech) plasmid and ex-
pressed as GFP-BNIP3 fusion protein in mammalian cells. A
short interfering RNA (shRNA) was cloned into the pSuper-
Retro vector (OligoEngine, Seattle, WA) under the control of
a polymerase-III H1-RNA gene promoter. RNAis that corre-
spond to the BNIP3 and GFP genes were designed according
to the manufacturer’s instructions. Target sequences for
shRNA against BNIP3 were 5’-TGGCAATGGGAGCAGC-
GTT, against shGFP 5’-GCAAGCTGACCCTGAAGTTC, and
against PUMA, 5’-GGGTCATGTACAATCTCTTCA. Oligo-
nucleotides were annealed and cloned into the BglII/HindIII
site of the vector. The MLV-based viruses were generated by
tripartite transfection of 293T cells, and viral supernatant was
concentrated by using Amicon Ultra-15 100-kDa membrane
(Cat#UFC910008, Millipore). The viruses also were purchased
from Harvard Gene Therapy Initiative (Boston, MA).

Cell culture and virus infection

HT22 murine hippocampal cells were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM; Invitrogen,
Carlsbad, CA) supplemented with penicillin and strepto-
mycin and 10% fetal bovine serum (Invitrogen). Cells were
plated on a 12-well plate at the density of 5 � 104 cells/ml
for 16 h before infection. Cells were infected with retro-
viruses in the presence of hexadimethrine bromide (4 �g/ml)
(Sigma) at MOI 10 and, after 24-h incubation, were selected
with puromycin (4 �g/ml) (Sigma).

Immunoblotting

After washing in cold PBS, the cell pellets were used for
nuclear extract preparation with the NE-PER Nuclear and
Cytoplasmic Extraction kits (Pierce) or lysed with the lysis
buffer [50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% SDS, 1%
P-40, 0.55 oxycholate, and protease inhibitor cocktail
(Sigma)]. After 20-min incubation on ice, the extracts were
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centrifuged at 12,000 g for 10 min at 4oC. Protein concentra-
tion was determined with the Protein Assay Reagent (Bio-
Rad) by using bovine serum albumin as a standard. Protein
extracts were electrophoresed and transferred to a nitrocel-
lulose membrane (Schleicher and Schuell) by using the stan-
dard procedure. Primary monoclonal antibodies against
HIF-1� (100–124) were obtained from Novus Biologicals.
Rabbit polyclonal antibodies against BNIP3 were kindly pro-
vided by Dr. R. Bruick. The bands were visualized with the
ECL system (Amersham Biosciences). HRP-conjugated sec-
ondary antibodies were from Santa Cruz Biotechnology.

Primary antibody against PUMA was obtained from cell
signaling technology, Inc. (Cat#4976). Secondary fluoro-
phore conjugated odyssey IRDye-680 or IRD-800 antibodies
from LI-COR Biosciences. Immunoreactive proteins were de-
tected by using the Odyssey infrared imaging system (LI-
COR Biosciences).

Immunofluorescence staining

HT22 cells were transfected with pEGFP-BNIP3 and
pDsRed2-mito (Clontech) or with pBabe encoding HIF-VP16
or VP16 only and pDsRed2-Mito for 24 h and then fixed and
permeabilized according to standard protocol. After wash-
ing with PBS, cells were incubated for 1 h in blocking solu-
tion containing PBS, 5% goat serum (Invitrogen), and 1%
BSA. In case of BNIP3 induction using HIF-1�-VP16 expres-
sion, the cells were stained with antibodies against BNIP3
for 1 h at 37°C and then washed 3 times with PBS and in-
cubated with goat anti-mouse IgG secondary antibody cou-
pled with Alexa Fluor 488 (Invitrogen). High-resolution im-
ages were obtained with a DMI4000 Leica microscope, �63
oil objective (Image Pro Plus, MedlaCybernetics)

Semiquantitative RT-PCR

Total RNA from control and infected cells was isolated 1
week after infection and selection with puromycin by using
the RNeasy mini kit (Qiagen), followed by in-column treat-
ment with DNase (Qiagen). Reverse-transcription reaction
(30 min at 50oC) and PCR amplification were carried out with
the Reverse-IT One-step Kit (ABgene) in a thermal cycler
PTC-100 (MJ Research, Inc.) with transcript-specific primers.
Total RNA at concentrations of 1, 10, and 50 ng was used for
cDNA amplification to confirm the linear range of amplifi-
cation. cDNA synthesis was carried out at 50oC for 30 min
followed by PCR with 4 min of initial denaturation and by
25 cycles at 94oC for 30 s, 55oC for 30 s, and 72oC for 1 min
for amplification with BNIP3-, NIX-, and PUMA-specific
primers. For �-actin amplification, a two-step PCR reaction
was used with 30 s at 94oC and 1 min at 60oC for 25 cycles.

Viability

The viability of cells was assayed by using the CellTitre
96 Aqueous Assay (Promega, Madison, WI). To ensure that
the cells have the same density at the time of treatment (1),
they were plated onto a 96-well plate at the density of 2.5 �
104 cells/ml for the VP16-infected cells and at 5 � 104

cells/ml for the HIF-VP16–infected cells and incubated as
described earlier. After 24 h of incubation, cells were treated
with butylated hydroxyanisole (BH) (10 �M), N-acetyl cys-
teine (100 �M), dihydroxybenzoate (DHB) (10 �M), defer-

oxamine mesylate (DFO) (10 �M), dimethyloxylglycine
(DMOG) (2.5 mM), Tat-HIF/ODD/wt (HIF-wt) (100 �M),
and Tat-HIF/ODD/mut (HIF-mut) (100 �M) peptides (22)
in the presence or absence of L-glutamic acid (Sigma) at con-
centrations from 2 to 20 mM or homocysteic acid (HCA) (5
mM) and assayed for viability as described earlier.

Statistics

Data were subjected to two-way ANOVA or multivariate
analysis. The statistical significance of differences between
means was assessed by using Neumann–Keuls post hoc tests,
as indicated in table and figure legends. The analyses were
done by using the Statistica 6.1 software (StatSoft Inc.).

Results

Co-expression with HIF-1�

Prior studies from our laboratory demonstrated that
forced expression of an oxygen-stabilized form of HIF-1�
(HIF-VP16) potentiated oxidative death induced by gluta-
mate in a mouse hippocampal neuronal line (1). The poten-
tiation was unlikely related to the nonphysiologic effects of
overexpressing a toxic protein in neurons, as molecular re-
duction in endogenous HIF-1� via RNA interference pro-
tected hippocampal neurons from oxidative death. The
prodeath effects of HIF-1� are now well described, but the
molecular mediators of this effect are less clear (1). One pro-
posed model has been that HIF-1� induces death when a sto-
ichiometric imbalance exists between it and its heterodimeric
partner HIF-1�. To determine whether the enhanced sensi-
tivity of HIF-VP16–expressing cells to glutamate toxicity is
caused by the imbalance due to forced HIF-1� expression
and low, endogenous expression of HIF-1�, we infected
HT22 cells with the virus encoding human HIF-1�1
(ARNT1). After the infection, cells were sorted by FACS by
using green fluorescence. Selected green fluorescent cells
were further infected with viruses encoding VP16 or HIF-
VP16. HT22 cells do not express the HIF-1�1 isoform, but
only the HIF-1�2. Western blotting confirmed heterologous
HIF-1�1 expression in cells infected with the MSCV-IRES-
ARNT1 virus (Fig. 1A). Cells expressing VP16 or HIF-VP16
only or coexpressing them together with the HIF-1�1 were
plated onto a 96-well plate for the viability assay. The results
demonstrated that the coexpression of HIF-1�1 and HIF-
VP16 at stoichiometrically similar levels does not protect
cells from glutamate-induced toxicity. Cells expressing the
fusion protein HIF-VP16 were hypersensitive to glutamate,
even in the presence or absence HIF-1�1 (Fig. 1B).

BH3-only protein expression in HIF-VP16–infected cells

Another model for the elevated sensitivity of HIF-VP16–
expressing cells to glutamate involves the increased tran-
scription of prodeath Bcl-2 family proteins such as BNIP3. A
number of proteins of this family possess hypoxia-respon-
sive element(s) in their promoter regions (26). To verify that
forced expression of HIF-VP16 changes message levels of
prodeath proteins, we used semiquantitative RT-PCR. DFO,
a canonical stabilizer of HIF-1 and inducer of HIF-mediated
transcription, increased the mRNA level of at least three
“BH3-only” prodeath family members, BNIP3, NIX, and
PUMA (Fig. 2). Expression of HIF-VP16 in hippocampal neu-
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FIG. 2. Forced expression
of HIF-VP16 induces the ex-
pression of several prodeath
BH3-only family genes. RT-
PCR of BH3-only, prodeath
proteins BNIP3, NIX, and
PUMA. Lane 1, control HT22
cells infected with VP16; lane
2, HT22 cells infected with

VP16 and treated with DFO; and lane 3, HT22 cells infected
with HIF-VP16 and treated with DFO. �-Actin mRNA level
(known not to change with hypoxia or hypoxia mimetics)
was used as a loading control.

roblasts led to a similar increase of the mRNA levels of the
three genes (Fig. 2). In each case, the expression of these
genes was not sufficient to induce death, as the viabilities of
the samples were near 100% (data not shown). Thus, HIF-
VP16–expressing cells may be hypersensitive to glutamate
because oxidative stress posttranslationally enhances the
apoptotic activities of BH3-only proteins. Among these pro-
teins, we focused our attention on the BNIP3 protein. Con-
sistent with a prior report from our group and others on
BNIP3 message (1, 24), DFO or HIF-VP16 increased BNIP3
protein expression, as monitored by immunofluorescence.
As shown in Fig. 3A and B, in mouse hippocampal cells, both
endogenous BNIP3 induced by stable HIF-VP16 protein and
recombinant GFP-BNIP3 protein localized predominantly to
mitochondria.

BNIP3 expression is not sufficient to induce death, nor is
it sufficient to reproduce the increased sensitivity to
oxidative death imposed by HIF-VP16 expression

To evaluate whether BNIP3 itself is sufficient to induce
neuronal death, we used a range of multiplicities of infec-
tion (MOI, 1–50) to infect HT22 cells with retroviruses pBabe-
puro VP16, pBabe-puro BNIP3, or pBabe-puro- HIF-1�-
VP16. The viability of cells was analyzed by MTS assay 40 h
after infection and 16 h after treatment with glutamate. At
MOIs from 1 to 10, the control cells infected with the BNIP3-
encoding virus showed no significant decrease in viability
(Fig. 4). The viability of cells treated with glutamate was also
at the same level as that in the BNIP3-noninfected cells. At
the same MOI range, the cells expressing fusion protein HIF-
VP16 were much more sensitive to the glutamate-induced
toxicity (Fig. 4). From these experiments, we conclude that
the increased sensitivity of HIF-VP16–expressing cells to glu-
tamate is not the consequence of an increased expression of
BNIP3 alone.

BNIP3 expression is necessary for the potentiation of
death by HIF-VP16

To examine whether BNIP3 is necessary for the potentia-
tion of death by HIF-1� overexpression, we reduced BNIP3
expression by using shRNA. To reduce BNIP3 expression,
we used a retrovirus to encode an shRNA sequence to BNIP3
in the hippocampal HT22 neuroblast genome. As a control,
shRNA against the GFP was used. To confirm the function-
ality of these constructs, HT22 cells were first infected with
pBabe-puro-VP16 and pBabe-puro-HIF-VP16 at MOI of 10.
At this MOI, the transduction efficiency was nearly 100%.
After selection with puromycin, cells were infected with pSu-
perRetro-shBNIP3 or pSuperRetro-shGFP. Six days later,
cells were plated onto a 100-mm dish at the density of 5 x
104 cells/ml. As a control, the BNIP3 expression was induced
by overnight treatment with 100 �M DFO, a concentration
that we previously established to induce HIF and HIF target
genes. Total RNA from these cells was used in semiquanti-
tative RT-PCR. The low basal level of BNIP3 expression was
detected in nontreated cells as well as in cells not trans-
formed with pBabe-puro-HIF-VP16 (Fig. 5A). The effect of
treatment with DFO or the expression of the HIF-VP16 fu-
sion was similar and led to a significant increase in the level
of BNIP3 mRNA (Fig. 5A). Expression of shRNA against
BNIP3 resulted in suppression of BNIP3 mRNA induction
by DFO or HIF-VP16 (Fig. 5A).

AMINOVA ET AL.1992

FIG. 1. Effect of HIF-1�� expression on HT22 cell sensi-
tivity to glutamate toxicity. HT22 cells were infected with
MSCV-ARNT-IRES-GFP retrovirus at MOI of 10 and col-
lected based on their green fluorescence by using a fluores-
cence-activated cell sorter (FACS). FACS-selected cells were
infected with pBabe-VP16 or pBabe HIF-VP16 and further
selected with puromycin. (A) HIF-1� protein expression. (1)
HT22-control, (2) HT22 treated with DFO, (3) HT22 infected
with MSCV-ARNT-IRES-GFP retrovirus, (4) HT22 co-in-
fected with MSCV-ARNT-IRES-GFP and VP16 retroviruses,
(5) HT22 co-infected with MSCV-ARNT-IRES-GFP and HIF-
VP16 retroviruses. (B) The viability of HT22 cells carrying
different viral constructs after treatment with 5 mM gluta-
mate. HT22 cells were infected with MSCV-ARNT-IRES-GFP
and sorted by FACS for green fluorescence. After cell stabi-
lization, they were infected with pBabe-puro-VP16 or pBabe-
puro-HIF-VP16 and selected with puromycin. HT22, control
cells; VP16, HT22 cells infected with VP16 retrovirus; HIF-
VP16, HT22 cells infected with HIF-VP16 retrovirus; ARNT-
VP16, HT22 cells co-infected with MSCV-ARNT-IRES-GFP
and VP16 retroviruses; ARNT-HIF, HT22 cells infected with
MSCV-ARNT-IRES-GFP and HIF-1�-VP16 retroviruses. 
*p � 0.0001.
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Downregulation of BNIP3 at the protein level by shRNA
against BNIP3 was confirmed by Western blotting (Fig. 5B).
In this case, cells were infected with pSuperRetro shBNIP3 or
pSuperRetro-shGFP alone or in combination with pBabe-
puro-BNIP3 or pBabe-puro-HIF-VP16. For BNIP3 induction,
cells also were treated with DFO overnight. Cell lysate con-
taining 5 �g of total protein was used for SDS-PAGE sepa-
ration. When probing with the BNIP3-specific antibody,
BNIP3 protein from HT22 cells is detected as a protein band
of �30 kDa. No BNIP3 expression was detected in control
cells, but the protein level dramatically increased after the
treatment with DFO or expression of the HIF-VP16 fusion
protein (Fig. 5B). As a positive control, cells infected with
pBabe-puro-BNIP3 were used (Fig. 5B). For some reason, shB-
NIP3 expression was not able completely to reduce the pro-
tein expression in cells treated with DFO (�50% reduction).
In contrast, downregulation of HIF-1� significantly blocked
BNIP3 induction after DFO treatment in both RNA (Fig. 5C)
and protein (Fig. 5D) levels. However, in the case of induc-
tion by HIF-VP16 fusion protein and by direct expression of
BNIP3, the level of BNIP3 protein was substantially reduced
in cells with shRNA against BNIP3 expression (Fig. 5B). To
confirm the specificity of this effect, total RNAs from the cells
infected with pBabe-puro-VP16, nontreated or treated with
DFO, as well as the cells infected with pBabe-puro-VP16 and
pSuperRetro-shBNIP3 and treated with DFO, were analyzed
with semiquantitative RT-PCR (Fig. 5E). The level of BNIP3
mRNA in the case of shBNIP3 expression is comparable with
the control, whereas the level of mRNA of two other BH3-
only proteins, NIX and PUMA, was not altered.

These experiments establish our ability to reduce selec-
tively the expression of the BNIP3 but not functionally re-
lated proteins NIX or PUMA in response to HIF activation in

HT22 hippocampal neuroblasts. We then examined the via-
bility of cells expressing stabilized HIF-1� and siBNIP3 or
shGFP under the condition of oxidative stress imposed by
glutamate. Downregulation of BNIP3 expression restored the
viability of HIF-VP16–expressing cells to the control levels,
whereas shGFP had no effect on BNIP3 or viability (Fig. 6).

Downregulation of PUMA by shRNA has the same effect
as BNIP3 downregulation on HT22

Recent investigations showed that PUMA also plays an
important role in neuronal apoptosis, which is induced by
oxidative or ER stress (12, 23). In addition to BNIP3, HIF-
VP16 also induces PUMA. To establish the role of PUMA in
cell-death potentiation by HIF-1, we reduced PUMA ex-
pression by shRNA. First, we infected HT22 cells with retro-
viruses expressing shPUMA or shGFP and induced PUMA
expression with DFO or DMOG. Western blot analysis indi-
cated a significant increase of PUMA protein level after in-
duction when cells were infected by the virus carrying
shGFP. At the same time, in cells infected with shPUMA, the
level of PUMA protein was comparable with that of the non-
induced control (Fig. 7A).

Next we analyzed the viability of cells under oxidative
stress induced by 10 mM HCA. As shown in Fig. 7, B cells
infected with retrovirus encoding shPUMA together with
retrovirus encoding HIF-VP16 or VP16 only have the same
viability as control cells infected with retrovirus encoding
VP16 and shGFP. When cells were infected with the virus
expressing HIF-VP16 and shGFP, they had significantly
lower viability (Fig. 7B).
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FIG. 3. BNIP3 localization in mouse HTT hippocampal
neuroblasts. (A) BNIP3 expression induced by HIF-VP16. 
(B) Cells co-transfected with plasmid expressed EGFP-BNIP3
fusion protein and pDsRed-mito. Nucleus is stained with
DAPI.

FIG. 4. Enhanced sensitivity of HIF-VP16–expressing
HT22 cells but not BNIP3-expressing HT22 cell to gluta-
mate-induced oxidative stress. HT22 cells were plated onto
a 96-well plate at the density of 5 � 104 cells/ml and infected
with retroviruses expressing murine BNIP, VP16, or fusion
protein HIF-VP16 at MOI from 1 to 50. Twenty-four hours
after infection, cells were treated with 10 mM glutamate
overnight. HT22, c, HT22 cells noninfected and nontreated;
HT22, Glu-noninfected cells treated with glutamate; BNIP,
c, cells infected with retrovirus expressing BNIP3, non-
treated; BNIP, Glu, cells infected with retrovirus expressing
BNIP3, treated with glutamate; HIF, c, cells infected with
retrovirus expressing HIF-VP16, nontreated; HIF, Glu, cells
infected with retrovirus expressing BNIP3, treated with glu-
tamate. Data were normalized to the untreated and nonin-
fected cells (100%). *p � 0.002. **p � 0.02.
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Antioxidants prevent the prodeath effects
of HIF-1� overexpression

Prior studies suggested that secondary state changes such
as acidosis are critical in “activating” BNIP3 to trigger cell
death. We therefore considered the possibility that oxidative
stress could directly or indirectly induce a physiologic state
that makes BNIP3 “competent” to induce cell death. To test
this hypothesis, we evaluated whether two structurally dis-
tinct antioxidants (N-acetylcysteine, butylated hydrox-
yanisole) could abrogate the ability of glutamate or its ana-
logues to potentiate death by HIF-1�–driven BNIP3.
Consistent with previous observations, both of these com-
pounds effectively protected the cells from glutamate-
induced toxicity. Moreover, both agents prevented potenti-
ation of glutamate-induced death by HIF-VP16 overexpres-
sion (Fig. 8A). Future studies will determine whether an-

tioxidants abrogate the prodeath effects of HIF-1� by re-
ducing BNIP3 levels or by preventing a conformational
change in the BNIP3 protein. It is unlikely that antioxidants
alter levels of HIF-VP16, as others have shown (17).

Low-molecular-weight or peptide inhibitors of the HIF
prolyl 4 hydroxylases prevent the prodeath effects 
of HIF-VP16 overexpression

Prior studies from our group showed that low-molecular-
weight and peptide inhibitors of the HIF prolyl hydroxylases
(HIF-PHDs) prevent oxidative death in vitro or ischemic
death in vivo (22). Two low-molecular-weight prolyl hy-
droxylase inhibitors, DHB and DMOG, significantly in-
creased cell survival in both VP16 and HIF-VP16–expressing
neuroblasts (Fig. 8B). To verify that DHB and DMOG are act-
ing via the HIF-PHDs and not via an “off-target” effect, we
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FIG. 5. Downregulation of BNIP3 expression by
shRNA in mouse HT22 cells. (A) BNIP3 mRNA level
in cells infected with the viral construct encoding
shRNA against BNIP3. BNIP3 message was induced
by 100 �M DFO or by infection with an HIF-VP16–en-
coding virus. (B) BNIP3 protein level as determined
by immunoblot. (C) BNIP3 mRNA level in cells in-
fected with viral construct encoding shRNA against
GFP or HIF-1� and treated with 100 �M DFO
overnight. (D) BNIP3 protein expression in cells in-
fected with retrovirus encoding shRNA against BNIP3,
HIF-1�, or GFP, treated (�) or nontreated (-) with DFO.
(E) BH-3–only protein mRNA level in cells infected
with VP16 alone (lane 1), treated with 100 �M DFO
(lane 2), or infected with VP16 and virus-encoded
shRNA against BNIP3 and treated with DFO (lane 3).
�-Actin is used as a housekeeping gene.
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used a more-specific peptide inhibitor of the HIF-PHDs. This
peptide inhibitor contains 19 amino acids surrounding the
C-terminal oxygen-dependent domain of HIF-1�. The re-
maining 11 amino acids derive from the membrane trans-
duction domain of the protein, Tat. We previously verified
that a peptide representing a fusion of the HIF ODD and the
Tat transduction domain can spontaneously enter neurons
in culture, can stabilize HIF-1�, increase activation of HIF
target genes, and protect neurons from oxidative death. A
mutant peptide that differs only in two critical prolines
(ODD mut), can also enter cells, but fails to stabilize HIF and
protect neurons (22). We examined the effect of the wild-type
PHD inhibitor peptide and its nonactive mutant in HT22 cells
expressing VP16 alone of HIF-VP16. As expected from our
DHB and DMOG results, the wild-type but not mutant pre-
vented the prodeath effects of HIF-VP16 overexpression (Fig.
8B). Together these findings indicate that antioxidants or
PHD inhibitors can abrogate the prodeath effects of HIF-1�
overexpression.

Discussion

Stress-responsive transcription factors such as HIF-1 pos-
sess the remarkable ability to activate a large number of
genes whose biological effect is to enhance survival. “Adap-
tive” transcription factors such as HIF-1 also possess the
somewhat paradoxical ability to induce genes that execute
death or autophagy. The Janus faces of HIF-1 and other
stress-responsive transcription factors represent another
piece of evidence that suggests that death of a single cell can
be adaptive to a whole organism. Nonetheless, a high pri-
ority for experimental therapeutics is the identification of
strategies that optimize the ability of transcription factors to
mediate survival of an organism in the absence of death of
individual cells. Such strategies are particularly important
for organs such as the brain that harbor billions of postmi-
totic cells critical to the function of the organ. These post-
mitotic cells can be replaced only via evolving but as yet un-
defined strategies such as endogenous proliferation of a
subset of neuroblasts. We identified several molecular and
pharmacological strategies for minimizing the prodeath ef-
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FIG. 6. Effect of BNIP3 downregulation on
cell death induced by glutathione depletion.
HT22 cells were plated at the density of 5 �
104 cells/ml onto a 96-well plate, incubated
overnight, and infected with retroviruses en-
coding VP16 or HIF-VP16 in combination with
virus encoding shRNA against BNIP3 or GFP
(MOI 5 for each virus). Twelve hours after in-
fection, cells were treated with 5 mM gluta-
mate. The viability of cells was measured 12 h
after treatment. Data are normalized relative to
the untreated cells (100%). *p � 0.002.

FIG. 7. Downregulation of PUMA expression by shRNA
in mouse HT22 cells and its effect on cell viability under
oxidative stress. (A) PUMA protein expression in cells in-
fected with retrovirus encoding shRNA against GFP or
PUMA, nontreated control, or treated with DFO or DMOG.
(B) HT22 cells were plated at the density of 5 � 104 cells/ml
onto a 96-well plate, incubated overnight, and infected with
retroviruses encoding VP16 or HIF-VP16 in combination
with virus encoding shRNA against PUMA or GFP (MOI 5
for each virus). Twelve hours after infection, cells were
treated with 10 mM HCA. The viability of cells was mea-
sured 12 h after treatment. Data are normalized relative to
the untreated cells (100%). *p � 0.0001.
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fects of forced expression of the hypoxia-sensitive transcrip-
tion factor, HIF-1�, in immortalized cortical neuroblasts. We
demonstrate that a biochemical imbalance between HIF-1�
and HIF-1� is unlikely to explain the prodeath effects of HIF-
1� overexpression. Rather, HIF-VP16 is stable under nor-
moxic conditions; it then partners with HIF-1� and transac-
tivates a host of genes capable of mediating neuronal death,
including BNIP3, NIX, NOXA, and PUMA (1) (Fig. 9). Al-
though BNIP3 is not sufficient to mediate death, it is neces-
sary for potentiation of oxidative death by forced expression
of HIF-VP16. BNIP3 localization to mitochondria in HT22
mouse neuroblasts occurs in the absence of oxidative stress,
but its ability to participate in death appears to require oxi-
dants and prolyl hydroxylase. Indeed, antioxidants or pro-
lyl hydroxylase inhibitors abrogate the potentiation of death
by HIF-VP16. Our results do not distinguish whether oxi-
dants potentiate neuronal death directly by posttranslation-

ally modifying BNIP3, NOXA, NIX, and/or PUMA; directly
by stimulating the ability of another protein to partner with
HIF-1 to increase BNIP3, NOXA, NIX, or PUMA expression;
or indirectly by inducing a cellular state change (e.g., acido-
sis) known to activate BNIP3. We intend to address these
distinct possibilities in future studies.

Recent in vivo studies have suggested a role for BNIP3 in
aberrant ventricular remodeling after cardiac ischemia, with
an effect on early or late infarct size. BNIP3-null mice have
reduced apoptotic cell death 2 days and 3 weeks after isch-
emia/reperfusion (6). Reduction in apoptotic death after car-
diac ischemia culminates in preserved left ventricular per-
formance, diminished left ventricular dilation, and
decreased ventricular sphericalization (6). A prodeath role
also has been attributed to BNIP3 after focal cerebral isch-
emia. Increased levels of BNIP3 localized to mitochondria
have been shown in neurons 48 to 72 h after ischemia, but
not at earlier time points (0, 12, 24 h) (31). These studies, in
conjunction with the data herein, are consistent with the no-
tion that BNIP3 is transcriptionally induced after hy-
poxia/ischemia, and as such, it is poised to execute neuronal
death. In those cells in which oxidative stress becomes ex-
tant, cell death ensues. However, recent exciting data sug-
gest that the transcriptional regulation of BNIP3 is far more
interesting and complex than previously considered. More-
over, a more definitive statement regarding the role of BNIP3
in vivo after stroke requires further study. Recent data from
several groups suggest that BNIP3 is induced early as part
of the cascade of adaptive changes to hypoxia to induce mi-
tochondrial autophagy. In this scheme, mitochondrial au-
tophagy facilitates the transition of the cell to anaerobic gly-
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FIG. 8. Effects of antioxidants, low-molecular-weight HIF
PHD inhibitors, or peptide HIF PHD inhibitors on cell sur-
vival in the presence of 10 mM glutamate. Cells with the
stable expression of the fusion protein HIF-VP16 or of VP16
only as a control were plated onto a 96-well plate at the den-
sity of 5 � 104 cells/ml for HIF-VP16 expression or at 2.5 �
104 cells/ml for VP16 expression. (A) Twenty-four hours af-
ter the plating, cells were treated with either 10 mM gluta-
mate, 10 �M DFO, 10 �M BH, or 100 �M NAC or a combi-
nation of glutamate with one of these compounds; these
compounds are known to be effective in deterring the glu-
tamate-induced toxicity. (B) Cells were treated with either
HCA, DHB, DMOG, short HIF ODD wild-type peptide (HIF-
wt), or mutated (HIF-mut). Data are normalized relative to
the untreated cells (100%). Values between VP16 and HIF-
VP16 infected and treated with glutamate or HCA, p � 0.001.

FIG. 9. Model of HIF-1–induced activation of BH3-only
Bcl2 family members. At least two models exist for HIF-1�
transcriptional participation to promote cell death. One
model proposes that an imbalance of HIF-1� and HIF-1� re-
sults in the dimerization of HIF-1� with p53, leading to sta-
bilization of p53 and upregulation of its known prodeath
genes, such as PUMA, NOXA, NIX, and BNIP3. The results
herein do not support this model. A second model supported
by the data herein is that HIF-1� and HIF-1� dimerize and
regulate the expression of prodeath (and prosurvival) genes
in living neurons. These neurons are triggered to commit
death only when a secondary stress such as oxidative stress
(or acidosis) is imposed on the cell. Such a secondary stress
could induce death directly by modifying BNIP3 or indi-
rectly by inducing the expression of an additional prodeath
protein (PUMA).
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colysis and removes free radical–generating mitochondria
from the cellular organellar lineup (24, 30).

The finding in the current study that small molecule or
peptide inhibitors of the HIF prolyl 4 hydroxylases abrogate
the ability of HIF-VP16 to potentiate death provides a model
to reconcile prior, apparently paradoxic findings. Specifi-
cally, we previously showed that inhibitors of the HIF PHDS
stabilize HIF-1� and protect neurons from oxidative cell
death (22). By contrast, forced overexpression of HIF-1� po-
tentiates oxidative death (1). The ability of inhibitors of the
HIF PHDs to abrogate the prodeath effects of HIF-1� sug-
gests that PHD inhibition must modify other proteins in ad-
dition to or exclusive of HIF-1� that divert this transcription
factor or its gene targets away from its prodeath functions.
The findings have therapeutic importance, as they suggest
that low-molecular-weight inhibitors of the HIF PHDs are
better for preventing neuronal death in acute or chronic neu-
rodegenerations as compared with gene therapy involving
oxygen stabilized forms of HIF-1�. We are currently devel-
oping small-molecule inhibitors of the HIF PHDs that are op-
timal for neuroprotection (22). We anticipate that small-mol-
ecule or peptide inhibitors of HIF PHDs (HPHi) will be
superior to antioxidants (e.g., N-acetylcysteine or butylated
hydroxyanisole) that also abrogate the prodeath effects of
HIF-1� because of the greater potential specificity of HPHi.
FDA-approved HPHi may be available for human clinical
testing in short order.
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