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Excessive pathophysiological activity of the nuclear enzyme poly(ADP-ribose) polymerase-1 (PARP1) causes neuron death in brain
hypoxia/ischemia by inducing mitochondrial permeability transition and nuclear translocation of apoptosis-inducing factor (AIF).
Bcl-2/adenovirus E1B 19 kDa-interacting protein (Bnip3) is a prodeath BH3-only Bcl-2 protein family member that is induced in hypoxia,
and has effects on mitochondrial permeability and neuronal survival similar to those caused by PARP1 activation. We hypothesized that
Bnip3 is a critical mediator of PARP1-induced mitochondrial dysfunction and neuron death. Hypoxic death of mouse cortical neuron
cultures was mitigated by deletion of either PARP1 or Bnip3, indicating that both factors are involved. Direct normoxic PARP1 activation
by a DNA alkylating agent enhanced Bnip3 expression, and caused Bnip3-dependent mitochondrial membrane permeability, AIF trans-
location, and neuron death. Hypoxia produced PARP1-dependent depletion of nicotinamide adenine dinucleotide (NAD �) and inhibi-
tion of the NAD �-dependent class III histone deactelyase (HDAC) sirtuin-1 (SIRT1). This, in turn, led to hyperacetylation and nuclear
localization of the forkhead box (Fox) protein FoxO3a, followed by enhanced association of FoxO3a with the Bnip3 upstream promoter
region, increased levels of Bnip3 transcript, and elevated mitochondrial Bnip3 immunoreactivity. Finally, FoxO3a silencing using a
lentiviral short hairpin RNA approach significantly reduced hypoxic Bnip3 expression, mitochondrial damage, and neuron death. To-
gether, these data illustrate a direct PARP1-mediated hypoxic signaling pathway involving NAD � depletion, SIRT1 inhibition, FoxO3a-
driven Bnip3 generation, and mitochondrial AIF release.
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Introduction
Poly(ADP-ribose) polymerase-1 (PARP1) is a genomic stability
enzyme that responds to DNA damage by using nicotinamide
adenine dinucleotide (NAD�) as a substrate to synthesize
protein-conjugated chains of ADP-ribose polymers (PARs; Rou-
leau et al., 2010). PARP1 plays a paradoxically destructive role in
pathological DNA damage, causing detrimental cytosolic NAD�

consumption, glycolytic inhibition, ATP depletion, and cell
death (Cohen and Barankiewicz, 1987). Accordingly, blocking
PARP1 activity enhances cell survival in brain trauma (LaPlaca et
al., 2001) and ischemia (Eliasson et al., 1997). In brain hypoxia/
ischemia, PARP1 causes mitochondrial permeability transition

(MPT), leading to caspase-independent neuron death initiated
by nuclear translocation of mitochondrial apoptosis-inducing
factor (AIF; Yu et al., 2002; Culmsee et al., 2005). The mechanism
by which nuclear PARP1 causes mitochondrial damage is the
subject of continued study. There is a line of evidence that PAR
binds directly to AIF, causing nuclear translocation (Andrabi
et al., 2006). There are also reports that NAD � depletion is a
requisite step for AIF release (Alano et al., 2010; Won et al.,
2012).

Bcl-2/adenovirus E1B 19 kDa-interacting protein (Bnip3) and
its homolog, Bnip3L, are proapoptotic members of the BH3-only
subfamily of Bcl-2 proteins (Willis and Adams, 2005). Like other
BH3-only proteins, Bnip3 localizes to the outer mitochondrial
membrane (Yasuda et al., 1998), activates Bax/Bak (Chen et al.,
2010), and antagonizes antiapoptotic Bcl-2 and Bcl-XL (Boyd et
al., 1994). Unlike others, neuronal Bnip3 expression is normally
low (Zhang et al., 2011) but increases substantially following hyp-
oxia or ischemia (Althaus et al., 2006; Zhang et al., 2011). In
moderate hypoxia, Bnip3 may participate in mitophagy to drive a
homeostatic reduction in mitochondrial mass (Bellot et al.,
2009), but more severe insults lead to Bnip3-dependent MPT and
cell death (Regula et al., 2002; Diwan et al., 2007; Zhang et al.,
2011). The destructive mitochondrial endpoints resulting from
pathological PARP1 or Bnip3 activation are similar, raising the
possibility they could be linked.
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Sirtuins (SIRTs) 1–7 are class III histone deacetylases
(HDACs) that are dependent on NAD� for catalytic activity, and
influence several cell functions collectively geared toward sur-
vival and longevity (Anderson et al., 2003; Howitz et al., 2003).
Among these targets are transcription factors and coactivators
that affect mitochondrial structure and function, including fork-
head box O (FoxO) family members, hypoxia-inducible factor 1
(HIF-1), and peroxisome proliferator-activated receptor �
coactivator-1�. FoxO transcription factors are cytosolic and in-
active under normal conditions. However, cell stress leads to nu-
clear FoxO accumulation and transcription of proapoptotic
targets. For FoxO3a specifically, cytosolic localization is main-
tained by SIRT1 activity (Giannakou and Partridge, 2004). Inhi-
bition of SIRT1 results in FoxO3a-mediated transcription of
genes including Bim, Bnip3, HIF-1�, the dynamin-related pro-
tein Drp1, and survivin (Tran et al., 2002; Mammucari et al.,
2007; Hagenbuchner and Ausserlechner, 2013). All of these tar-
gets can negatively influence mitochondrial function, integrity,
and/or architecture in hypoxia/ischemia.

PARP1 activity is capable of causing NAD� depletion suffi-
cient to inhibit SIRT1 (Pillai et al., 2005; Bai et al., 2011). We
therefore hypothesized that PARP1-induced mitochondrial dys-
function is caused by SIRT1 inhibition, de-repression of FoxO3a,
and enhanced Bnip3 expression.

Materials and Methods
Chemicals and reagents. N-(6-oxo-5,6-dihydrophenanthridin-2-yl)-N,
N-dimethylacetamide HCl (PJ34) was purchased from Calbiochem. Pro-
tein inhibitor cocktail tablets and bicinchoninic acid (BCA) protein assay
kits were obtained from Roche Diagnostics GmbH and Thermo Scien-
tific, respectively. 5,5�,6,6�-Tetrachloro-1,1�,3,3�-etraethylbenzimidazo
lylcarbocyanine iodide (JC-1) was purchased from Cayman Chemical
Company. All the other reagents were purchased from Sigma-Aldrich
Canada, unless otherwise indicated.

Mouse primary neuronal culture and treatments. Primary neuron cul-
tures were prepared from embryonic day 16 mouse cortices from either
sex, as described previously (Hunt et al., 2010) in accordance with the
guidelines of the Canadian Council on Animal Care. Cells were plated on
poly-D-lysine-coated plates in Neurobasal medium (NB) with B27 sup-
plement (Invitrogen), 1.2 mM glutamine, and 5% fetal bovine serum
(FBS; Hyclone). FBS was removed the following day. Cytosine arabino-
furanoside (2 �M) was added on day 2 to prevent glial proliferation, and
replaced on day 3 with NB/B27/glutamine. Cultures were maintained at
37°C/5% CO2 and given a partial media change on day 6. Cultures were
used on day 9 –10 for all experiments. Neurons were exposed to hypoxia
using a 5% CO2/95% N2 gas mixture in a humidified hypoxic chamber
(Billups-Rothenberg, Inc) at 37°C. To activate PARP1, cortical neurons
were exposed to a DNA alkylating agent, N-methyl-N�-nitro-N-
nitrosoguanidine (MNNG; 50 �M, 30 min) and then rescued in NB me-
dium for 4 –24 h. Media was changed after hypoxia or MNNG exposure.
NAD � (10 mM) was added immediately after medium exchange, while
PJ34 (10 �M) and cyclosporine A (CsA; 200 nM) were added 30 min
before the addition of MNNG or the initiation of hypoxia. PJ34 and CsA
were also readded after the medium exchange.

Parp1�/� mice were purchased from Jackson Laboratories and were
bred in-house. Bnip3�/� mice were a gift from Dr. Gerald Dorn (Wash-
ington University, St. Louis, MO) and were bred in-house. CD-1 mouse
embryos were used for the majority of experiments examining wild-type
mice, but trends were verified in select experiments using background
129S parp1�/� mice (Jackson Laboratories) and bnip3�/� littermate
controls.

Neuron death. Propidium iodide (10 �M)-permeable dead cells and
live cells actively retaining cell-permeable calcein-acetoxymethyl ester (2
�M; Invitrogen) were counted, and dead cells were expressed as a per-
centage of the total. Four randomly selected fields were analyzed per
experimental well (150 –200 cells/field) in at least three independent ex-
periments.

NAD� determinations. Intracellular NAD � levels were assessed as pre-
viously described (Tang et al., 2010). Briefly, neuronal extractions were
performed using perchloric acid, and NAD � was measured using high-
performance liquid chromatography through a Microsorb C18 4.6 � 100
mm column (particle size, 3 �m; pore size, 100 Å; Rainin Instrument
Company) at a flow rate of 0.5 ml/min through a photodiode array
detector. NAD � levels were normalized to protein content of the sam-
ples as determined by the BCA method.

SIRT1 activity assay. SIRT1 activity was determined in live neurons in
situ, using the SIRT1 Direct Fluorescent Screening Assay Kit (Cayman
Chemical Company). Neurons were plated on 96-well plates at 6 � 10 4

cells/well and equilibrated with 25 �l of assay buffer (50 mM Tris-HCl,
137 mM NaCl, 2.7 mM KCl, and 1 mM MgCl2, pH 8.0). Substrate solution
(15 �l), containing the p53 deacetylation target sequence Arg-His-Lys-
Lys(�-acetyl)-aminomethylcoumarin and the HDAC I/II inhibitor tri-
chostatin A was added on a shaker for 45 min. Relative sample
fluorescence was determined using a 96-well format fluorometer with an
excitation wavelength of 355 nm and an emission wavelength of 460 nm.

HDAC I/II activity assay. Histone deacetylase activity was measured by
using a fluorescence activity assay kit (Cayman Chemical Company).
Neuronal nuclear extracts (10 �g/well) were combined with acetylated
substrate (100 mM) in the absence of NAD � and incubated for 30 min at
37°C. After incubating with developing solution for 15 min at room
temperature, fluorescence intensity was determined using a 96-well for-
mat fluorometer, with an excitation wavelength of 355 nm and an emis-
sion wavelength of 460 nm.

Immunocytochemistry. Primary neurons on coverslips were fixed with
4% paraformaldehyde at room temperature for 1 h and permeabilized
with 0.3% Triton X-100 in PBS. After blocking (5% BSA, 1 h), neurons
were incubated overnight at 4°C with primary antibodies (rabbit-anti
FoxO3a, 1:1000, Santa Cruz Biotechnology; mouse anti-histone H1,
1:1000) diluted in PBS with 0.2% Tween 20 and 1% BSA, pH 7.4. Cells
were washed and exposed for 2 h at room temperature to either Alexa
Fluor 586-labeled goat anti-mouse or Alexa Fluor 488-labeled goat anti-
rabbit (Invitrogen). Coverslips were then mounted, and images were
captured using a Zeiss upright epifluorescence microscope with Axiocam
CCD camera.

Cell fractionation. Mitochondria were isolated from primary cortical
neurons by modified sucrose density gradient centrifugation (Almeida
and Medina, 1998). Briefly, 10 8 cells were washed with 0.5 ml of isolation
medium (320 mM sucrose, 1 mM potassium EDTA, and 10 mM Tris-HCl,
pH 7.4) and homogenized using a glass-Teflon homogenizer. Homoge-
nates were centrifuged for 5 min at 500 � g at 4°C, and the supernatant
was collected. The pellet was resuspended and centrifuged at 500 � g for
5 min a second time. Pooled supernatants were centrifuged at 14,600 � g
for 10 min at 4°C. The mitochondrial pellet was resuspended in isolation
buffer and centrifuged at 14,600 � g for 10 min again, and the final
pellet (mitochondrial fraction) was resuspended in 200 �l of isolation
medium.

Nuclear fractions were extracted using a kit from Cayman Chemi-
cal Company. Cells (10 8) were washed with ice-cold PBS and centri-
fuged at 500 � g for 5 min at 4°C. The pellet was resuspended in 5 ml
of ice-cold PBS/phosphatase inhibitor solution (20 mM NaF, 1 mM

�-glycerophosphate, and 1 mM Na3VO4) and centrifuged at 500 � g for
5 min at 4°C. The next pellet was suspended in 500 �l of ice-cold hypo-
tonic buffer (20 mM HEPES, 5 mM NaF, 10 �M Na2MoO4, and 0.1 mM

EDTA, pH 7.4). Nonidet P-40 (NP-40; 10%, 100 �l) was added, and cells
were centrifuged at 500 � g for 3 min at 4°C. The resulting pellet was
resuspended in 100 �l of extraction buffer [10 mM HEPES, 0.1 mM

EDTA, 1.5 mM MgCl2, 420 mM NaCl, 20 mm NaF, 1 mM �-glycero-
phosphate, 10 mM Na3VO4, 0.5 mM phenylmethanesulfonylfluoride, and
25% glycerol (v/v), pH 7.9] and centrifuged at 14,000 � g for 10 min at
4°C. Supernatants containing nuclear fractions were then collected, and
protein was measured using the BCA protein assay kit.

Immunoprecipitation. Polyclonal anti-FoxO3a (5 �g; Millipore) was
incubated with 2.0 � 10 7 (50 �l) magnetic beads (Dynabeads M-450,
coated with 0.1% BSA; Life Technologies) overnight at 4°C. Beads with
antibody were washed with PBS and exposed to 1 mg of detergent-
extracted total protein by incubation overnight at 4°C. Bead complexes
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were washed with PBS/0.5% Tween 20. Immunoprecipitates were then
extracted with 50 �l of 2� Laemmli buffer and boiled for 5 min using for
Western blots.

Real-time PCR. Total RNA was extracted by using an RNeasy kit (Qia-
gen). Real-time RT-PCR was performed using an iScript One-Step RT-
PCR Kit with SYBR Green (Bio-Rad) with a Bio-Rad iCycler. Primers for
mouse Bnip3, FoxO3a, and �-actin are as follows: Bnip3 forward: 5�-
GTAGAACTGCACTTCAGCAATGG-3�; Bnip3 reverse: 5�-GGGCT-
GTCACAGTGAGAACTC-3�; FoxO3a forward: 5�-TCCCAGATC
TACGAGTGGATGG-3�; FoxO3a reverse: 5�-CCTTCATTCTGA
ACGCGCAT-3�; �-actin forward: 5�-GGGCTATGCTCTCCCTCACG-
3�; and �-actin reverse: 5�-GTCACGCACGATTTCCCTCTC-3�. PCR
parameters were as follows: 50°C for 10 min, 95°C for 5 min, followed
by 40 cycles of PCR at 95°C for 10 s and 55°C for 30 s. Standard curves
were generated, and the relative amount of target gene mRNA was
normalized to �-actin mRNA. Specificity was verified by melt curve
analysis.

Chromatin immunoprecipitation. Chromatin immunoprecipitation
(ChIP) assays were performed as described in a previous protocol (Cell
Signaling Technology) with a few modifications (Mammucari et al.,
2007). Briefly, cells (5 � 10 6) were cross-linked with 1% formaldehyde at
room temperature for 10 min, rinsed twice with PBS, and harvested in 1
ml of hypotonic buffer (15 mM Tris-HCl, 60 mM KCl, 15 mM NaCl, 5 mM

MgCl2, 1 mM CaCl2, 2 mM Na3VO4, 0.25 M sucrose, 1 mM PMSF, and 1
mM DTT, pH 7.5) with protease inhibitor mixture (Roche Applied Sci-
ence). After 5 min of incubation on ice, an equal volume of hypotonic
buffer with 0.6% NP-40 was added for an additional 5 min period, and
the mixture was centrifuged at 1000 � g for 10 min (4°C). Pelleted nuclei
were digested by micrococcal nuclease (New England Biolabs) into frag-
ments ranging in size from 150 to 900 bp, suspended in lysis buffer (150
mM NaCl, 20 mM Tris-HCl, 0.1% SDS, and 0.5% Triton X-100, pH 8.1)
and sonicated with three 10 s pulses. Following preclearance with mag-
netic beads (Dynabeads M-450, Life Technologies), samples were used as
immunoprecipitation controls or incubated with magnetic beads prein-
cubated with 5 �g of anti-FoxO3a antibody (Santa Cruz Biotechnology)
overnight with rotation at 4°C. Beads with binding partners were washed
with low-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20
mM Tris-HCl, pH 8.1, and 150 mM NaCl), high-salt immune complex
wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl,
pH 8.1, and 500 mM NaCl), LiCl wash buffer (0.25 M LiCl, 1% IGEPAL
CA630, 1% deoxycholic acid, 1 mM EDTA, and 10 mM Tris, pH 8.1), and
TE buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA) in sequence.
Complexes were eluted from beads with elution buffer (1% SDS, 0.1 M

NaHCO3) at 37°C for 2 h. NaCl was added (0.33 M), and cross-linking
was reversed by incubation overnight at 65°C. Immunoprecipitated and
input DNA were then purified by treatment with RNaseA and proteinase
K, and recovered by phenol/chloroform extraction, precipitated by eth-
anol, and resuspended in sterile water. Real-time quantitative PCR was
performed with primers designed to amplify a 208 bp region (�916 to
�1123) of the mouse Bnip3 upstream promoter region flanking a puta-
tive FoxO3a binding element (5�-CCAAACAA-3�, �1044 to �1051).
Primers were forward 5�-GCCCTCGTATAACCTTAGCA-3�, and re-
verse 5�-TGGGTCAGGTCACTAGAAGC-3�. These primers were used
previously to identify a FoxO3a ChIP amplicon from the mouse Bnip3
promoter region (Mammucari et al., 2007).

Lentiviral shRNA treatment of neuron cultures. Short hairpin RNA
(shRNA) constructs for FoxO3a (TRCN0000071616) and SIRT1
(TRCN0000039294) were obtained from Open Biosystems (now GE
Healthcare) in the pLKO.1 plasmid backbone. Control and GFP-
expressing pLKO.1 constructs were purchased from ThermoFisher (cat-
alog #RHS4459) and Addgene (plasmid #25999), respectively. High-titer
lentiviral preparations expressing shRNA and control sequences were
prepared by the Lentiviral Core Platform of the University of Manitoba.
Neurons were infected at 1 d in vitro (DIV) with a multiplicity of infec-
tion (MOI) of 1 in the presence of 1 �g/ml polybrene for 6 h. Medium
was replaced with fresh neurobasal medium. Neuronal infection rates
were consistently �90%, as assessed by the incorporation of green fluo-
rescent protein, and FoxO3a or SIRT1 silencing were confirmed by real-
time PCR and Western blotting at 7 DIV.

Western blot analysis. Cells were mechanically removed from tissue
culture plates, collected in ice-cold PBS, and centrifuged at 300 � g for 5
min. Pellets were resuspended in lysis buffer (25 mM Tris-HCl, 150 mM

NaCl, and 1% Triton X-100, with protease inhibitor cocktail, pH 8.0).
Protein concentrations were determined using a BCA kit. Homogenates,
mitochondrial, and cytoplasmic and nuclear fractions (10 –20 �g) were
separated on 7.5% or 10% polyacrylamide gels and transferred to PVDF
membranes according to standard procedures. A blocking buffer of 5%
nonfat powdered milk in TBS with 0.1% Tween 20 was used for all
incubations. Membranes were washed, and the ECL Plus Chemilumines-
cence Kit (GE Healthcare) was used to visualize immunoreactive bands
with a Chemi-Doc Imager (Bio-Rad). Primary antibodies were anti-
Bnip3 antibody (1:500; a gift from Dr. Jiming Kong, University of Man-
itoba), anti-FoxO3a antibody (1:1000; Millipore), anti-acetyl-lysine
antibody (1:1000; Cell Signaling Technology), anti-AIF (1:1000; Sigma-
Aldrich), anti-�-actin antibody (1:4000; Sigma-Aldrich), anti-COX IV
(1:1000; Cell Signaling Technology), anti-histone H1 (1:400; Santa Cruz
Biotechnology), anti-PAR (1:1000; Trevigen), and anti-SIRT1 (1:400;
Millipore). Densitometry analysis was performed using ImageJ (Na-
tional Institutes of Health). Values for each lane were normalized to
protein loading markers.

Mitochondrial membrane potential imaging. The lipophilic fluorescent
probe JC-1 was used to investigate mitochondrial membrane potential
(��m) in primary neurons (Cayman Chemical Company). Cells were
loaded with JC-1 for 30 min at 37°C, as per the manufacturer’s protocol,
and images were acquired using a Zeiss LSM-510 confocal microscope.
Samples were excited at 488 nm for monomer fluorescence and at 540
nm for JC-1 aggregate fluorescence. Emission fluorescence images were
recorded at 530 nm for monomer and 590 nm for JC-1 aggregates. The
ratio of the aggregate to monomer fluorescence was measured as an index
of changes in ��m. The JC-1 fluorescence ratio between red and green
was normalized to the control ratio. JC-1 may also respond to plasma
membrane depolarization, so the mitochondrial uncoupler p-trifluoro-
methoxy carbonyl cyanide phenyl hydrazone (FCCP; 10 �M) was added
at the end of each experimental recording to get the maximal dissipation
of ��m.

Statistical analysis. Data are expressed as the mean � SEM. Statistical
analysis was performed throughout using GraphPad Prism version 5.0.
One-way ANOVA with Student’s Newman–Keuls post hoc test was used
to compare multiple groups with a single variable. Two-way ANOVA
with Bonferroni’s test was used to compare multiple groups with more
than two variables. Differences were considered significant at p 	 0.05.

Results
Hypoxic neuron death is dependent on PARP1 and Bnip3
Figure 1A–O are representative images of cortical neuron cul-
tures exposed to hypoxia for 48 h. Phase contrast microscopy and
active calcein uptake (green fluorescence) were used as indicators
of live cells, while propidium iodide inclusion (red fluorescence)
was used as an indicator of nonviable cells with permeable plasma
membranes. At baseline, normoxic cell death in wild-type cul-
tures was 8.9 � 2.9% (Fig. 1A–C,P). Wild-type neurons exhibited
time-dependent reductions in viability with hypoxic exposure,
with 88 � 3% cell death at the 48 h time point (Fig. 1D–F,P). The
PARP1 inhibitor PJ34 (10 �M) significantly reduced hypoxic
neuron death at 17, 24, and 48 h (42 � 1%, 48 h; Fig. 1G–I,P).
Hypoxic neuron death was also significantly reduced at these
time points in cultures lacking the expression of either PARP1
(40 � 1%, 48 h; Fig. 1J–L,P) or Bnip3 (41 � 1%, 48 h; Fig. 1M–P).
Neither parp1�/� nor bnip3�/� cultures appeared morphologi-
cally different from wild-type cells upon phase contrast examina-
tion. Hypoxia dramatically enhanced immunoreactivity for
PARs, demonstrating the induction of PARP catalytic activity
(Fig. 1Q). Both PJ34 and use of parp1�/� neurons attenuated
hypoxic increases in PAR immunoreactivity, confirming that
PAR production is PARP1 dependent.
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Normoxic PARP1 activation causes Bnip3-dependent
mitochondrial permeability and neuron death
To demonstrate mechanistic linkage between PARP1 and Bnip3,
we activated PARP1 directly using the DNA alkylating agent
MNNG (Schreiber et al., 1995; Ying et al., 2001; Andrabi et al.,
2014). MNNG (50 �M, 30 min) increased total cell (3.1 � 0.4-
fold) and mitochondrial (8.7 � 2.2-fold) Bnip3 protein expres-
sion (4 h; Fig. 2A). This effect was dependent on PARP1
expression as parp1�/� neurons displayed MNNG-induced total
cell (1.3 � 0.2-fold) and mitochondrial (1.1 � 0.3-fold) expres-
sion levels significantly less than wild-type controls and not sta-
tistically different than control cells lacking MNNG treatment.
MNNG reduced the ratio of JC-1 mitochondrial aggregate (Fig.
2B, red fluorescence) to cytoplasmic monomer (Fig. 2B, green
fluorescence) from 1.01 � 0.02% to 0.33 � 0.05% control, indi-
cating dramatic loss of normal ��m 4 h after MNNG removal.
Figure 2C shows that depolarization of ��m was significantly
rescued by both PARP1 (0.73 � 0.3% control; 4 h) and Bnip3
(0.69 � 0.05% control; 4 h) deletion. This indicates that PARP1-
induced mitochondrial damage caused by DNA alkylation is de-
pendent on Bnip3.

We also tested for involvement of Bnip3 in PARP1-induced
neuron death signals. MNNG increased nuclear localization of
mitochondrial AIF in a manner detectable 4 h after MNNG ex-
posure (2.5 � 0.3-fold; Fig. 3A,B). This effect was significantly
reduced by using bnip3�/� cultures (1.2 � 0.2-fold), indicating a

Bnip3-dependent effect. MNNG also caused PARP1-dependent
neuron death in a concentration-dependent fashion (Fig. 3B,C).
Using 50 �M MNNG (30 min exposure), neuron death levels
(81 � 3%) were also found to be significantly mitigated in cul-
tures lacking Bnip3 (41 � 8%; Fig. 3D), again implicating Bnip3
in PARP1-mediated neurotoxocity. PARP1 activation causes de-
pletion of cytosolic/nuclear NAD� stores (Cohen and Barankie-
wicz, 1987; Cosi and Marien, 1999). We found that exogenous
NAD� replacement significantly reduced MNNG-induced nu-
clear AIF increases from 2.5 � 0.3-fold to 1.4 � 0.2-fold, and
MNNG-induced neuron death from 81 � 0.3% to 46 � 2% (Fig.
3A,B,D). This suggests that NAD� depletion is involved in the
mechanism of PARP1-induced mitochondrial damage and neu-
ronal toxicity. Overall, these data demonstrate that direct PARP1
activation leads to Bnip3-dependent mitochondrial dysfunction
and neuron death.

Hypoxia causes PARP1-dependent NAD � depletion and
SIRT1 inhibition
We returned to the hypoxia model to examine whether PARP1-
mediated NAD� depletion leads to inhibition of the sirtuin fam-
ily of NAD�-dependent HDACs (class III) and downstream
effects on gene transcription impacting neuronal survival. NAD�

content of wild-type neuron cultures declined from 1.1 � 0.1 to
0.77 � 0.06 nmol/mg protein after 12 h of hypoxia (Fig. 4A) and
further to 0.64 � 0.14 nmol/mg protein after 48 h of hypoxia.

Figure 1. Hypoxic death of cortical neurons is dependent on PARP1 and Bnip3. Primary cortical neuron cultures were incubated in a hypoxic chamber. Cell death was assessed at several time
points by quantifying intracellular propidium iodide fluorescence (red; A–O, middle column). Live cells were identified by calcein fluorescence (green; A–O, left column) and by phase contrast
microscopy (A–O, right column). Hypoxia (48 h; D–F ) caused nearly complete loss of live neurons, compared with normoxic controls (A–C). G–O, Neuron death was dramatically reduced by the
PARP1 inhibitor PJ34 (10 �M; G–I ) and by deletion of either PARP1 (J–L) or Bnip3 (M–O). P, Pooled data showing how increasing the time course of hypoxia affected neuronal survival. Using PJ34
and parp1�/� or bnip3�/� genotypes significantly reduced hypoxic neuron death. Q, Immunoblot showing increased PARP1-dependent PAR formation in hypoxia (24 h). A–O are representative
depictions. Data in P are reported as the mean � SEM (n 
 5). **p 	 0.01 compared with all other groups at the same time point using two-way ANOVA with the Bonferroni post hoc test. Scale
bar, 40 �m. H/24, 24 h of hypoxia.
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Assessed at the 24 h hypoxic time point, loss of NAD� to 0.71 �
0.04 nmol/mg protein was blocked both by PJ34 (1.10 � 0.02
nmol/mg protein) and PARP1 deletion (1.3 � 0.1 nmol/mg pro-
tein), indicating a PARP1-mediated effect (Fig. 4B). Concomi-
tantly, activity of SIRT1 was inhibited to 63 � 4% control at 24 h
hypoxia (Fig. 4C). This decline effect was mitigated by PJ34 (91 �
4%), PARP1 deletion (96 � 4%), and exogenous NAD� replace-
ment (99 � 3%), indicating that SIRT1 deacetylase activity is
diminished in a PARP1- and NAD�-dependent manner in hy-
poxic neurons. These activity changes were observed in the ab-
sence of any hypoxic influence on total cell SIRT1 protein
expression (Fig. 4D). Deacetylase activity of class I/II HDACs

was not affected by hypoxia or reduced
PARP1 activity (Fig. 4E).

Hypoxia causes PARP1-dependent
nuclear translocation and acetylation
of FoxO3a
SIRT1 is reported to interact directly with
the transcription factor FoxO3a in
HEK293T cells (Motta et al., 2004), so we
hypothesized that reduction of SIRT1
activity leads to enhanced FoxO3a acety-
lation, nuclear translocation, and tran-
scriptional activation of target genes.
Total cell homogenates were immunopre-
cipitated with anti-FoxO3a, and both
input and pull-down samples were subse-
quently immunoblotted with anti-SIRT1.
SIRT1 immunoreactivity was detected in
FoxO3a pull-downs (Fig. 5A). Quantita-
tively, this interaction was not changed
significantly by hypoxia or PARP1 interfer-
ence, indicating consistent baseline SIRT1–
FoxO3a interaction. FoxO3a acetylation
levels were determined by immunoprecipi-
tation with anti-FoxO3a, followed by im-
munoblotting for acetyl-lysine residues.
Hypoxia (24 h) significantly enhanced
FoxO3a acetylation (1.7 � 0.1-fold; Fig.
5B) in a manner significantly inhibited by
PJ34 (1.2 � 0.1-fold) and PARP1 deletion
(1.24 � 0.03-fold). Hypoxia also en-
hanced nuclear colocalization of FoxO3a
with histone H1 in a manner reversed by
both PJ34 and PARP1 deletion (Fig. 5C).
Nuclear FoxO3a levels were increased by
1.9 � 0.1-fold at 24 h of hypoxia (Fig. 5D),
and were reduced to 1.3 � 0.1-fold and
1.2 � 0.1-fold by PJ34 and the parp1�/�

genotype, respectively, and the majority
of neurons (60 � 6%) exhibited FoxO3a
translocation (control, 7 � 1%). To-
gether, these data demonstrate PARP1-
dependent movement of FoxO3a to the
nucleus. Together, these experiments
show a direct interaction between SIRT1
and FoxO3a, and confirm that PARP1 ac-
tivation leads to FoxO3a acetylation and
nuclear translocation in hypoxia.

Hypoxia causes FoxO3a binding to the
Bnip3 upstream promoter region and

Bnip3 expression
To determine whether PARP1-induced FoxO3a acetylation and
nuclear distribution leads to changes in Bnip3 expression, we
isolated nuclear chromatin fragments that bind to FoxO3a using
chromatin immunoprecipitation. Recovered DNA was purified
and subjected to real-time PCR using primers flanking a putative
FoxO3a binding element (CCAAACAA, �1044 to �1051)
within the Bnip3 upstream promoter region. Hypoxia (24 h)
increased the binding of FoxO3a to the Bnip3 upstream pro-
moter region by 10.4 � 3.4-fold, compared with normoxic con-
trol neurons (Fig. 6A). This effect was almost completely reversed
by both PJ34 (1.9 � 0.7-fold) and PARP1 deletion (1.4 � 0.7-

Figure 2. PARP1 leads to Bnip3-dependent mitochondrial damage. Cortical neuron cultures were exposed to the DNA alkylator
MNNG (50 �M, 30 min) to cause pathological PARP1 activation. A, Both total cell homogenate and mitochondrial Bnip3 immuno-
reactivities were significantly enhanced 4 h after MNNG removal, in a manner reversed by the parp1�/� genotype. *p 	 0.05,
**p 	 0.01, compared with 0 MNNG controls; †p 	 0.05, compared with the wild-type, MNNG-treated group, using ANOVA and
the Student–Newman–Keuls post hoc test. B, Mitochondrial aggregation of JC-1 was reduced 4 h post-MNNG by increasing the
cationic charge inside the matrix (red); monomeric JC-1 in the cytosol (green) was enhanced by MNNG. C, MNNG-induced mito-
chondrial depolarization was time dependent and was significantly reduced by deleting PARP1 or Bnip3. *p 	 0.05, compared
with 0 MNNG controls at the same time point; †p 	 0.05, compared with the wild-type, MNNG-treated groups at the same time
point. Data were analyzed using two-way ANOVA with Bonferroni’s post hoc test. All data are reported as the mean � SEM (n 

5–7). Scale bars, 25 �m.
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fold), confirming a PARP1-dependent hypoxic interaction be-
tween FoxO3a and the Bnip3 upstream promoter region. In
agreement, we found a time-dependent increase in hypoxic
Bnip3 mRNA levels (Fig. 6B) that at 24 h (9.4 � 0.7-fold; Fig. 6C)
was sensitive to inhibition by PJ34 (4.9 � 0.4-fold), PARP1 dele-
tion (4.4 � 0.5-fold), and exogenous NAD� replacement (3.8 �
0.7-fold). Both total cell and mitochondrial Bnip3 protein ex-
pression were also enhanced by 24 h hypoxia (9.7 � 0.5-fold,
mitochondrial fraction) in wild-type but not parp1�/� neu-
rons (Fig. 6D). This indicates that hypoxic increases in Bnip3
mRNA and protein expression are PARP1 dependent and cor-
relate with FoxO3a binding to the Bnip3 upstream promoter
region. In contrast to Bnip3, hypoxic treatment did not signif-
icantly affect expression of other targets of FoxO3a, including
Bim ( p 
 0.43), Drp-1 ( p 
 0.16), or HIF-1� ( p 
 0.37; Fig.
6E–G).

SIRT1 silencing enhances FoxO3a activity and
Bnip3 expression
To establish a link between diminished SIRT1 activity and en-
hanced Bnip3 expression, we silenced SIRT1 using lentiviral de-
livery of shRNA. Following shRNA exposure (72 h), SIRT1
mRNA levels were reduced to 19 � 1% of the scrambled shRNA
control (Fig. 7A), while SIRT1 protein levels were reduced to
28 � 2% of control (Fig. 7B). SIRT1 silencing alone was sufficient
to significantly increase FoxO3a acetylation by 1.5 � 0.1-fold,
relative to control. This treatment also enhanced FoxO3a binding
to the Bnip3 upstream promoter region by 3.4 � 0.8-fold, as
determined by ChIP (Fig. 7D) and increased Bnip3 mRNA levels
by 2.2 � 0.3-fold (Fig. 7E). Together, these data illustrate that
ectopic silencing of SIRT1 in normoxia drives FoxO3a activation
and Bnip3 expression in the absence of NAD� depletion and
PARP1 activation.

Figure 3. PARP1 causes Bnip3-dependent AIF translocation and neuron death. A, Cortical neurons were exposed to MNNG (50 �M, 30 min). Mitochondrial and nuclear fractions were
assessed for immunoreactivity for AIF 4 h after MNNG removal. B, MNNG significantly increased nuclear AIF in a manner reduced by NAD � supplementation (1 mM) or Bnip3 deletion.
***p 	 0.001, compared with 0 MNNG control; ††p 	 0.01, compared with the wild-type, MNNG-treated group. Data were analyzed using ANOVA with the Student–Newman–Keuls
post hoc test. C, Red, MNNG also caused Bnip3-dependent cell death. Green cells are live and accumulate calcein, and the third column shows phase contrast images. D, MNNG-induced
neuron death was dose dependent, and was reduced by PJ34 (10 �M) and the deletion of either PARP1 or Bnip3. *p 	 0.05, **p 	 0.01, compared with all other groups at the same time
point. Data were analyzed using two-way ANOVA with the Bonferroni’s post hoc test. E, Eighteen hours after MNNG (50 �M, 30 min), both Bnip3 deletion and NAD � supplementation
significantly reduced neuron death. **p 	 0.01, compared with the wild-type, MNNG-treated group. Data were analyzed using ANOVA with the Student–Newman–Keuls post hoc test.
All data are reported as the mean � SEM (n 
 5–7). Scale bar, 40 �m.
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FoxO3a silencing protects mitochondrial membrane integrity
and neuronal survival in hypoxia
To provide direct evidence that FoxO3a activity leads to hypoxic
neuron death, we assessed FoxO3a loss of function using shRNA.
FoxO3a mRNA was silenced to 13 � 7% of control at an MOI of
1, while FoxO3a protein expression was reduced to 25 � 8% of
control (Fig. 8A,B). FoxO3a shRNA significantly reduced hy-
poxic increases in Bnip3 transcription from 12 � 2 to 4.2 � 0.4
times the control (Fig. 8C), confirming the involvement of

FoxO3a as a hypoxic Bnip3 transcription factor. In accordance
with this finding, FoxO3a silencing also significantly reduced hy-
poxic loss of ��m (Fig. 8D,E) and neuronal survival (Fig. 8F,G).
The JC-1 aggregate/monomer ratio was reduced by hypoxia at
24 h to 43 � 3% of control, and this was restored to 84 � 4% of
FoxO3a silencing (Fig. 8E). Similarly, the hypoxic neuron death
rate (71 � 3%) was reduced to 36 � 2% by FoxO3a shRNA
treatment (Fig. 8G). These data directly link FoxO3a activity to
neuronal mitochondrial dysfunction and death in hypoxia.

Figure 4. Hypoxia causes PARP1-dependent NAD � depletion and sirtuin inhibition. A, Hypoxia caused a progressive loss of cytosolic/mitochondrial NAD �. *p 	 0.05 compared with the
normoxic control group. B, At 24 h, NAD � loss was rescued by the PARP1 inhibitor, PJ34 (10 �M), and the parp1�/� genotype. **p 	 0.01, compared with the wild-type, normoxic control; ††p 	
0.01, compared with the wild-type hypoxic group. C, SIRT1 activity was measured in situ and was reduced by hypoxia (24 h) in a manner reversed by PJ34, PARP1 deletion, and NAD �

supplementation (1 mM). **p 	 0.01, compared with the wild-type, normoxic control; ††p 	 0.01, compared with the wild-type hypoxic group. D, Immunoblotting shows that 24 h of hypoxia
causes no change in total cell SIRT1 expression. E, Deacetylase activity of class I/II HDACs was not affected by hypoxia. All data are reported as the mean � SEM and were analyzed using ANOVA with
the Student–Newman–Keuls post hoc test.
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Discussion
Our results demonstrate that pathophysiological activation of
PARP1 leads to mitochondrial permeability and neuron death
that is dependent on the prodeath Bcl-2 family member protein
Bnip3. PARP1 enhanced Bnip3 mRNA levels and Bnip3 immu-
noreactivity associated with the mitochondrial compartment.
PARP1 influenced Bnip3 production by depleting cytosolic
NAD�, inhibiting SIRT1, and causing increased binding of the
transcription factor FoxO3a to the Bnip3 upstream promoter
region. Together, these data identify Bnip3 as a deleterious mito-
chondrial mediator of catastrophic nuclear PARP1 activation.

It is well established that excessive PARP1 activity signals be-
yond the nucleus and results in mitochondrial permeability and
AIF translocation to the nucleus (Yu et al., 2002; Alano et al.,
2004; Fatokun et al., 2014). Our data support the conclusion that

Bnip3 is a mitochondrial mediator of PARP1 toxicity. Hypoxia
led to MPT and neuron death that was mitigated by the deletion
of either PARP1 or Bnip3. This indicated that both proteins are
involved in hypoxic neurotoxicity, tempting speculation that
they are linked mechanistically. We further demonstrated that
hypoxia enhanced Bnip3 mRNA and mitochondrial protein lev-
els in a manner sensitive to inhibition by pharmacological PARP1
inhibition or PARP1 deletion. This verified that hypoxic Bnip3
induction is PARP1 dependent, yielding evidence of linkage be-
tween PARP1 and Bnip3. We next asked whether the induction of
Bnip3 could be responsible for neuron death attributed to PARP1
activity. As expected, direct activation of PARP1 by a DNA alky-
lating agent depolarized mitochondrial membranes and pro-
duced MPT, AIF release, and neuron death. However, we
discovered that these effects were abrogated in bnip3�/� neurons,

Figure 5. Hypoxic PARP1 activation increases nuclear FoxO3a activity. Cortical neuron cultures were exposed to hypoxia for 24 h. A, SIRT1 immunoreactivity was pulled down by immunopre-
cipitation with an anti-FoxO3a antibody, indicating a physical association between SIRT1 and FoxO3a. B, Cell homogenates were immunoprecipitated with an anti-FoxO3a antibody and subjected
to immunoblotting with anti-acetyl-lysine. Hypoxia (H) significantly enhanced levels of acetylated FoxO3a in a fashion mitigated by PJ34 (10 �M) and the parp1�/� genotype. C, H enhanced
colocalization of FoxO3a (green) with the nuclear marker Histone H1 (red). This was quantified in D, which shows that hypoxia significantly increased nuclear, but not cytoplasmic, FoxO3a levels. This
increase was attenuated by PJ34 and PARP1 deletion. All data are reported as the mean � SEM (n 
 5–7). **p 	 0.01, compared with the wild-type, normoxic control; ††p 	 0.01, compared with
the wild-type hypoxic group. Data were analyzed using ANOVA with the Student–Newman–Keuls post hoc test. Scale bar, 10 �m.
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Figure 6. Hypoxia causes PARP1-dependent interaction of FoxO3a with the Bnip3 upstream promoter region. Cortical neuron cultures were exposed to hypoxia for up to 72 h.
A, Chromatin immunoprecipitation with anti-FoxO3a antibody, followed by real-time PCR using primers flanking a putative FoxO3a binding element, produced a 208 bp fragment and
revealed that hypoxia significantly increased FoxO3a binding to the Bnip3 upstream promoter region. This interaction was reversed with the PARP1 inhibitor PJ34 (10 �M) or PARP1
deletion. B, Bnip3 mRNA transcript levels were measured by real-time PCR and found to increase significantly in hypoxic conditions. C, Increases in Bnip3 transcript levels (24 h of hypoxia)
were mitigated by PJ34, PARP1 deletion, and NAD � supplementation. D, Total cell and mitochondrial Bnip3 30 kDa protein levels showed a matched hypoxic increase in a manner
blocked by PARP1 deletion. E–G, mRNA for Bim, Drp-1, and HIF-1� was quantified by real-time PCR; no difference was found between control and hypoxia ( p � 0.05, t test). A, C, and
D: **p 	 0.01 and ***p 	 0.001, compared with the wild-type, normoxic control; ††p 	 0.01 and †††p 	 0.001, compared with the wild-type hypoxic group. B: **p 	 0.01 compared
with nonhypoxic control. Data were analyzed using ANOVA with the Student–Newman–Keuls post hoc test. All data are reported as the mean � SEM (n 
 5–7).
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showing that Bnip3 is necessary for full PARP1-mediated mito-
chondrial damage in this hypoxia model. Together, we conclude
that hypoxia leads to PARP1 activity, which in turn causes mito-
chondrial damage and neuron death mediated by Bnip3.

Although these data strongly support a role for Bnip3 in
PARP1-induced neuron death, the mechanism of cell death
downstream of Bnip3 expression is not yet clear. Apoptosis in-
duced by both PARP1 and Bnip3 is clearly reported as caspase
independent in separate literature streams (Chinnadurai et al.,
2008; Fatokun et al., 2014). However, whereas caspase-
independent death induced by PARP1 is mediated by AIF (Fa-
tokun et al., 2014), the role of AIF in Bnip3-mediated cell death is
less clear. Our results are consistent with recent reports that
Bnip3 causes cell death by facilitating mitochondrial AIF release
in neural progenitor cells (Wang et al., 2013) and hypoxic cardiac
myocytes (Thompson et al., 2012), but are inconsistent with con-
clusions that AIF is not involved in Bnip3 toxicity (Vande Velde
et al., 2000; Zhang et al., 2007). Linkage between Bnip3 and AIF
remains to be defined more precisely. One important consider-
ation is that, although the prevailing idea for putative Bnip3-AIF
linkage is that Bnip3 enhances mitochondrial permeability to
AIF, an alternative possibility is that mitochondrial AIF supports
Bnip3 expression by stabilizing HIF subunits (Qi et al., 2012). In
this case, experiments finding no effect of ectopic Bnip3 overex-
pression on AIF nuclear translocation (Vande Velde et al., 2000)
may prematurely exclude a Bnip3–AIF linkage as they would miss
endogenous Bnip3 regulatory mechanisms. Going forward, it will
be important to decipher the molecular interplay between Bnip3
and AIF in endogenous hypoxic neuron death.

Several lines of evidence indicate that PARP1 leads to Bnip3
induction by a mechanism involving NAD� depletion, inhibi-
tion of NAD�-dependent class III histone deacetylases (sirtuins),

nuclear translocation of FoxO3a, and FoxO3a-mediated Bnip3
transcription. Hypoxia caused PARP1-dependent depletion of
nuclear/cytosolic NAD� pools, which is in agreement with pre-
vious studies (Cohen and Barankiewicz, 1987; Cosi and Marien,
1999), and concurrent loss of SIRT1 activity that could be rescued
by adding exogenous NAD�. We investigated whether this could
affect FoxO3a disposition. SIRT1 and FoxO3a were found to co-
immunoprecipitate in total cell homogenates, indicating there is
a physical association between them. Moreover, hypoxia en-
hanced acetyl-lysine immunoreactivity in FoxO3a immunopre-
cipitate pull-downs and localization of FoxO3a to the nucleus.
These processes were blocked by a PARP1 inhibitor or PARP1
deletion, indicating a critical role for PARP1.

As it was reported previously that Bnip3 transcription is acti-
vated by FoxO3a (Mammucari et al., 2007), we determined
whether PARP1-mediated FoxO3a hyperacetylation is responsi-
ble for enhanced Bnip3 expression in our hands. Using a chro-
matin immunoprecipitation strategy, we found that hypoxia led
to increased association between FoxO3a and the Bnip3 up-
stream promoter region, and that this effect was eliminated in
parp1�/� neurons. This correlated with increases in Bnip3 tran-
script levels and immunoreactivity in total cell homogenates and
mitochondrial fractions, strongly suggesting that PARP1 induces
Bnip3 expression by a FoxO3a-mediated mechanism. Critical
roles for FoxO3a and SIRT1 in hypoxic Bnip3 expression and cell
survival were confirmed in experiments using silencing of each
using shRNA. FoxO3a shRNA mitigated hypoxic mitochondrial
membrane depolarization and neuron death, and SIRT1 shRNA
phenocopied the effects of PARP-1-mediated NAD� depletion
on FoxO3a acetylation, binding to the Bnip3 promoter and Bnip3
transcript levels. The observation that FoxO3a activity is a con-
tributor to hypoxic neuronal death is consistent with a growing

Figure 7. SIRT1 silencing activates FoxO3a and drives Bnip3 expression. Cortical neuron cultures were treated with lentiviral particles expressing shRNA to reduce the transcription of SIRT1. A, B, Real-time
PCR indicated a dramatic reduction of SIRT1 mRNA levels (A) and immunoreactivity (B) 72 h after infection. C, At 72 h after infection, acetylated FoxO3a levels were enhanced in the SIRT1 shRNA group relative
to the scrambled control. D, E, FoxO3a binding to the Bnip3 promoter region (determined by ChIP) was enhanced more than threefold (D) and Bnip3 mRNA levels were increased more than twofold (E) by 72 h
of SIRT1 shRNA treament. *p 	 0.05, **p 	 0.01, and ***p 	 0.001, compared with control shRNA group using unpaired t tests. All data are reported as the mean � SEM (n 
 5–7).
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body of work in which it was identified as a regulator of other
prodeath proteins, including Bim and Puma, in models of amy-
loid toxicity and endoplasmic reticulum stress (Ghosh et al.,
2012; Akhter et al., 2014).

Our findings support a new NAD�-dependent pathway of
PARP1 toxicity. The classic view of PARP1-mediated cell death is
that NAD� levels are depleted to a point that results in bioener-
getic cellular suicide due to failed oxidative phosphorylation and

Figure 8. FoxO3a silencing reduces hypoxic Bnip3 expression and mitochondrial damage. Cortical neuron cultures were treated with lentiviral particles expressing shRNA to reduce the transcription of
FoxO3a. A, B, Real-time PCR indicated a dramatic reduction of FoxO3a mRNA levels (A) and immunoreactivity (B). C, Hypoxia (24 h) enhanced Bnip3 mRNA levels in a manner significantly attenuated by shRNA
for FoxO3a. D, E, FoxO3a shRNA significantly restored the ratio of JC-1 aggregate (red) to monomer (green) in hypoxia, indicating that FoxO3a contributed to hypoxic mitochondrial depolarization. F, G, FoxO3a
shRNA significantly reduced hypoxic neuron death. A and B: *p	0.05, compared with control shRNA group using t test. C, E, and G: **p	0.01, compared with normoxic control; and ††p	0.01, compared
with the hypoxic group using ANOVA with Student–Newman–Keuls test. All data are reported as the mean � SEM (n 
 5–7). Scale bars: D, 25 �m; F, 40 �m.
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excessive ATP consumption required for de novo NAD� replen-
ishment (Berger, 1985). Support for this model is derived from
studies demonstrating that mitochondrial function and cell sur-
vival can be rescued by providing TCA cycle substrates, ketone
bodies, or exogenous NAD� (Ying et al., 2002; Alano et al., 2010;
Baxter et al., 2014). In addition to the bioenergetics model, a
PARP1-mediated cell death mechanism referred to as Parthana-
tos has been described, and is characterized by PARP1 activation;
mitochondrial membrane depolarization; and AIF release depen-
dent on the generation of free PAR moieties, synthesized by
PARP1, and subsequently cleaved by poly(ADP-ribose) glycohy-
drolase (Andrabi et al., 2006). Our current data do not argue for
or against either theory but introduce a third possibility. We
showed that NAD� replacement can rescue cell survival, consis-
tent with the bioenergetics model of cell death. However, inde-
pendent of any bioenergetic effects, our data indicate that NAD�

depletion by PARP1 activity has a critical influence on the regu-
lation of genes that are important for mitochondrial function by
inhibiting SIRT1. Here, we demonstrated directly that enhanced
FoxO3a activity and Bnip3 expression result from NAD� deple-
tion and SIRT1 inhibition. In turn, this dramatically affected
mitochondrial integrity and neuronal survival. Since SIRT1 is a
master regulator of many genes that are critical for mitochondrial
structure and function, it is possible that the FoxO3a–Bnip3
pathway identified here is one of many harmful signaling cas-
cades triggered by SIRT1 inhibition in conditions of pathological
PARP1 activation, including traumatic brain injury and stroke.

References
Akhter R, Sanphui P, Biswas SC (2014) The essential role of p53-up-

regulated modulator of apoptosis (Puma) and its regulation by FoxO3a
transcription factor in �-amyloid-induced neuron death. J Biol Chem
289:10812–10822. CrossRef Medline

Alano CC, Ying W, Swanson RA (2004) Poly(ADP-ribose) polymerase-1-
mediated cell death in astrocytes requires NAD � depletion and mito-
chondrial permeability transition. J Biol Chem 279:18895–18902.
CrossRef Medline

Alano CC, Garnier P, Ying W, Higashi Y, Kauppinen TM, Swanson RA
(2010) NAD � depletion is necessary and sufficient for poly(ADP-ribose)
polymerase-1-mediated neuronal death. J Neurosci 30:2967–2978.
CrossRef Medline

Almeida A, Medina JM (1998) A rapid method for the isolation of metabol-
ically active mitochondria from rat neurons and astrocytes in primary
culture. Brain Res Protoc 2:209 –214. CrossRef

Althaus J, Bernaudin M, Petit E, Toutain J, Touzani O, Rami A (2006) Ex-
pression of the gene encoding the pro-apoptotic BNIP3 protein and stim-
ulation of hypoxia-inducible factor-1� (HIF-1�a) protein following focal
cerebral ischemia in rats. Neurochem Int 48:687– 695. CrossRef Medline

Anderson RM, Bitterman KJ, Wood JG, Medvedik O, Sinclair DA (2003)
Nicotinamide and PNC1 govern lifespan extension by calorie restriction
in Saccharomyces cerevisiae. Nature 423:181–185. CrossRef Medline

Andrabi SA, Kim NS, Yu SW, Wang H, Koh DW, Sasaki M, Klaus JA, Otsuka
T, Zhang Z, Koehler RC, Hurn PD, Poirier GG, Dawson VL, Dawson TM
(2006) Poly(ADP-ribose) (PAR) polymer is a death signal. Proc Natl
Acad Sci U S A 103:18308 –18313. CrossRef Medline

Andrabi SA, Umanah GK, Chang C, Stevens DA, Karuppagounder SS, Gagné
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