
NAD+ Depletion or PAR Polymer Formation: Which Plays the
Role of Executioner in Ischemic Cell Death?

Chad Siegel and Louise D. McCullough
Department of Neuroscience, University of Connecticut Health Center, Farmington, CT 06030,
USA

Abstract
Multiple cell death pathways are activated in cerebral ischemia. Much of the initial injury,
especially in the core of the infarct where cerebral blood flow is severely reduced, is necrotic and
secondary to severe energy failure. However there is considerable evidence that delayed cell death
continues for several days, primarily in the penumbral region. As reperfusion therapies grow in
number and effectiveness, restoration of blood flow early after injury may lead to a shift towards
apoptosis. It is important to elucidate what are the key mediators of apoptotic cell death after
stroke, as inhibition of apoptosis may have therapeutic implications. There are two well described
pathways that lead to apoptotic cell death; the caspase pathway and the more recently described
caspase-independent pathway triggered by Poly-ADP Ribose Polymers (PARP) activation.
Caspase-induced cell death is initiated by release of mitochondrial cytochrome C, formation of the
cytosolic apoptosome, and activation of endonucleases leading to a multitude of small randomly
cleaved DNA fragments. In contrast caspase-independent cell death is secondary to activation of
apoptosis inducing factor (AIF). Mitochondrial AIF translocates to the nucleus, where it induces
peripheral chromatin condensation, as well as characteristic high-molecular-weight (50 kbp) DNA
fragmentation. Although caspase independent cell death has been recognized for some time and is
known to contribute to ischemic injury, the upstream triggering events leading to activation of this
pathway remain unclear. The two major theories are that ischemia leads to NAD+ depletion and
subsequent energy failure, or alternatively that cell death is directly triggered by a pro-apoptotic
factor produced by activation of the DNA repair enzyme PARP. PARP activation is robust in the
ischemic brain producing variable lengths of PAR polymers as byproducts of PARP activation.
PAR polymers may be directly toxic by triggering mitochondrial AIF release independently of
NAD+ depletion. Recently, sex differences have been discovered that illustrate the importance of
understanding these molecular pathways, especially as new therapeutics targeting apoptotic cell
death are developed. Cell death in females proceeds primarily via caspase activation whereas
caspase-independent mechanisms triggered by the activation of Poly-ADP-Ribose Polymerase
(PARP) predominate in the male brain. This review summarizes the current literature in an attempt
to clarify the roles of NAD+ and PAR polymers in caspase-independent cell death, and discuss sex
specific cell death to provide an example of the possible importance of these downstream
mediators.
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Introduction
Stroke affects 15 million people worldwide each year and is the leading cause of long-term
disability (Rosamond et al., 2008). Tissue Plasminogen Activator (tPA) is the only approved
treatment, which can only be administered within a short treatment window, recently
extended to 4.5 hours after stroke onset (Lansberg et al., 2009). However cell death
continues beyond this point and targeting specific components of this delayed cell death may
provide an opportunity for therapeutic intervention (Siegel et al., 2010). Ischemic cell death
can proceed through several well documented molecular cascades, one of which includes
activation of caspases. Caspases are cysteine proteases expressed as pro-enzymes and
cleaved upon activation (Schulz et al., 1999). Caspase mediated cell death can be triggered
by either intrinsic mechanisms, via loss of mitochondrial membrane potential and
cytoplasmic cytochrome c release, or from extrinsic signals, usually ligand binding to an cell
membrane death receptor such as FasL. Over the past ten years, caspase independent cell
death has gained attention and has been shown to be a target for neuroprotective
interventions (Lang and McCullough, 2008). These include apoptotic cell death induced by
apoptosis-inducing factor (AIF; see below) and neuronal cell death induced by autophagy
(Puyal et al., 2009).

A well-studied pathway that does not require caspase activation to induce apoptosis is
triggered by rising levels of neuronal nitric oxide synthase (nNOS), poly ADP-Ribose
polymerase (PARP-1) activation, and Apoptosis Inducing Factor (AIF) (Figure 1).
Interestingly, the mechanism by which PARP-1 activation causes cell death is not
completely clear. The literature has suggested that either depletion of Nicotinamide Adenine
Dinucleotide (NAD+) or activation of PARP-1 with subsequent Poly ADP-Ribose (PAR)
polymer formation (Chiarugi, 2002,Jagtap and Szabo, 2005) are critical steps in the
induction of cell death. Whether these pathways act in concert, or are independent processes
has been a subject of much debate. Does NAD+ depletion lead to energy failure with the
subsequent activation of PARP-1, or does the activation of PARP-1 lead to loss of NAD+
with the formation of cytotoxic PAR polymers? This becomes a critical issue when
developing therapies for neuroprotection. Can cell death be halted by repletion of NAD+, or
is the inhibition of PARP-1 necessary and sufficient? As PARP-1 inhibitors such as
Minocycline are entering clinical trials (Lampl et al., 2007), understanding the molecular
sequence of cell death has become a priority. This review will discuss the current literature
regarding PARP-mediated cell death and discuss the evidence for NAD+ depletion versus
PAR polymer formation as the critical step in triggering caspase-independent ischemic cell
death. The importance of this cell death pathway to cell death in the male and female brain,
which may have different molecular” executioners”, will also be discussed.

PARP-1 Mediated Cell Death
PARP-1 is a 116kDa DNA repair enzyme comprised of an N-terminal DNA-binding
domain, an automodification domain, and a C-terminal catalytic domain (Hong et al., 2004).
PARP-1 binds to damaged DNA and cleaves NAD+ into nicotinamide and ADP-Ribose,
which forms PAR polymers on histones, neighboring proteins, and PARP-1 itself (Figure
2a) (Pacher and Szabo, 2008). PAR polymers are formed by PARP-1 activity, which
suggests that any substrate of PARP-1 is vulnerable to the effects of PAR polymers. Poly
ADP-Ribosylation adds a large structure, which can inhibit protein function, as well as alter
charge. PAR has also been linked to p53 and caspases, which play important roles in
apoptosis (Hong et al., 2004). PAR polymers have been shown to bind to transcription
factors, proteins of the high mobility group, topoisomerases, and PARP-1. Excessive
amounts of PAR polymers work in cooperation with acetylation, methylation, and
phosphorylation to remodel chromatin. PAR polymers also have a negative charge, which
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cause repulsion and transcriptional repression (Chiarugi, 2002). Excessive PAR polymer
formation is toxic to the cell and mediates nuclear translocation of AIF leading to DNA
damage and cell death (Andrabi et al., 2006, Yu et al., 2006). AIF in the cytosol causes
depolarization of the mitochondria and exposure of phosphatidylserine on the plasma
membrane. AIF in the mitochondria also causes release of cytochrome-c and caspase-9
demonstrating the inter-relation between cell death pathways. AIF in the nucleus induces
condensation of chromatin and cleaves DNA into characteristic 50kb fragments, inducing
cell death (Susin et al., 1999).

Ischemic cell death is initiated by Ca2+ influx into neurons through activated NMDA
receptors, acid sensing ion channels (ASICs) (Xiong et al., 2008), and activation of TRPM7
channels (MacDonald et al., 2006). Ca2+ influx activates neuronal nitric oxide synthase
(nNOS) leading to increased nitric oxide (NO) production (Beckman and Crow, 1993). NO
combines with the free radical superoxide forming peroxynitrite (ONOO−), a major cause of
oxidative and nitrosative DNA damage (Crow and Beckman, 1995). Superoxide formation is
induced by NMDA receptor activation of the cytoplasmic enzyme, NADPH oxidase.
Inhibition of NADPH oxidase by apocynin or deletion of gp91−/−, a subunit of NADPH
oxidase reduces damage in stroke models (Chen et al., 2009). DNA damage secondary to
rising levels of oxygen free radicals such as ONOO-activates the DNA repair enzyme
PARP-1, which requires both NAD+ and ATP for its function. During stroke, excessive
DNA damage leads to over-activation of PARP-1 depleting both NAD+ and ATP in the cell
(Ying et al., 2005). PARP-1 activation also results in the formation of PAR polymers
(Figure 2) that are implicated in the translocation of the pro-apoptotic molecule AIF from
the mitochondria to the nucleus (Andrabi et al., 2006, Yu et al., 2006). AIF subsequently
exacerbates DNA damage by effecting nuclease activity, and combined with PARP-1 over-
activation depleting the cell’s energy stores leads to cell death (Figure 1) (Yu et al., 2003).
These effects are not blocked by caspase inhibitors, leading to the characterization of this
pathway as “caspase-independent” (Yu et al., 2000), although there is cross talk between
these cell death pathways. Caspase independent cell death has been well characterized with
the utilization of different knockout mice including nNOS−/−, PARP-1 −/−, and Harlequin
mice (which have an 85% knockdown of AIF) (Ayata et al., 1997, Eliasson et al., 1997,
Klein et al., 2002). In these studies, examination of mice with these targeted deletions all
yielded the same results: decreased susceptibility to infarction as compared to wild-type
littermates (McCullough et al., 2005, Yuan et al., 2009). The beneficial effects of the loss of
nNOS, PARP-1 or AIF have been confirmed in neuronal cultures derived from fetal brain
(Cao et al., 2003, Eliasson et al., 1999, Eliasson et al., 1997, Huang et al., 1994).
Neuroprotection was also seen in mice treated with pharmacological inhibitors of nNOS and
PARP-1 (McCullough et al., 2005). Neuronal cultures treated with these same inhibitors
resulted in a similar neuroprotection (Abdelkarim et al., 2001, Virag and Szabo, 2002,
Yoshida et al., 1994). These data suggest both PARP-1 mediated PAR polymer induced AIF
play an integral role in caspase-independent ischemic cell death.

PAR Polymer Mediated AIF Translocation in Cell Death
Stroke-induced PAR polymer formation has been observed in both in vivo (adult) and in
vitro (neonatal) models of ischemia (Eliasson et al., 1997, Endres et al., 1997, Tokime et al.,
1998). This can be ameliorated by PARP-1 inhibition or deletion (Hagberg et al., 2004,
McCullough et al., 2005, Takahashi et al., 1999, Yuan et al., 2009). PAR accumulation is
present in the ischemic human brain (Love et al., 2000), suggesting that this may be an
appropriate therapeutic target in clinical models. Cell death can be induced by either
increasing the production of PAR, or by decreasing its degradation. PAR polymers are
cleaved into ADP-ribose by the enzyme poly ADP-Ribose Glycohydrolase (PARG).
Complete PARG gene deletion is embryonic lethal (Koh et al., 2004), but animals with
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deletion of the 110kDa isoform of PARG developed normally. However, when this animal is
exposed to stroke, excessive PAR polymers form, leading to an increase in stroke damage
compared to WT mice. These data suggest that rising levels of PAR play an important role
in the induction of caspase-independent cell death. This is further confirmed in mice
overexpressing PARG, which have lower levels of cellular PAR and a reduction in stroke-
induced injury (Andrabi et al., 2006). It is unclear if these animals also have metabolic
derangements or changes in NAD+ levels after injury. In addition, direct injection of PAR
polymers into cells in vitro, leads to rapid and robust nuclear AIF translocation with
subsequent cell death that is correlated with the length of the polymer (Andrabi et al., 2006).
It is not known if this is also accompanied by NAD+ loss, but this work suggests that PAR
accumulation is the final executioner in ischemic cell death.

Energy Metabolism and NAD+ Depletion
Glycolysis produces pyruvate from glucose through a multi-step process including the
conversion of NAD+ to NADH. Under pathological conditions cytosolic NAD+, which is
normally utilized during glycolysis, is depleted by the over activation of PARP-1. This
impairs both anaerobic glycolysis and mitochondrial aerobic respiration. NAD+ is
synthesized de novo from exogenous tryptophan or nicotinic acid, or endogenously via
recycling of the NAD+ byproduct nicotinamide (Figure 3) (Yang and Sauve, 2006).
Nicotinamide Phosphoribosyltranferase (Nampt) is the rate-limiting enzyme in the pathway
producing NAD+ from nicotinamide. Nampt converts nicotinamide into nicotinamide
mononucleotide (NMN) (Garten et al., 2009,Imai, 2009,Magni et al., 2004). The NAD+
recycling pathway is activated under cellular stress when exogenous precursors are not
readily available. Activation of NAD+ recycling functions to restore NAD+ levels, but as
cellular stores of ATP are depleted, the cell cannot support NAD+ salvage leading to further
energy failure and cell death (Chiarugi, 2002,Suh et al., 2007,Yang and Sauve, 2006).

As described earlier, PARP-1 requires NAD+ to perform its functions as a DNA repair
enzyme. A family of enzymes known as Sirtuins are NAD+ dependent deacetylases that are
involved in both longevity and the response to stroke (Garten et al., 2009, Tang and Chua,
2008). Sirtuins function by hydrolyzing NAD+ into acetyl-ADP ribose, nicotinamide, and
deacetylated proteins (histones H3 and H4, NFkB, p53, and FOXO for example) (Fulco and
Sartorelli, 2008, Saunders and Verdin, 2007). The role played by Sirt-1 in ischemic cell
death and how it interacts with NAD+ is complex. Sirt-1 is a known inducer of longevity,
regulates stress responses and metabolism (Howitz et al., 2003, Wood et al., 2004). Sirt-1
has also been implicated in the sequestration of the pro-apoptotic Bax protein, which leads
to decreased cell death (Cohen et al., 2004). Transgenic mice overexpressing Sirt-1 have a
phenotype similar to that of an animal experiencing caloric restriction (Bordone et al.,
2007), which also extends lifespan and reduces stroke injury (Longo, 2009, Ungvari et al.,
2008). Resveratrol, a polyphenol found in red wine and Sirt-1 activator, mimics ischemic
preconditioning where exposure to a sub-lethal dose of ischemia leads to neuroprotection in
part by Sirt-1 activation (Della-Morte et al., 2009) when the brain is subsequently
challenged with lethal ischemia (Cadet and Krasnova, 2009). The neuroprotection seen in
these studies was abolished by sirtinol, a Sirt1 inhibitor (Chong et al., 2005, Della-Morte et
al., 2009, Raval et al., 2006). It is important to remember that Sirt-1 is an NAD+ dependent
enzyme. Activation of Sirt-1 is neuroprotective, but when NAD+ is not readily available,
activation of Sirt-1 can further deplete NAD+, which is detrimental to energy homeostasis in
the cell (Liu et al., 2009a).
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Examining PARP-1 mediated cell death from a different angle
A study performed in neuronal cultures found that N-methyl-N-nitro-N-nitrosoguanidine
(MNNG), a strong alkylating agent resulting in DNA double-strand breaks, led to robust
AIF translocation but only partial loss of NAD+ and ATP (Fossati et al., 2007). This
suggests that it is PAR polymer mediated AIF translocation that leads to cell death as
opposed to PARP-1 mediated NAD+ depletion. However, other studies have found that
MNNG induction of cell death depleted cytosolic NAD+, inhibiting glycolysis (Ying et al.,
2005). This is especially relevant to stroke as cytosolic NAD+ depletion renders glucose
unusable, and glucose is the only metabolic substrate utilized by the brain under normal
(non-hypoxic) conditions. Although constituting only 2% of body mass, the brain utilizes up
to 20% of the body’s supply of oxygen and glucose (Alle et al., 2009, Magistretti and
Pellerin, 1999, Pellerin et al., 1998). Consumption increases in proportion to neuronal
activity, as energy is required to restore membrane potentials after postsynaptic potentials
(Alle et al., 2009, Magistretti and Pellerin, 1999). Given the high metabolic energy demands
of the brain and its relative intolerance to ischemia, hypoxia, and energy depletion, the role
of NAD+ is critical to neuronal function and survival. During ischemia, activation of
glycolysis occurs via increased phosphofructokinase (PFK-2) the enzyme that catalyzes the
rate-limiting step in glycolysis, increasing fatty acid oxidation and inhibiting glycogen
synthesis (Almeida et al., 2004). This leads to increases in ATP, providing energy for
energy-depleted neurons. However, unlike peripheral tissues, there is minimal, if any,
activation of PFK-2 in neurons (Vilchez et al., 2007), making them unable to produce ATP
via glycolysis, the major ATP-generating pathway activated during hypoxia. In addition,
neurons do not oxidize fatty acids efficiently, and have no glycogen stores, explaining the
exquisite sensitivity of neurons to ischemic damage. Astrocytes can metabolize glucose into
lactate through glycolytic pathways, oxidize fatty acids to form ketones and store some
glycogen (Bouzier-Sore et al., 2002) providing a short-term energy supply for ischemic
neurons (Pellerin and Magistretti, 1994, Tsacopoulos and Magistretti, 1996). However these
compensatory strategies are easily exhausted during the severe ischemia seen in stroke.

Although astrocytes initially protect neurons, increasing glycolysis and producing lactate for
use by neighboring neurons, providing fuel for synaptic activity (Magistretti et al., 1993,
Pellerin and Magistretti, 1994, Tsacopoulos and Magistretti, 1996), with ongoing ischemia,
increasing acidosis and lactate production inhibits astroglial glycolysis. These complex
metabolic interactions between glia and neurons illustrate the importance of examining the
effects of NAD+ repletion in vivo. Administration of Nicotinamide, a precursor to NAD+ is
protective after an induced stroke in both adult male mice and neonatal rat models
(Klaidman et al., 2003, Sadanaga-Akiyoshi et al., 2003, Feng et al., 2006). Nicotinamide has
been shown to prevent NAD+ depletion and reduce ischemic damage in rat cortical neuron
cultures (Liu et al., 2009a). NAD+ has also been examined in primary astrocyte culture
models. Astrocytes challenged with the DNA alkylating agent MNNG had decreased
intracellular NAD+ levels leading to an increase in cell death. However, simply
administering exogenous NAD+ or NADH was able to rescue astrocytes from cell death
(Ying et al., 2003, Zhu et al., 2005). NAD+ repletion allowed the cell to continue glycolysis
with subsequent ATP production. This suggests that energy failure is the primary cause of
cell death, and if this can be aborted other pathways (i.e., PARP1) became less relevant.
Besides affecting glycolysis NAD+ repletion inhibited mitochondrial membrane
depolarization, mitochondrial permeability transition pore (MPT) formation, and AIF
translocation (Alano et al., 2004). PARP-1 inhibition with NU1025 reduced infarction, PAR
polymer formation, and NAD+ depletion (Kaundal et al., 2006). These studies implicate
NAD+ depletion in cell death, but did not directly examine levels of PAR polymer. If NAD
+ levels do not drop DNA damage may not occur and PARP will not be activated, making it

Siegel and McCullough Page 5

Acta Physiol (Oxf). Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



difficult to determine if NAD or PARP is the executioner of caspase independent cell death.
However, recent studies have tried to separate these two mechanisms.

What plays the role of executioner in ischemic cell death?
The majority of the studies presented in this review have focused on NAD+ and PARP-1 vs.
PAR and AIF as the primary trigger for non-caspase mediated cell death. It is important to
remember that there are multiple regulatory steps in these cascades and that caspase-
dependent and caspase-independent cell death is not mutually exclusive. AIF and caspases
work together in the cell death cascade, and their contribution may depend on the specific
apoptosis-inducing stimulus and perhaps the cell type. In several cases, it appears that the
simultaneous neutralization of caspases and AIF is required to prevent hallmarks of
apoptosis such as chromatin condensation.

A recent study combined the two in an attempt to determine which mechanism primarily
executes caspase-independent cell death. NAD+ repletion prevented glycolytic inhibition,
mitochondrial depolarization, and AIF translocation despite an ongoing increase in PAR
polymer formation. It was also shown that AIF translocation occurred in PARP-1 −/−
animals (which have much less PAR polymer formation due to the lack of PARP) as a result
of NAD+ depletion (Alano et al., 2010). This demonstrates that NAD+ depletion can,
independently of PARP elevation and PAR formation, induce AIF translocation and
subsequent caspase independent cell death. NAD+ may be the critical molecule regulating
cell death in this pathway, with PAR formation simply reflecting an “epiphenomenon” of
injury rather than a causal factor to cell death. However, others have shown direct injections
of PAR polymers are directly cytotoxic, with increasing toxicity with increasing length and
complexity of the polymer (Andrabi et al., 2006). Importantly, NAD+ levels were not
examined, and it is possible that these polymers caused NAD+ loss with subsequent AIF
translocation and cell death.

Can sex differences clarify the role of NAD+ depletion vs. PAR Polymer
formation in stroke-induced cell death?

More recently, studies have shown that sex differences exist in the “sensitivity” of male and
female brain to specific cell death pathways activated by ischemic injury (Lang and
McCullough, 2008, Turtzo and McCullough, 2008). In cell culture models, neurons derived
from female embryos were more vulnerable to induction of cell death by cytochrome-c and
caspases, while male-derived cortical neurons were more susceptible to cell death by the
induction of PARP-1 and translocation of AIF (Du et al., 2004). This has been further
supported by subsequent studies in neonatal hypoxic injury and adult MCAO models. The
pan caspase inhibitor Q-VD-OPH was neuroprotective in female animals, but had no effect
in males (Liu et al., 2009b, Renolleau et al., 2007). In contrast, genetic deletion or
pharmacological inhibition of nNOS or PARP-1 was neuroprotective in males, but
exacerbated stroke induced damage in neonatal, adult, and aging females (Hagberg et al.,
2004, McCullough et al., 2005, Zhu et al., 2006). These data suggest that the female brain is
exquisitely sensitive to caspase dependent cell death and that of males by caspase
independent mechanisms involving PARP-1 activation and AIF translocation.

Both NAD+ depletion and PAR polymer formation occur in stroke, and both could be the
final “executioner” for caspase-independent cell death. However, our work in the female
brain has shed some light on this issue. We have shown that although PAR polymer
formation is higher in the male brain (Figure 2b); downstream AIF translocation occurs to
an equal extent in both sexes (Yuan et al., 2009). Genetic loss of PARP-1, with associated
amelioration of PAR polymer formation and AIF translocation led to neuroprotection in
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males, but exacerbated injury in females (Yuan et al., 2009). Why females seem to be more
tolerant to activation of PARP-1, PAR polymer formation, or AIF translocation is not yet
known, but it is clear that reducing PAR or AIF has no effect on stroke outcome or
paradoxically worsens injury. This suggests that neither AIF nor PAR polymers are the final
executioners in caspase-independent cell death, at least in females. As inhibition or deletion
of PARP-1 leads to reduction in both PAR formation and AIF translocation and
neuroprotection in males, the contribution of PARP activation or NAD+ loss to cell death is
more difficult to separate. Obviously the next series of experiments that should be
performed to directly answer these questions are to examine NAD+ levels in ischemic brains
of PARP knockout and wild-type male and female mice. If pronounced NAD+ loss is seen
in PARP knockout females, or if the detrimental phenotype of PARP female mice can be
rescued with NAD+ repletion, then it is likely that NAD+ loss is the trigger for caspase
independent cell death. We would expect that PARP knockout males would have
preservation of intra-ischemic NAD+, thus leading to neuroprotection. Preliminary findings
in our lab suggest that PARP-1 −/− females have significantly more rapid and severe
ischemia-induced NAD+ depletion compared to WT females, consistent with the hypothesis
that NAD+ loss is the causative factor in caspase independent cell death.

It is not yet known if sex differences exist in NAD+ levels. Emerging work suggests that
males have a rapid reduction in NAD+ after an induced stroke, which is blunted in the
female brain. If NAD+ loss is the critical factor inducing cell death, and females have higher
levels of NAD+, retain NAD+ longer, or recycle NAD+ more efficiently, this could explain
the relative “insensitivity” of females to PARP-1 (polymer) mediated cell death, as
activation of PARP-1 (which occurs to the same levels as in males) would not lead to as
dramatic of a NAD+ loss, reducing the main trigger for ischemia-induced cell death. It is
also possible that loss of PARP-1 could “shunt” cells into a more detrimental pathway in the
female brain, in this case, caspases. Caspase activation is increased in WT females, and
caspases cleave PARP-1 (Garnier et al., 2003). We have recently found (unpublished
results) that female PARP-1 knockout mice demonstrate higher levels of caspase activation
after injury, and that the detrimental effect of PARP-1 deletion can be rescued by
administration of a pan-caspase inhibitor. However, how levels of NAD+ change in these
models has yet to be evaluated. NAD+ and PAR polymer levels must also be examined to
confirm the hypothesis that NAD+ depletion is the important triggering event leading to
caspase-independent cell death (Figure 4).

Summary
The PARP-1 inhibitor minocycline is in clinical trial to treat stroke patients, but preclinical
data suggest it may be more efficacious in males (Lampl et al., 2007). NAD+ repletion in
vivo leads to neuroprotection, but NAD+ or the NAD+ precursor Nicotinamide has only
been evaluated when given prior to the induction of ischemia and in male animals.
Obviously, a more translational approach is to supplement NAD+ after the ischemic event,
as many stroke patients do not come to medical attention for several hours. Whether NAD+
repletion can still salvage ischemic neurons at this late time-point, when metabolic failure
and PARP-1 activation is in full swing, is not yet known. In vitro studies suggest that NAD+
repletion is effective even when given after injury (Alano, et. al., 2010) and ongoing studies
in our lab are investigating this in MCAO models in animals of both sexes. If females have
delayed loss of NAD+, or higher baseline levels of NAD+, the effect of NAD+ repletion
may differ compared to males. Perhaps females will respond better to this therapy, whereas
males, if they have very rapid loss of NAD+, may not nave any “salvageable NAD+”
remaining. Neuronal uptake of NAD+ occurs via the P2X7 receptor, and ongoing studies are
examining expression and function of this receptor in experimental stroke. The effects of
NAD+ repletion on energy metabolism and NAD+ dependent enzymes in the brain also
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remain unknown. The current literature suggests that NAD+ is the critical mediator of the
caspase-independent cell death, which plays an important role in the male brain. Future
studies focusing on this pathway must take sex differences into account when designing
experiments and possible therapeutic interventions.
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Figure 1.
Caspase-Independent Cell Death Cascade. Ischemia causes calcium influx through multiple
channels including, NMDA, ASIC, and TRPM7, which leads to increased neuronal nitric
oxide synthase (nNOS), and generation of peroxynitrite (ONOO−) from nitric oxide (NO)
and superoxide (O2

−), damagings DNA. O2
− is generated from NMDA receptor activation

of NADPH oxidase. The DNA repair enzyme PARP-1 is activated utilizing cellular NAD+
forming PAR polymers, which cause nuclear translocation of AIF further damaging DNA.
Cell death occurs from AIF-mediated DNA degradation and NAD+ depletion causing
energy failure. What plays the role of executioner?
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Figure 2.
PAR Polymer Formation and Degradation. (A) PARP-1 encounters DNA strand breaks.
PARP-1 breaks down NAD+ into Nicotinamide (NA) and forms PAR polymers while
repairing DNA. PAR polymers are toxic, and attach to neighboring proteins and PARP-1
itself. PARG degrades PAR Polymers, and under normal conditions keeps toxic PAR
polymers at low levels. (B) Western blot illustrating sex differences in PAR polymer
formation. Male mice have increased PAR Polymer formation compared to shams and
females 2, 6, 12, and 24 hours after 90 minute MCAO (Yuan et. al., 2009). Note AIF
translocation is equivalent between the sexes after injury.
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Figure 3.
NAD+ Biosynthesis. De Novo NAD+ synthesis starts with the conversion of Nicotinic Acid
to Nicotinic Acid Mononucleotide (NAMN) by nicotinic acid phosphoribosyltransferase
(npt). NAMN is then converted to Nicotinic acid adenine dinucleotide (NAAD) by nicotinic
acid/nicotinamide mononucleotide adenylyltransferase (Nmnat). NAAD is finally converted
to NAD+ by NAD synthetase. The salvage pathway utilizes Nicotinamide, which is
converted to Nicotinamide mononucleotide (NMN) by nicotinamide
phosphoribosyltranferase (Nampt). Nmnat then converts NMN to NAD+. The salvage
pathway is continually active as NAD+ is degraded by PARP-1 and other proteins (adapted
from Yang and Sauve, 2006).
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Figure 4.
NAD+ vs. PAR Polymers in Caspase-Independent Cell Death. This cartoon depicts the
dichotomy in the caspase-independent cell death cascade (exaggerated for clarity as
significant overlap likely occurs in vivo). There is cross talk between PARP-1 and NAD+
depletion, but NAD+ depletion caused glycolytic inhibition, mitochondrial depolarization,
AIF translocation, and cell death without PARP-1 activation. Although PARP-1 activation
causes PAR polymer formation, AIF translocation and cell death does not necessarily
follow. The reviewed literature suggests that NAD+ depletion is necessary and plays the role
of executioner in the caspase-independent cell death pathway.
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