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Abstract
Poly(ADP-ribose) polymerase-1 (PARP-1) plays a pivotal role in multiple neurologic diseases by
mediating caspase-independent cell death, which has recently been designated parthanatos to
distinguish it from other forms of cell death such as apoptosis, necrosis and autophagy. Mitochondrial
apoptosis-inducing factor (AIF) release and translocation to the nucleus is the commitment point for
parthanatos. This process involves a pathogenic role of poly (ADP-ribose) (PAR) polymer. It
generates in the nucleus and translocates to the mitochondria to mediate AIF release following lethal
PARP-1 activation. PAR polymer itself is toxic to cells. Thus, PAR polymer signaling to
mitochondrial AIF is the key event initiating the deadly crosstalk between the nucleus and the
mitochondria in parthanatos. Targeting PAR-mediated AIF release could be a potential approach for
the therapy of neurologic disorders.
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1. Introduction
Apoptosis-inducing factor (AIF) is a mitochondrial flavoprotein contributing to both cell life
and death (Boujrad, et al., 2007, Krantic, et al., 2007, Modjtahedi, et al., 2006). Under
physiological conditions, AIF maintains mitochondrial structure (Cheung, et al., 2006) and
plays an essential role in oxidative phosphorylation (Joza, et al., 2005, Vahsen, et al., 2004).
Conversely, under pathological conditions, AIF is a key mediator of caspase-independent cell
death. Although the mechanism of how AIF contributes to cell death is obscure, one pivotal
event is that mitochondrial AIF translocates to nucleus, where it induces chromatin
condensation and large-scale DNA fragmentation (≈ 50 kb) leading to cell death (Susin, et al.,
1999).
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AIF is a key factor that mediates poly (ADP-ribose) polymerase-1 (PARP-1)-dependent cell
death (Yu, et al., 2002). PARP-1-mediated cell death differs from other forms of cell death,
such as apoptosis, necrosis and autophagy (Table 1). It causes phosphatidylserine flipping onto
the outer plasma membrane, dissipation of mitochondrial membrane potential, chromatin
condensation and large DNA fragmentation (Delettre, et al., 2006, Delettre, et al., 2006, Susin,
et al., 1999, Wang, et al., 2004, Yu, et al., 2002). However, unlike apoptosis, it does not cause
apoptotic body formation or small scale DNA fragmentation. Moreover, PARP-1-induced cell
death cannot be rescued by pan-caspase inhibitors, such as z-VAD-fmk and boc-aspartyl-fmk
(BAF) (Yu, et al., 2002). Although PARP-1-mediated cell death shows loss of membrane
integrity similar to necrosis, it does not induce cell swelling (Wang, et al., 2004, Yu, et al.,
2002). It also clearly differs from autophagy, which involves autophagic vacuoles formation
and lysosomal degradation (Edinger and Thompson, 2004, Kroemer, et al., 2005). These
observations suggest that PARP-1-mediated cell death is unique compared with apoptosis,
necrosis and autophagy. To distinguish from other forms of cell death, PARP-1-mediated cell
death is named as parthanatos, after poly(ADP-ribose) (PAR) polymer, which is a product of
PARP-1 activation and thanatos, which is the Greek personification of death and mortality
(Harraz, et al., 2008).

The roles of AIF and parthanatos have been widely implicated in some neurologic diseases.
Recently, new progress has been made to elucidate the mechanism of mitochondrial AIF release
in different forms of cell death. Our group found that nonprotein PAR polymer functions as a
cell death signal and plays a pivotal role in mitochondrial AIF release in parthanatos (Andrabi,
et al., 2006, Yu, et al., 2006). Here, we review biological properties and functions of AIF in
neurologic diseases and the mechanism of mitochondrial AIF release.

2. AIF properties and mitochondrial location
AIF, which was initially identified from mouse liver mitochondria following permeability
transition pore opening, comprises 16 exons and is located on chromosome X (Susin, et al.,
1999). It is synthesized as a 67 kDa-precursor in the cytoplasm and imported into mitochondria.
It contains a predicted mitochondrial localization sequence (MLS) in its N-terminus (Fig. 1).
During mitochondria import, AIF is processed to the mature 62 kDa form by cleavage at Met53/
Ala54 (Figure 1B) (Otera, et al., 2005). Although previously, mature AIF was thought to exist
as a 57 kDa soluble species (Susin, et al., 1999), now evidence from different laboratories
clearly indicates that the mature AIF is 62 kDa (Cao, et al., 2007, Otera, et al., 2005).

AIF is thought to be primarily located in the intermembrane space of mitochondria (Susin, et
al., 1999). Otera et al. showed that the mature AIF is produced by cleaving off the N-terminal
52 amino acids, but not the N-terminal 101 amino acids. Therefore it contains a hydrophobic
transmembrane segment (amino acid residues 66–84). Presumably mature AIF is a type-I inner
membrane protein with the N-terminus exposed to the matrix and the C-terminal portion to the
intermembrane space (Otera, et al., 2005). If this is the case, AIF has to be processed into a
soluble form by removing the hydrophobic transmembrane segment after cell death
stimulation. Thus, compared to cytochrome c (cyt c), AIF would take a longer time to
translocate to nucleus. However, AIF release occurs earlier than that of cyt c in certain cell
death paradigms, such as parthanatos (Wang, et al., 2004, Yu, et al., 2002). Considering that
AIF is a much larger protein than cyt c, the relative kinetics of AIF translocation to the nucleus
versus cyt c release from mitochondria is puzzling. One possible explanation could be that a
second pool of AIF exists in mitochondria. For instance, perhaps a pool of AIF is localized at
the outer mitochondrial membrane. Upon PARP-1 activation, AIF quickly responds to the cell
death signal and translocates from the mitochondria to the nucleus as an uncleaved form. It is
reasonable to speculate that different mechanisms might be involved in mitochondrial AIF
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release due to its localization. Therefore, it is important to further study the localization of AIF
at the submitochondrial level.

The crystal structure of AIF reveals that AIF is comprised of three putative functional domains:
1) a N-terminal FAD binding domain, 2) a central NADH binding domain and 3) a C-terminal
domain (Figure 1A) (Mate, et al., 2002, Susin, et al., 1999). The first two domains compose
the oxidoreductase part of AIF, which confers electron transfer activity to the protein (Delettre,
et al., 2006, Miramar, et al., 2001). The C-terminal domain mainly contributes to the caspase-
independent cell death properties of AIF (Delettre, et al., 2006). AIF is ubiquitously expressed
in different tissues contributing to both cell life and death. So far, four isoforms of human AIF
have been identified: AIF-exB, AIFsh, AIFsh2 and AIFsh3 (Figure 1A) (Delettre, et al.,
2006, Delettre, et al., 2006, Loeffler, et al., 2001). AIF-exB contains an alternative exon 2b
instead of the original exon 2, which does not affect AIF-exB mitochondrial import and
function (Loeffler, et al., 2001). AIFsh (AIF short) is a cytosolic protein comprising seven
exons derived from exons 10 to 16 (Delettre, et al., 2006). Although it lacks the N-terminal
oxidoreductase domain, AIFsh still provokes chromatin condensation and large-scale DNA
fragmentation, supporting that the oxidoreductase part of AIF is not necessary for the induction
of cell death (Delettre, et al., 2006). AIFsh2 is a newly identified mitochondrial spliced isoform
with NADH oxidase activity (Delettre, et al., 2006). It contains the AIF MLS and the
oxidoreductase domain, but lacks the C-terminus. Therefore, AIFsh2 cannot translocate to
nucleus to trigger chromatin condensation and DNA fragmentation. Under physiological
conditions, AIFsh2 mRNA is absent in normal brain tissue, but it is expressed in
neuroblastoma-derived cells. AIFsh3 has a similar structure as AIFsh2 with the splicing of
exon 2, which leads to the loss of MLS. The expression of AIF-exB, AIFsh, AIFsh2 and AIFsh3
is regulated independently from the expression of AIF. However, it still remains unknown what
events lead to differential splicing of AIF and the role of these different AIF isoforms in cell
death and survival needs further investigation.

3. AIF functions and AIF release mechanisms
3.1 AIF and cell death/survival

AIF is a bifunctional flavoprotein with a vital function in bioenergetics within mitochondria
and a lethal function in cell death when it moves to the nucleus. During cortical development,
AIF is required for neuronal cell survival (Cheung, et al., 2006). It is involved in normal
mitochondrial respiration in neurons possibly by stabilizing mitochondrial complex I (Joza, et
al., 2005) or maintaining mitochondrial structure (Cheung, et al., 2006). Loss of AIF in muscle
leads to mitochondrial dysfunction, skeletal muscle atrophy and dilated cardiomyopathy (Joza,
et al., 2005), but it protects cells from the consequences of obesity and diabetes (Pospisilik, et
al., 2007). Forebrain-specific AIF null mice have defective cortical development and die by
E17 (Cheung, et al., 2006). Harlequin mice, which have an 80% reduction in AIF expression,
develop oxidative stress-mediated neurodegeneration (Klein, et al., 2002). Similarly, AIF null
embryos die around embryonic day E12 (Cheung, et al., 2006). All these data suggest that AIF
plays an important role in cell survival.

Apart from its cytoprotective role, AIF is also a key cell death effector that mediates PARP-1-
dependent cytotoxicity in many different cell types (Ruchalski, et al., 2003, Yu, et al., 2002).
Upon N-methyl-N′-nitro-N-nitrosoguanidine (MNNG)-induced DNA damage and PARP-1
activation in mouse embryonic fibroblasts, AIF translocates from the mitochondria to nucleus,
resulting in large-scale DNA fragmentation and cell death (Yu, et al., 2002). AIF-deficient
cortical neurons prepared from harlequin mice are more resistant to N-methyl-D-aspartic acid
(NMDA) toxicity (Yu, et al., 2002). Moreover, PARP-1 chemical inhibitors, PARP-1 genetic
ablation, AIF knockdown, or neutralizing anti-AIF antibodies prevents AIF translocation to
the nucleus and inhibits alkylating DNA damage-mediated cell death in a variety of
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experimental paradigms (Lorenzo and Susin, 2007, Moubarak, et al., 2007, Xu, et al., 2006,
Yu, et al., 2002), indicating a pivotal role of mitochondrial AIF release and nuclear
translocation in parthanatos. This process is not blocked by the broad-spectrum caspase
inhibitors, boc-aspartyl-fmk or Z-VAD-fmk in mouse embryonic fibroblasts (Yu, et al.,
2002). In the presence of the pan-caspase inhibitor z-VAD-fmk, the release of AIF from
mitochondria and translocation to the nucleus is also observed in HeLa cells and some other
cell types (Gallego, et al., 2004, Susin, et al., 1999, Yu, et al., 2002). Therefore, AIF is the
commitment point for parthanatos, which is independent of caspase activation.

However, in other forms of cell death where caspases are activated, AIF release from
mitochondria has been observed (Arnoult, et al., 2002, Daugas, et al., 2000). Cell death stimuli,
like tumor necrosis factor-α and CD95 triggers the sequential activation of caspase 9, apoptotic
protease activating factor-1 (Apaf-1) and caspase 3. Caspases then activate endonucleases
leading to DNA fragmentation. In this process, caspases are the key cell death effectors. The
role of AIF is not clear even though it translocates. In camptothecin induced neuronal cell death
when caspases are blocked, AIF mediates delayed cell death that is caspase-independent
(Cregan, et al., 2002). Perhaps, AIF release from mitochondria helps consolidate the death
process by providing an alternative mechanism of cell death that does not require caspase
activation. Under situations where AIF translocates due to caspase activation, it may just
represent epiphenomenon resulting from caspase activation and subsequent mitochondrial
membrane depolarization. Thereby, AIF might not actually contribute to cell death under
conditions of caspase activation.

3.2 Mitochondrial AIF release mechanisms
AIF release from the mitochondria and translocation to the nucleus is a central event in
parthanatos. Interfering with AIF translocation to the nucleus could be a potential therapeutic
target to prevent cell death. Several studies have shown that mechanisms for the release of AIF
from mitochondria under different cell death stimuli or experimental conditions involve
calpains or capthepsins. Recently, PAR polymer has been identified to serve as a cell death
signal provoking AIF release from mitochondria (Andrabi, et al., 2006, Yu, et al., 2006).

3.2.1 PAR-mediated AIF release
3.2.1.1 PARP-1 activation, PAR generation and cell death: PARP-1 is the most extensively
studied nuclear enzyme of the PARP superfamily which includes 17 putative PARP proteins
based on protein domain homology and enzymatic functions (Dawson and Dawson, 2004,
Schreiber, et al., 2006). PARP-1 consists of three major functional domains: 1) a 42-kDa N-
terminal DNA-binding domain, containing two zinc-finger motifs and a nuclear localization
sequence (NLS), which recognizes both double- and single-stranded DNA breaks; 2) a 16-kDa
central automodification domain which is thought to be the target of self-poly-(ADP-ribosyl)
ation and 3) a 55-kDa C-terminal catalytic domain containing both the NAD binding site and
the catalytic domain which synthesizes PAR (Kameshita, et al., 1984). PARP-1 is potently
activated by DNA strand nicks and breaks and facilitates DNA repair (Lautier, et al., 1993,
Smulson, et al., 2000). Ischemic injury can also induce PARP-1 activation by massive release
of the excitatory neurotransmitter glutamate. Activation of three subtypes of glutamatergic
ionotropic receptors: N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and kainate receptors, leads to calcium influx, nitric oxide
(NO) and reactive oxygen species (ROS) generation. Superoxide can combine with NO
forming peroxynitrite (ONOO-). Excessive production of peroyxnitrite and other free radicals
induces chromosomal DNA nicks and breaks, resulting in PARP-1 activation (Figure 3)
(Dawson and Dawson, 2004). In addition, a variety of environmental stimuli, free radicals,
hydrogen peroxide, hydroxyl radical, peroxynitrite, ionizing radiation and DNA-alkylating
agent MNNG also triggers DNA strand nicks and breaks and subsequent PARP-1 activation.
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Upon activation, PARP-1 transforms nicotinamide adenine dinucleotide (NAD+) into long
PAR polymers (Figure 2) and transfers them to a variety of nuclear proteins, including histones,
DNA polymerases, topoisomerases, DNA ligase-2, transcription factors and PARP-1 itself
(Lautier, et al., 1993,Smulson, et al., 2000). NAD+ is a cofactor for glycolysis and the
tricarboxylic acid cycle, thus providing ATP for most cellular processes (Hageman and
Stierum, 2001). Overactivation of PARP-1 results in NAD+ utilization and depletion of cellular
NAD+ and ATP levels. It has been suggested that this might cause cell death, but subsequent
studies indicate that energy depletion alone might not be sufficient to mediate PARP-1-
dependent cell death. Data in an experimental stroke model showed that preservation of energy
stores in PARP-1 knockout mice is not the mechanism underlying the reduction in infarct
volume (Goto, et al., 2002). Moreover, studies in primary cell cultures indicate that energy
depletion may not be a primary factor in PARP-1 mediated cell death (Fossati, et al.,
2007,Moubarak, et al., 2007).

In the PARP superfamily, PARP-1 is responsible for > 90% PAR polymer generation
(D’Amours, et al., 1999, Dawson and Dawson, 2004). The basal levels of PAR are very low.
However, excessive activation of PARP-1 leads to 10–500-fold increase in PAR polymer
formation (D’Amours, et al., 1999). PAR polymers could reach lengths of hundreds of ADP-
ribose units depending on the extent and type of DNA damage (Hassa, et al., 2006). Poly (ADP-
ribosyl)ation is a post-translational modification that is involved in a wide range of
physiological and pathophysiological processes (Hassa, et al., 2006). PARP-1-mediated poly
(ADP-ribosyl)ation modifies the charge distribution of acceptor proteins and increases the
hindrance of proteins by the addition of a bulky and complex negatively charged structure
(Hong, et al., 2004). This modification can result in inhibition of the physiological functions
of acceptor proteins. The exact function of this modification may also vary among different
acceptor proteins. Severe poly (ADP-ribosyl)ation of key cellular proteins might lead to cell
death. Recently, it was shown that PARP-1-mediated p53-poly(ADP-ribosyl)ation blocked the
interaction between p53 and the nuclear export receptor Crm1, resulting in nuclear
accumulation of p53 (Kanai, et al., 2007). Although complex functions of poly (ADP-ribosyl)
ation are involved in intracellular signaling, transcriptional regulation, DNA repair pathways
and maintenance of genomic stability, telomere dynamics, cell differentiation and proliferation
and cell death (Chiarugi, 2002, Hassa, et al., 2006), the physiological function of the poly
(ADP-ribosyl)ation of individual acceptor proteins is still under investigation.

PARP-1 has emerged as a key death mediator in a number of experimental models including
diabetes, inflammation, stroke, trauma, cerebral hypoxia/ischemia, 1-methyl-4-
phenyl-1,2,5,6-tetrahydropyridine (MPTP) toxicity, and also in various diseases (Cosi and
Marien, 1999, Culmsee, et al., 2005, Eliasson, et al., 1997, Endres, et al., 1997, Mandir, et al.,
2000, Mandir, et al., 1999, Plesnila, et al., 2004, Wang, et al., 2004, Zhang, et al., 1994). It
also plays a prominent role in NMDA excitotoxicity (Mandir, et al., 2000, Zhang, et al.,
1994). The PARP-1 specific inhibitor, 3,4-dihydro-5-(4-(1-piperidinyl)butoxyl)-1(2H)-
isoquinolinone (DPQ), rescues NMDA-induced neuronal death (Yu, et al., 2002). Moreover,
PARP-1 KO mice are remarkably resistant to the excitotoxic effects of glutamate and NMDA
both in vitro and in vivo (Pieper, et al., 1999, Yu, et al., 2002). PARP-1-induced cell death
involves PAR polymer formation and requires AIF nuclear translocation (Andrabi, et al.,
2006, Yu, et al., 2006, Yu, et al., 2002).

3.2.1.2 PAR-induced AIF translocation from mitochondria to nucleus: In response to
NMDA treatment in cortical neuronal cultures, PARP-1 activation generates PAR polymer in
a time-dependent manner (Andrabi, et al., 2006, Yu, et al., 2006, Yu, et al., 2002). 15 min after
NMDA treatment, PAR polymer formation is mainly present in the nuclear fraction and was
also noted in the cytosolic fraction. 30 min after NMDA application, PAR polymer is also
observed in mitochondria fraction (Yu, et al., 2006), where it was colocalized with an integral
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mitochondrial protein cytochrome oxidase 1 (Yu, et al., 2006). 1 h after NMDA administration,
the levels of PAR reached ~80 nM causing ~60% neuronal death (Andrabi, et al., 2006). These
observations suggest that PAR polymer, which is mainly produced in the nucleus, can
translocate to cytosol and mitochondria, where it may play a role in mitochondrial AIF release
(Figure 3).

PAR polymer participates directly in cell death signaling (Andrabi, et al., 2006). Transporting
in vitro synthesized and purified PAR polymer into living cells using a lipid-based delivery
system (Andrabi, et al., 2006), PAR polymer is directly toxic to cells. It caused cell death in a
PAR-size-dependent and dose-dependent manner. This event was not prevented by the pan-
caspase inhibitor zVAD-fmk, but abrogated by pretreatment of the PAR polymer with the PAR
degrading enzymes poly (ADP-ribose) glycohydrolase (PARG) or phosphodiesterase 1.

PAR-mediated cell death is AIF-dependent. Cortical neurons from Harlequin mice are resistant
to both PAR and NMDA toxicity (Yu, et al., 2006). Upon exposure to PAR-containing nuclear
supernatant, AIF is released from isolated mitochondria. Pretreatment of nuclear supernatant
with proteinase K failed to prevent mitochondrial AIF release, indicating that a
nonproteinaceous factor might be crucial for mitochondria AIF release, consistent with the
involvement of PAR. Further evidence showed that PAR polymer injected into living cells
induces AIF release from mitochondria and translocation to nucleus (Yu, et al., 2006).
Neutralizing antibodies to PAR or catabolism of PAR by over-expression of PARG prevented
AIF translocation to the nucleus and cell death (Andrabi, et al., 2006, Yu, et al., 2006). These
results reveal that PAR polymer is an AIF-releasing factor, which plays important roles in
PARP-1-dependent cell death. Recently, Poirier and coworkers showed that AIF is a PAR
polymer-binding protein determined by LC-MS/MS analysis (Gagne, et al., 2008).
Presumably, in parthanatos, free PAR polymer or poly (ADP-ribosy)lated acceptor protein,
produced by the excessive activation of PARP-1, translocates to cytosol and mitochondria,
where it interacts with mitochondrial AIF and triggers its release and nuclear translocation
(Figure 3). Some other factors might also be involved in this process. Although it is clear that
PAR polymer plays an important role in mitochondrial AIF release, the mechanism by which
PAR polymer causes AIF release is not known. It is important to understand the detailed
molecular mechanism of PARP-1-dependent neuronal death, which might lead to identification
of new target molecules to treat patients with neurologic diseases.

3.2.1.3 PARG: regulation of PAR levels and cell death: Upon PARP-1 activation induced
by DNA damage, the levels of poly (ADP-ribosyl)ation rapidly increase. This modification is
dynamically regulated by PARG (Kameshita, et al., 1984, Whitacre, et al., 1995). PARG is the
catabolic enzyme responsible for the catabolism of PAR polymer. It rapidly hydrolyzes the
ribose-ribose bonds of both linear and branched portions of PAR bound to acceptor proteins
(Davidovic, et al., 2001). PARG may play a prominent role in the DNA damage response and
repair by removing PAR from modified proteins.

PARG cDNA, which was initially isolated from bovine tissue, encodes a protein with a
predicted molecular weight of 110 kDa (Lin, et al., 1997). Recently, the PARG gene and protein
functions were further characterized in other species (Ame, et al., 1999, Meyer-Ficca, et al.,
2004, Winstall, et al., 1999). Human PARG consists of 18 exons and 17 introns. It has a
regulatory N-terminal domain and a catalytic center domain (Bonicalzi, et al., 2005). The full-
length 110 kDa (PARG110) is mainly localized to the nucleus. Several alternative spliced
PARG isoforms were also identified (Bonicalzi, et al., 2005, Haince, et al., 2006). PARG103
and PARG99 are cytoplasmic spliced PARG isoforms that lack of exon 1 or exon 1 and 2,
respectively; PARG60 is another spliced isoform that appears to be mainly localized to the
mitochondria and cytosol (Meyer, et al., 2007). Caspase-3 cleavage of PARG releases two
enzymatically active C-terminal fragments PARG85 and PARG74, which are primarily
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localized to the cytosol (Bonicalzi, et al., 2003). All these isoforms are able to catalyze PAR
turnover in different cellular compartments. However, the significance of the different
subcellular location of these isoforms still remains largely unknown.

PARG is a key enzyme required for the hydrolysis of PAR in mammals. However, the
physiological functions of PARG and the consequences of PAR hydrolysis are a mystery. To
date, some studies suggest a role for PARG in cell death. Knocking down PARG110 and
PARG60 by small interfering RNA (siRNA) protected against H2O2-induced cell death (Blenn,
et al., 2006). PARG110-deficient mice created by deletion of exon 2 and exon 3 are viable and
fertile (Cortes, et al., 2004) and are resistant renal ischemia/reperfusion injury (Patel, et al.,
2005). Interestingly, these mice still have PARG activity in all organs and cells tested. Although
deletion of PARG110 decreased PARG activity in cytosolic and nuclear fractions, it
dramatically increased PARG activity in mitochondrial fractions by 331% (Cortes, et al.,
2004). In line with these observations, PARP-1 automodification was reduced and no apparent
accumulation of PAR was observed in PARG110-deficient embryonic fibroblasts following
H2O2 treatment (Cortes, et al., 2004). Thus, these mice cannot be used to explore the role of
PARG deficiency as they inappropriately express PARG in the mitochondria. True, PARG
null mice are embryonic lethal (Koh, et al., 2004). These mice are devoid of any PARG activity.
The lethality occurred at approximately day E3.5, likely due to the inability to hydrolyze PAR
polymer (Koh, et al., 2004). PARG null embryonic trophoblast stem cells derived from
periimplantation PARG null embryos grew only in the presence of the PARP inhibitor
benzamide and they were hypersensitive to DNA damaging agents. This is in agreement with
the notion that the regulation of PAR levels is critical for cell survival and the failure to degrade
PAR results in deleterious consequences to the cell. In addition, other studies show that PARG
over expression, which degrades PAR polymer, prevents PARP-1-dependent mitochondrial
AIF release and cell death (Yu, et al., 2006). Thus, experimental evidence points to PARG
playing a protective role in the cellular response to cell stress. The biologic importance of
PARG in poly (ADP-ribosy)lation suggests that PARG may be a potential target to prevent
neuronal cell death by regulating the level of PAR.

3.2.2 Calpain mediates mitochondrial AIF release—Recently, some studies indicate
that the release of AIF from mitochondria requires cleavage by calpains (Cao, et al., 2007,
Moubarak, et al., 2007, Polster, et al., 2005). Calpain is a calcium-dependent intracellular
cysteine protease. Its activity is tightly controlled by calcium. Binding of Ca2+ and
phospholipids to calpain might induce conformational changes, forming a functional catalytic
site (Suzuki, et al., 2004). So far, calpain I (μ-calpain) and calpain II (m-calpain) are the two
most important and most studied isoforms in the brain (Bevers and Neumar, 2008). Micromolar
or millimolar Ca2+ concentration is sufficient to activate μ- and m-calpain, respectively (Goll,
et al., 2003). Both calpains share a common small regulatory subunit protein of 28 kDa encoded
by the capn4 gene. This regulatory subunit protein is critical for calpain function, as genetic
deletion of the capn4 gene completely blocks calpain catalytic activity (Tan, et al., 2006).
Calpain is thought to be primarily localized in the cytoplasm, associating with the membranes
of the endoplasmic reticulum and Golgi apparatus (Hood, et al., 2003). Recently, Garcia et
al. showed that calpain I is present in isolated mitochondria (Garcia, et al., 2005). Cao et al.
further showed that clapain I localizes in the mitochondrial intermembrane space (Cao, et al.,
2007).

Calpain plays an important role in postischemic neuronal cell death via proteolysis of a wide
variety of substrates (Suzuki, et al., 2004). To date, no specific amino acid sequence has been
found to be uniquely recognized by calpains. For protein substrates, tertiary structure rather
than primary amino acid sequences are likely to direct cleavage. For small-peptide substrates,
the amino acid specificity involves small hydrophobic amino acids (e.g. leucine, valine or
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isoleucine) at the P2 position, and large hydrophobic amino acids (e.g., phenylalanine or
tryptophan) at the P1 position (Cuerrier, et al., 2005).

Polster et al. showed that calpain I was able to cleave AIF in vitro and induced AIF release
from isolated mitochondria (Polster, et al., 2005). However, isolated mitochondria might be
different from the mitochondria in the intact cell system. It still remains unknown whether
calpain I efficiently cleaves AIF in intact cells. Recently, Cao et al. showed that calpain I
activity was required for AIF translocation following ischemic neuronal injury (Cao, et al.,
2007). AIF was cleaved from the 62 kDa to the 57 kDa form following ischemic injury (Figure
1B) and translocated from the mitochondria to the nucleus in a calpain-dependent manner.
Over expression of endogenous calpain inhibitor, calpastatin, inhibited AIF translocation in
CA1 neurons after global ischemia, indicating a role for calpain in the release of AIF and
subsequent neuronal injury after stroke (Cao, et al., 2007). Susin and coworkers showed that
sequential activation of PARP-1, calpains and Bax may play a role in MNNG-induced necrotic
programmed cell death (Moubarak, et al., 2007). In that study, MEFs were cultured in medium
without glucose for 48 h before MNNG treatment. Both MNNG-induced necrotic programmed
cell death and ischemic forms of neuronal injury are thought to utilize the glycolytic pathway,
thus they may utilize similar pathways to release AIF. Therefore, under specific experimental
conditions such as glycolysis, calpain may play a role in mitochondrial AIF cleavage and
release.

Unlike necrotic programmed cell death, parthanatos does not require the absence of glucose.
Different signaling events appear to be involved in necrotic programmed cell death and
parthanatos. Parthanatos involves PAR as a cell death signal (Andrabi, et al., 2006) and AIF
release requires PAR (Yu, et al., 2006). However, it is unknown whether calpain-mediated
release of AIF is a parallel pathway independent of PAR, or whether calpain plays a role in
PAR-mediated AIF release during parthanatos. Further work in experimental neuronal systems
is required to identify the role of calpain in mitochondrial AIF release in parthanatos.

3.3 AIF causes DNA fragmentation and chromatin condensation
Upon PARP-1 activation, AIF is released from mitochondria and translocates to the nucleus.
This event seems to be controlled by heat-shock protein 70 (HSP70), as it blocks the AIF-
induced chromatin condensation of purified nuclei in a cell-free system (Ravagnan, et al.,
2001). The mechanism underlying this HSP70 antagonism of AIF may involve physical
interactions of HSP70 with AIF at amino acids 150–228 (Gurbuxani, et al., 2003, Ravagnan,
et al., 2001). The ATPase domain of HSP70 is critical for sequestering AIF in the cytosol
(Ruchalski, et al., 2006), thereby inhibiting AIF nuclear translocation (Gurbuxani, et al.,
2003). A deletion mutant (Δ150–268) of AIF that does not bind HSP70, facilitated the nuclear
import of AIF and increased AIF-mediated chromatin condensation (Gurbuxani, et al., 2003).
Current evidence indicates that HSP70 can inhibit cell death by neutralizing and interacting
with AIF.

Recombinant AIF causes purified nuclei to undergo peripheral condensation of chromatin and
loss of DNA (Susin, et al., 1999). However, the mechanism by which AIF induces chromatin
condensation and DNA fragmentation still remains a mystery. Ye et al. showed that
recombinant human AIF interacted with DNA. But the strong positive electrostatic potential
at the AIF surface did not seem to be important for AIF-DNA interaction (Ye, et al., 2002).
DNA-binding defective mutants of AIF failed to induce cell death (Ye, et al., 2002), suggesting
that the interaction between AIF and DNA is required for AIF to induce chromatin condensation
and DNA fragmentation. However, mouse AIF, unlike its human counterpart, does not have
obvious DNA-binding structural motifs. This observation suggests that mechanisms other than
AIF-DNA interaction might be responsible for AIF-induced DNA and chromatin
reconfiguration.
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AIF itself does not display any intrinsic endonuclease properties (Mate, et al., 2002, Ye, et al.,
2002). Although it cannot be excluded that AIF has hitherto uncharacterized cryptic nuclease
activity, AIF is likely to recruit other protein factors with a nuclease properties that are involved
in DNA fragmentation. The interaction of AIF with DNA may increase the susceptibility of
DNA to latent endogenous nucleases. The identity of the AIF-associated endonuclease is not
known. In Caenorhabditis elegans, the AIF homolog wah-1 associates and cooperates with
CPS-6, an endonuclease G (EndoG) homolog, to promote DNA degradation (Wang, et al.,
2002). However, EndoG in mammals appears to play little if any role in DNA fragmentation.
Moreover, EndoG null mice are viable and develop to adulthood without showing any obvious
abnormalities (David, et al., 2006, Irvine, et al., 2005), indicating that EndoG is not essential
for the early embryogenesis and cell death in mammals. Future studies are required to identify
the AIF-associated endonuclease.

4. AIF, parthanatos and neurologic diseases
As a caspase-independent cell death effector, AIF plays an important role in ischemia and
stroke. Stroke is the third cause of death and disability in the United States, just behind diseases
of the heart and cancer (Koh, et al., 2005). Neuronal damage and cell death following stroke
and ischemia is a primary cause of subsequent morbidity and mortality (Koh, et al., 2005, Koh,
et al., 2005). Over the past decade, a large body of evidence demonstrates that activation of
PARP-1 significantly increases during brain ischemia and plays a pivotal role in ischemia-
induced neuronal injury (Chiarugi, 2005). PARP-1-deficient neurons are protected against cell
death caused by NMDA treatment and oxygen glucose deprivation in vitro. Moreover, PARP-1
knockout mice are resistant to neuronal injury in vivo, following middle cerebral artery
occlusion (Eliasson, et al., 1997). AIF is a key factor that mediates PARP-1-dependent neuronal
death (Yu, et al., 2002). The biologic importance of PARP-1 and AIF in focal brain ischemia
was further elucidated by different studies (Hong, et al., 2004, Komjati, et al., 2004, Plesnila,
et al., 2004).

The causal involvement of AIF in neurodegenerative diseases was first supported by the
observation that cortical neurons prepared from harlequin mice were resistant to glutamate
excitotoxicity (Cheung, et al., 2005). It was also suggested that loss of dopaminergic neurons
in the substantia nigra pars compacta (SNpc) following MPTP treatment was triggered by
PARP-1-mediated AIF nuclear translocation (Wang, et al., 2003). PARP-1 knockout mice are
dramatically protected against the loss of dopaminergic neurons in the SNpc following MPTP-
induced neurotoxicity (Mandir, et al., 1999). Further investigation is required to elucidate the
pivotal role of PARP-1 and AIF in different neurologic disorders.

5. Therapeutic targets
PARP-1 activation, PAR polymer formation, mitochondrial AIF release and nuclear
translocation, AIF-mediated chromatin condensation/DNA fragmentation are four key steps
in parthanatos (Figure 3), which has been implicated to play a pivotal role in multiple
neurologic diseases. Therefore, PARP-1, PAR polymer and AIF could be potential targets for
therapy of neurologic disorders.

PARP inhibitors can block PARP-1 activation, thereby regulating PAR levels. Several
inhibitors, like 1, 5-dihydroxyisoquinoline (DHIQ) and DPQ, have been shown to completely
block NMDA- and MNNG-induced toxicity (Yu, et al., 2002), reduce post-traumatic spinal
cord injury (Genovese, et al., 2005) and may have protective benefit in chronic neurologic
models (Mandir, et al., 1999). These investigations provide the basis for potential clinical
applications of PARP inhibitors. Recently, imidazoquinolinone, imidazopyridine and
isoquinolindione derivatives have been identified as novel and potent PARP inhibitors (Eltze,
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et al., 2008). The protective role of these inhibitors in neurologic diseases still needs to be
elucidated.

PAR polymer functions as a cell death signal (Andrabi, et al., 2006). PARG has been reported
to directly regulate the levels of PAR polymer. Overexpression of PARG in mice significantly
reduced infarct volumes after focal ischemia (Andrabi, et al., 2006). In contrast, reduction of
PARG expression in mice increased infarct volumes after focal ischemia. This suggests that
interference with PAR polymer signaling may offer innovative therapeutic approaches for the
treatment of cellular injury following neurologic diseases.

AIF is a key mediator in parthanatos. Upon PARP-1 activation, AIF releases from mitochondria
and translocates to nucleus, where it causes chromatin condensation and DNA fragmentation
(Figure 3). So far, no AIF inhibitor has been identified to prevent these two events. But HSP70
might be applied to prevent mitochondrial AIF translocation to nucleus. The mechanism of
AIF inhibition by HSP70 involves cytosolic retention of AIF. Further evidence indicates that
endogenous HSP70 protein levels are sufficiently elevated to modulate the lethal action of AIF.
Knocking down endogenous HSP70 sensitizes to the lethal effect of AIF (Ravagnan, et al.,
2001). Understanding the mechanisms how AIF releases from mitochondria and how it induces
cell death will help to identify a novel therapeutic approach to protect the brain from different
neurologic diseases.

6. Concluding remarks
Excessive activation of PARP-1 leads to cell death through a mechanism designated
parthanatos. The molecular mechanism for parthanatos involves the release of AIF from
mitochondria and translocation to the nucleus. PAR polymer generated by PARP-1 activation
plays a pivotal role in this deadly crosstalk between the nucleus and mitochondria. PAR
polymer itself functions as a cell death signal that translocates from nucleus to mitochondria
to mediate AIF release from mitochondria. The exact mechanisms how PAR polymer causes
AIF nuclear translocation and how AIF induces chromatin condensation and large DNA
fragmentation still remain to be elucidated. Understanding the molecular mechanism of
parthanatos, including PARP-1 activation, PAR polymer formation, AIF nuclear translocation
and lethal effect of AIF in nucleus, might lead to more options to develop new therapeutic
targets for neurologic diseases that are associated with cell death caused by mitochondrial
dysfunction and nuclear DNA damage.
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Abbreviation
AIF  

apoptosis-inducing factor

Cyt c  
cytochrome c

EndoG  
endonuclease G

HSP70  
heat-shock protein 70
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MLS  
mitochondrial localization sequence

MNNG  
N-methyl-N′-nitro-N-nitrosoguanidine

MPTP  
1-methyl-4- phenyl-1,2,5,6-tetrahydropyridine

NAD+  
nicotinamide adenine dinucleotide

NMDA  
N-methyl-D-aspartic acid

NLS  
nuclear localization sequence

NO  
nitric oxide

PAR  
poly(ADP-ribose)

PARG  
poly (ADP-ribose) glycohydrolase

PARP-1  
poly (ADP-ribose) polymerase-1

ROS  
reactive oxygen species

PD1  
phosphodiesterase 1

SNpc  
substantia nigra pars compacta
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Figure 1.
A. Structure of five different human AIF isoforms. Full-length AIF is encoded by a 16-exon
X chromosome gene giving rise to a protein precursor composed of 613 amino acids (Susin,
et al., 1999). AIF-exB is an isoform with 609 amino acids generated by the alternative usage
of exon 2b instead of exon 2 (Loeffler, et al., 2001). AIF and AIF-exB both contain three
functional domains: FAD-binding domains D1 (black), NADH-binding domain D2 (white)
and C-terminal domain D3 (gray), and a mitochondrial localization sequence (MLS) at the N-
terminus and a nuclear localization sequence (NLS) at the C-terminus. Short AIF (AIFsh)
contains C-terminal AIF encoded by exons 10–16, lacking of MLS. AIFsh2 and AIFsh3 are
generated by the alternative splicing of the exon 9b (Delettre, et al., 2006). AIFsh2 contains
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the MLS and the oxidoreductase domain, but lacks the C-terminus of AIF. AIFsh3 has a similar
structure as AIFsh2 with the splicing of exon 2, which leads to the loss of MLS. B. Graphic
representation of precursor AIF, mature AIF and truncated AIF.
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Figure 2. Regulation of PAR polymer generation and degradation
Severe DNA damage causes excessive activation of PARPs, especially PARP-1. PARPs use
nicotinamide adenine dinucleotide (NAD+) as substrate to generate PAR polymer and
nicotinamide (Nam) (step 1). Numerous nuclear proteins are acceptors of PAR polymer.
PARPs catalyze the addition of PAR onto itself and other acceptor proteins, resulting in poly
(ADP-ribosyl)ation. This modification might affect the functions of acceptor proteins (step 2).
PARG can quickly catalyze the hydrolysis of PAR polymer into free ADP-ribose (step 3).
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Figure 3. Schematic model of PARP-1-, PAR polymer- and AIF-mediated death signal in
parthanatos
PARP-1 activation, PAR polymer formation, mitochondrial AIF release, AIF-mediated
chromatin condensation and DNA fragmentation are four key steps in parthanatos. Step 1,
DNA damage by NMDA or MNNG administration activates PARP-1. Excitotoxic activation
of NMDA receptor can induce calcium influx, nNOS activation, NO production and reactive
oxygen species generation. The reaction between NO and superoxide anion generates the
potent oxidant preoxynitrite, which leads to DNA damage. Other agents like MNNG, free
radicals, hydrogen peroxide, hydroxyl radical or ionizing radiation cause DNA damage, which
activate PARP-1. Step 2, PARP-1 activation catalyzes PAR polymer formation, which
translocates from the nucleus to the mitochondria. Step 3, PAR polymer mediates AIF release
from mitochondria and translocation to nucleus. Step 4, AIF causes chromatin condensation
and large DNA fragmentation through an unknown mechanism.
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Table 1
Differential features of apoptosis, necrosis, autophagy and parthanatos

Apoptosis Necrosis Autophagy Parthanatos

Membrane Apoptotic bodies; Blebbing; PS
externalization

Disrupted, Loss of
integrity; Blebbing,

Formation of
double-
membrane bound
autophagosomes

Loss of integrity; PS
externalization

Cytoplasm Morphologically intact; Condensation Vacuolation of the
cytoplasm Disrupted;
Cell swelling

Autophagic
vacuoles,
Lysosomal
degradation

Condensation

Mitochondria Depolarization; cyt c release to
cytosol;

Loss of mitochondria
ultrastructure

Degradation Depolarization; AIF release to
nucleus;

Nuclei chromatin condensation; shrink Morphologic changes;
chromatin digestion

− Chromatin condensation; shrink

DNA DNA fragmentation (DNA ladder) DNA hydrolysis (smear) − Large DNA fragmentation (≈50
kb)

ATP Energy-dependent No energy requirement Energy-dependent Energy-independent

Key mediators Subset of caspases − Atg6/Beclin-1 PARP activation; PAR polymer
formation; Caspase-
independent

Propidium iodide − + + +

Annexin V + − − +

Inflammatory − + − −

Neurologic Disorders Excitotoxicity, ischemia, stroke,
trauma, AD, PD, ALS, HD, ataxias

Excitotoxicity, stroke,
ischemia, AD, PD, ALS,
HD, epilepsy

AD, PD, ALS,
HD, prion disease

Excitotoxicity, stroke, ischemia,
PD

AD, Alzheimer’s disease; ALS, Amyotrophic lateral sclerosis; Cyt c, cytochrome c; HD, Huntington’s disease; PD, Parkinson’s disease; PS,
phosphatidylserine.
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