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Abstract
Parthanatos is a form of regulated cell death involved in the pathogenesis of many diseases, particularly neurodegenerative 
disorders, such as Parkinson's disease, Alzheimer's disease, Huntington’s disease, and amyotrophic lateral sclerosis. Parthana-
tos is a multistep cell death pathway cascade that involves poly (ADP-ribose) polymerase 1 (PARP-1) overactivation, PAR 
accumulation, PAR binding to apoptosis-inducing factor (AIF), AIF release from the mitochondria, nuclear translocation 
of the AIF/macrophage migration inhibitory factor (MIF) complex, and MIF-mediated large-scale DNA fragmentation. All 
the key players in the parthanatos pathway are pleiotropic proteins with diverse functions. An in-depth understanding of the 
structure-based activity of the key factors, and the biochemical mechanisms of parthanatos, is crucial for the development 
of drugs and therapeutic strategies. In this review, we delve into the key players of the parthanatos pathway and reveal the 
multiple levels of therapeutic opportunities for treating parthanatos-based pathogenesis.
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Introduction

Parthanatos is a form of regulated cell death (RCD) that 
is initiated by poly (ADP-ribose) polymerase 1 (PARP-1) 
overactivation, is mediated by apoptosis-inducing factor 
(AIF), and involves macrophage migration inhibitory fac-
tor (MIF)-induced DNA degradation [1]. It was discovered 
two decades ago [2–4] and has been officially recognized by 
the Nomenclature Committee on Cell Death (NCCD) [5, 6]. 
Parthanatos is believed to be involved in the pathogenesis 
of many disorders, including ischemia reperfusion injury 
following stroke and myocardial infarction, reactive oxygen 

species (ROS) -induced injury, glutamate excitotoxicity, 
and neurodegenerative diseases, such as Parkinson's disease 
(PD) and Alzheimer's disease (AD) [7–10]. In this review, 
we elaborate on the pathway of parthanatos by focusing on 
the key players in the cascade and discuss potential thera-
peutic targets for parthanatos-related diseases.

Overview of parthanatos

The term “parthanatos” is derived from “PAR” and the 
Greek word “Thanatos” [11], where “PAR” is “poly (ADP-
ribose) (PAR) polymer” and “Thanatos” is the personifica-
tion of death in Greek mythology. Parthanatos is cell death 
resulting from the accumulation of PAR polymers [12] and 
is characterized by a unique pathway, distinct from apop-
tosis, necroptosis, and any other types of cell death [13]. 
Oxidative stress, ionizing radiation, or the DNA alkylating 
agent N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) can 
cause extensive DNA damage [2–4, 14, 15]. The excita-
tory activation of N-methyl-D-aspartate (NMDA) receptors 
can induce calcium influx, neuronal nitric oxide synthases 
(nNOS) activation, nitric oxide (NO) production, and reac-
tive-oxygen species production. The reaction between NO 
and superoxide anion (O2

•−) produces the potent oxidant 

Cellular and Molecular Life Sciences

Libo Liu and Jiaxiang Li have contributed equally to this work.

 *	 Xueqing Ba 
	 baxq755@nenu.edu.cn

 *	 Ruoxi Wang 
	 618163@sdnu.edu.cn

1	 Institute of Biomedical Sciences, College of Life Sciences, 
Key Laboratory of Animal Resistance Biology of Shandong 
Provenice, Shandong Normal University, Jinan 250014, 
Shandong, China

2	 The Key Laboratory of Molecular Epigenetics of Education, 
School of Life Science, Northeast Normal University, 
Changchun 130024, Jilin, China

http://orcid.org/0000-0002-8417-1987
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-021-04109-w&domain=pdf


	 L. Liu et al.

1 3

60  Page 2 of 15

peroxynitrite (ONOO−), which leads to extensive DNA dam-
age [2, 14]. This extensive DNA damage induces PARP-1 
overactivation and leads to the synthesis of long-chained and 
branched PAR polymers [2–4]. PAR is subsequently released 
from the nucleus into the cytosol and mitochondria, where it 
binds to AIF, resulting in AIF translocation from the mito-
chondria to cytosol [3, 4]. In the cytosol, AIF in the cytosol 
binds to and recruits MIF to the nucleus [10]. MIF is a DNA 
nuclease that can cleave DNA and cause large-scale DNA 
fragmentation and chromatin condensation [10] (Fig. 1). By 
eliminating PAR polymers, PAR glycohydrolase (PARG) 
or ADP-ribosyl-acceptor hydrolase 3 (ARH3) prevents AIF 
translocation from the mitochondria into the nucleus and, 
in turn, inhibits cell death [4, 16]. Unlike in apoptosis, par-
thanatos does not cause the formation of apoptotic bodies, 

but the results in a loss of membrane integrity that is distinct 
from cell swelling observed during cell necroptosis [6, 7, 
17]. In addition, parthanatos does not depend on the caspase 
cascade and, thus, pan-caspase inhibitors do not inhibit this 
cell death process [2, 15]. Briefly, parthanatos is a PARP-
1-dependent, caspase-independent, AIF- and MIF-mediated 
cell death cascade.

Although the role of the core pathway involving the 
PARP1–AIF–MIF axis has been convincingly demonstrated, 
an AIF/MIF-independent death modality that also requires 
PARP1 overactivation has drawn attention [18–21]. For 
instance, AIF proved dispensable for PARP1-dependent pro-
grammed necrotic cell death in monocyte-to-macrophage 
differentiation [19]. The cell death of retinal pigment epithe-
lium exhibits necrotic features, involving PARP1 activation, 

Fig. 1   Schematic model of parthanatos. DNA damage caused by 
ROS, hydrogen peroxide, UV, ionizing radiation, MNNG, and 
NMDA. Excitatory activation of NMDA receptors can induce cal-
cium influx, nNOS activation, NO production, and ROS production. 
The reaction between NO and superoxide anion (O2

•−) produces the 
potent oxidant preoxynitrite (ONOO−), which leads to DNA damage. 
Other agents such as ROS, hydrogen peroxide, ionizing radiation, 
and MNNG cause DNA damage, which activates PARP-1. When 
DNA damage is mild, PARP-1 activates and recruits DNA damage 
repair proteins to repair the damaged DNA. Widespread DNA dam-
age results in PARP-1 overactivation, which catalyzes PAR poly-

mer formation. PAR polymers bind to AIF and mediate AIF release 
from the mitochondria. AIF interacts with MIF in the cytoplasm to 
form the AIF/MIF complex, and nuclear translocation of the AIF/
MIF complex. MIF cleaves genomic DNA into large-scale frag-
ments via its nuclease activity, leading to parthanatos. ROS reac-
tive oxygen species, MNNG N-methyl-N'-nitro-N-nitrosoguani-
dine, NMDA N-methyl-D-aspartate, nNOS neuronal nitric oxide 
synthases,NO nitric oxide, PARP-1 poly(ADP-ribose) polymerase 1, 
PAR poly(ADP-ribose), AIF apoptosis-inducing factor, MIF migra-
tion inhibitory factor
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but lacking a role for AIF [18]. Thus, how cells die in a 
PARP1-dependent manner if AIF/MIF is not involved has 
arisen as an intriguing question. The necrotic nature (for 
instance, increased membrane permeabilization and lack of 
caspase activity) of PARP1-mediated cell death was recog-
nized in relatively early studies of the historical develop-
ment of parthanatos [22–24]. In these studies, reductions in 
ATP and bioenergetic collapse were observed. The nicotina-
mide adenine dinucleotide (NAD +) content is replenished 
by a nicotinic acid mononucleotide adenylyl transferase-1 
enzyme that synthesizes NAD + from nicotinamide mono-
nucleotide (NMN) and ATP [25, 26]. Thus, it is thought 
that the consumption of NAD + exhausts ATP, resulting in 
the loss of ATP; however, studies demonstrated that bioen-
ergetic collapse is not dependent on NAD + depletion and, 
instead, PARP1 activation initiates a glycolytic defect due 
to the inhibition of hexokinase activity by PAR polymer 
binding [27, 28]. It seems that cellular energetic collapse 
plays a pivotal role in AIF-independent parthanatos, even 
if it does not seem to be crucial in the classical parthanatos 
model, which is supported by an earlier observation that 
pyruvate and α-ketoglutarate supplementation rescues cells 
from PARP1-mediated cell death [20].

Whether this bioenergetic collapse-driven and AIF/MIF-
independent cell death is a new modality of cell death rather 
than a submodality of parthanatos is still unconfirmed. The 
controversy suggests the more attention is required in elu-
cidating the molecular mechanisms of parthanatos. It even 
raises the possibility that energetic collapse is the core driv-
ing force for cells undergoing PARP1 activation-mediated 
cell death because, per the magnitude of PARP1 activation, 
AIF/MIF nuclear translocation may be a consequence of the 
extreme activation of PARP1.

Structure and activation of PARP‑1

PARP-1 is the most abundant and extensively studied mem-
ber of the PARP superfamily, comprising 17 related mam-
malian proteins [29]. PARP-1 functions as a DNA damage 
sensor to regulate cellular homeostasis and genomic stabil-
ity. Mammalian PARP-1 is a 116 kDa protein comprising 
three functional domains [29] (Fig. 2A). The N-terminal 
DNA-binding domain contains three zinc finger motifs (Zn1, 
Zn2, and Zn3) and a nuclear localization sequence (NLS). 
This domain is responsible for identifying and binding dam-
aged DNA. The middle segment is a central, auto-modi-
fication domain that contains a leucine zipper (LZ) motif 
and a BRCA1 C-terminal (BRCT) phosphopeptide-binding 
motif for protein–protein interaction [29]. In addition, this 
region contains several glutamate, aspartate, and lysine resi-
dues as putative acceptors for self-ADP-ribosylation [29]. 
The C-terminal catalytic domain contains a tryptophan-, 
glycine-, and arginine-rich (WGR) domain, and a “PARP 

signature” sequence [29], which catalyzes PAR synthesis 
using NAD + as a donor of ADP ribose [30, 31].

In the presence of mild DNA damage, PARP-1 uses its 
N-terminal DNA-binding domain to identify and bind to the 
damaged DNA sites, leading to the activation of its catalytic 
activity. Negatively charged PAR polymers are generated, 
which covalently attach to PARP-1 itself as well as other 
nuclear proteins such as histones, transcription factors, DNA 
helicases, and many other proteins [32]. PARP-1, through 
the BRCT motif, can recruit DNA repair proteins to DNA 
damage sites to facilitate DNA repair (Fig. 1) [33]. When 
DNA damage is severe, PARP-1 overactivation leads to the 
excessive accumulation of PAR polymers. PAR subsequently 
translocates from the nucleus to the cytosol and mitochon-
dria, where it stimulates AIF translocation from the mito-
chondria to the nucleus, leading to cell death [3, 4] (Fig. 1). 
The inhibition of PARP-1 or the deletion of parp-1 has a 
significant protective effect in models of many cell injury 
paradigms, including stroke, diabetes, ischemia–reperfu-
sion injury, and neurodegenerative disease, indicating that 
PARP-1 overactivation is the first step in the parthanatic 
cascade [8, 34]. In conclusion, as a cell fate determinant, 
PARP-1 plays an important role in maintaining genomic 
stability and protects the host by promoting DNA repair or 
triggering the cell death pathway [29, 35].

In addition, alternative mechanisms for PARP1 activa-
tion in the absence of DNA damage have been identified in 
various cell types and mouse models [36–41]. They include 
PARP1 activation by various signal transduction mecha-
nisms, inducing intracellular Ca2+ release, the activation 
of phosphorylation cascades, and direct protein–protein 
association [36, 37, 40]. For example, the accumulation of 
the Parkin substrate aminoacyl-tRNA synthetase complex-
interacting multifunctional protein-2 (AIMP2) in vitro and 
in vivo directly leads to the excessive activation of PARP1 
and toxicity in dopaminergic cells [36]. DNA damage-inde-
pendent PAR formation may fit into the context of chronic 
diseases, where it takes a long time for the cells to die, and 
the dysfunction of energy metabolism regulation may be the 
cue for mediating PARP1-triggered signaling.

Synthesis and hydrolysis of PAR Polymers

Poly(ADP-ribosyl)-ation (PARylation) is a reversible post-
translocation modification [42, 43]. PARP-1 catalyzes the 
transfer of the ADP-ribose (ADPr) unit from NAD + onto 
the target protein to form a long and branched chain of nega-
tively charged PAR polymers (Fig. 2B) [43]. The first bind-
ing of an ADPr moiety to the protein occurs covalently to 
an aspartate (D), glutamate (E), lysine (K), arginine (R), 
and serine (S) via an ester bond [42, 44] and leads to the 
formation of mono-ADP-ribosylated (MARylated) pro-
teins. The next unit of ADPr binds to the previous unit via 
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2′,1′′-O-glycosidic bonds to form a long PAR chain, form-
ing a branched structure via 2′′,1′′′-O-glycosidic bonds 
[44], which results in the PARylated protein. Proteins can 
also noncovalently bind PAR through distinct PAR-bind-
ing motifs that include the so-called PAR-binding motifs 
(PBMs), PAR-binding zinc finger (PBZF) domains, and 
WWE domains [45]. The negatively charged PAR poly-
mer influences the biochemical properties of the modified 
or interacting proteins, modulating their structure, func-
tion, and localization [29]. Eventually, PARylation affects 
a number of the cellular biological events involved in chro-
matin dynamics, genome stability maintenance, transcrip-
tion, cell metabolism, development, and cell death [29, 42, 
44, 46]. Under normal conditions, the level of intracellular 
PARylation is low, but when PARP-1 is activated, it can 

increase PARylation levels ranging from 10- to 500-fold 
[29]. The increase in PARylation depends mainly on the type 
and degree of DNA damage [47], and is closely linked to 
inflammation, DNA damage repair, cell senescence, and cell 
death [29, 42]. Therefore, PARP-1 acts as a “genome guard-
ian” and participates in different cellular biological events by 
regulating intracellular PAR levels. When cells are exposed 
to inflammatory stimuli, e.g., TNFα, LPS, etc., they produce 
low levels of PARylation in response [46, 48, 49]. When 
DNA damage is mild, PARP-1 activation produces moderate 
PARylation to participate in the DNA damage repair process 
[50]. By contrast, severe DNA damage invokes high levels 
of PARylation to promote cell death [13].

PAR polymers, products of PARP-1 overactivation, are 
an upstream signal of the parthanatic cascade and directly 

Fig. 2   Structure of PARP-1 and the production and degradation 
of PAR. A Structure of PARP-1. PARP-1 includes three structural 
domains: (1) An N-terminal DNA-binding domain, which con-
tains three zinc-binding domains (Zn1, Zn2, and Zn3) and an NLS. 
The zinc-binding domains are responsible for PARP-1 detection of 
damaged DNA. (2) A central automodification domain, which con-
tains a leucine zipper (LZ) motif and a BRCA1 C-terminal (BRCT) 
phosphopeptide-binding motif for protein–protein interaction. (3) A 
C-terminal catalytic domain that contains a WGR domain and the 
“PARP signature” sequence (PSM), which catalyzes PAR synthe-

sis using nicotinamide adenine dinucleotide (NAD +) as a donor of 
ADP-ribose. B Production and degradation of PAR. PARP-1 uses 
NAD + as a substrate to generate mono(ADP-ribosyl) and nicotina-
mide (Nam). Mono(ADP-nucleotide) is covalently attached to the 
target protein, resulting in MARylated protein. Further elongation 
and branching of the polymer forms PARylated protein. PARG cata-
lyzes the hydrolysis of PAR to free poly(ADP-ribose) or ADP-ribose 
units through its endoglycosidic or exoglycosidic activity. PARP-1 
poly(ADP-ribose) polymerase 1, PAR poly(ADP-ribose), PARG​ PAR 
glycohydrolase
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toxic to neurons [4]. Accompanying the formation of PAR 
is the reduction in cellular NAD + , and the restoration of 
NAD + levels requires four adenosine triphosphate (ATP) 
molecules for every NAD + molecule [27]. Early studies 
indicated that cell death was caused by the excessive acti-
vation of PARP-1, which induced energy collapse via a 
decrement in NAD + and ATP [24]. However, many stud-
ies have since shown that parthanatos is not associated 
with a loss of cellular energy storage [51, 52] but, rather, 
depends on PAR signaling [3, 4, 34]. Yu et al. found that 
either the purified PAR polymer or the PARP-1-activated 
nuclear supernatant induced AIF release from isolated 
mitochondria and caused the translocation of AIF from 
the mitochondria to the nucleus in intact cells [3]. PAR 
polymers produced primarily in the nucleus can be trans-
located to the cytoplasm and mitochondria, where they 
may play a role in mitochondrial AIF release [3, 53]. In 
addition, the PAR polymer induces cell death in a con-
centration-dependent way, suggesting AIF release may be 
a consequence of high levels of PAR accumulation in the 
cytoplasm. Neutralizing antibodies to PAR abolish its tox-
icity in either the NMDA excitotoxicity of cortical neurons 
or MNNG cell toxicity [3]. Therefore, the PAR polymer is 
aptly described as the “death signal” [4].

The rapid hydrolysis of PAR polymers is, therefore, a 
similarly essential event in parthanatos, and this hydrolysis 
is catalyzed by PAR-degrading enzymes, namely, PARG 
[54, 55]. PARG catalyzes the hydrolysis of PAR to free 
poly(ADP-ribose) or ADP-ribose units through its endo-
glycosidic or exoglycosidic activity (Fig. 2B). Thus, PARG 
inhibits parthanatos through PAR polymer degradation. 
Previous studies have found that overexpressing PARG 
significantly protects against focal ischemia, excitotoxicity, 
and stroke, while reduced levels of PARG result in signifi-
cantly increased infarct volumes following focal ischemia, 
and increased sensitivity to NMDA excitotoxicity [4, 56]. 
In addition, the complete absence of PARG after UV irra-
diation leads to the activation of AIF-mediated cell death 
[51]. ARH3, which exhibits PARG activity, can also cleave 
the ribose–ribose bonds within PAR [57], which protects 
the cell against hydrogen peroxide (H2O2) exposure by 
lowering cytosolic and nuclear PAR levels and preventing 
AIF nuclear translocation [16]. Patients with arh3 muta-
tions that are predicted to produce a truncated, inactive 
ARH3 protein exhibit a progressive neurodegenerative 
phenotype [58]. In addition, the fibroblasts of such patients 
were more sensitive to H2O2 stress-induced PAR accu-
mulation and cell death. Similarly, ARH3-deficient mice 
demonstrated increased sensitivity to cerebral ischemia/
reperfusion-induced PAR accumulation and cell death 
[58]. In conclusion, parthanatos can effectively be inhib-
ited through the degradation of PAR by PARG or ARH3.

Structure and function of AIF

AIF is a mitochondrial flavoprotein that was identified in the 
late 1990s [59]. AIF is encoded by a single gene on the X 
chromosome and is transcribed and translated into a 67 kDa 
precursor protein (Fig. 3A). It is imported into the mitochon-
dria via the mitochondrial localization signal (MLS) located 
within its N-terminus. Upon import into the mitochondria, 
the precursor is processed into a mature 62 kDa form via 
proteolytic cleavage (Fig. 3A). This mature form of AIF 
is inserted into the inter mitochondrial membrane (IMM) 
through its N-terminal transmembrane domain (TMD), and 
the C-terminus is exposed to the mitochondrial intermem-
brane space (IMS) [60]. In response to a death signal, AIF 
is further truncated to 57 kDa by calpains and/or cathepsins 
and released into the cytoplasm (Fig. 3A) [60, 61]. In addi-
tion, a small pool of AIF protein is loosely associated with 
the outer mitochondrial membrane (MOM) on the cytosolic 
side and can be rapidly released from the mitochondria dur-
ing parthanatos [62]. The mature form of AIF comprises 
three structural domains (Fig. 3A); (1) an N-terminal FAD-
binding domain, (2) a central reduced NAD(NADH)-binding 
domain, and (3) a C-terminal domain [63]. As with other 
flavin proteins, the oxidoreductase component of AIF (FAD-
binding domain and NAD-binding domain) confers elec-
tron transfer activity to the protein [63–65]. The C-terminal 
domain is mainly responsible for mediating parthanatos [3, 
34]. Therefore, AIF is a bifunctional protein contributing to 
both cell survival and death.

AIF plays an important role in cell survival. Mice with a 
specific AIF deletion exhibit impaired activity and decreased 
protein expression of respiratory chain complex I in heart 
and skeletal muscle. Similarly, mutant animals develop 
severe dilated cardiomyopathy, heart failure, and skeletal 
muscle atrophy [66]. During cortical development, AIF is 
required for neuronal cell survival [67]. Cortical develop-
ment was impaired and neuronal survival reduced in fore-
brain-specific AIF ineffective mice due to defects in mito-
chondrial respiration, which in turn caused death by E17 
[67]. AIF plays a role in regulating the mitochondrial struc-
ture, namely in determining which AIF-deficient neuronal 
mitochondria are fragmented with aberrant cristae [67]. Har-
lequin (Hq) mice, which express only 20% of the regular 
levels of AIF, exhibit cerebellar degeneration and increased 
sensitivity to oxidative stress [68], indicating that AIF acts 
as an oxidative radical scavenger in mitochondria [67, 69]. 
All these data suggest that AIF promotes cell survival via 
stabilizing mitochondrial complex I or the maintenance of 
mitochondrial structure (Fig. 3B).

On the other hand, AIF is also an essential participant in 
the parthanatos pathway (Fig. 3B). PARP-1 activity leads to 
calpain activation, which in turn regulates Bax activation. 
Active bax is required for mitochondrial outer membrane 
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permeabilization (MOMP) and AIF release [70, 71]. The 
release of AIF from the mitochondria and its translocation 
into the nucleus result in large-scale DNA fragmentation 
and cell death [2, 11]. AIF contains a PBM at amino acids 
567–592 in the C-terminal domain. In particular, the basic 
amino acids, arginine 588, lysine 589, and lysine 592, are 
required for its release from the mitochondria and its ability 
to induce cell death during parthanatos (Fig. 3A) [3, 34]. 
Furthermore, the mutation of the PAR-binding site in AIF 
leads to the failure of its release and translocation, which 
mediates cell death following PARP-1 activation, whereas 
the same mutation does not affect its NADH oxidase activ-
ity nor ability to bind FAD or DNA [3, 34], providing a 
further indication that the cell protection and cell death 

functions of AIF are independent of each other. Either AIF 
knockdown or its neutralization by anti-AIF antibodies abol-
ish AIF translocation to the nucleus and inhibit MMNG, 
NMDA, and oxidative stress-triggered cell death [2, 15, 72, 
73]. AIF translocation from the mitochondria to the nucleus 
cannot be inhibited by pan-caspase inhibitors in many cell 
types. Although AIF transfers from mitochondria, similarly 
to cytochrome C during caspase-dependent apoptosis [53, 
74], it may only represent a by-product of caspase activa-
tion and mitochondrial membrane depolarization. Therefore, 
AIF is a key cell death effector of parthanatos, whose role is 
independent of caspase activation.

Though the important role of PAR polymers in AIF 
release from mitochondria and redistribution into nucleus 

Fig. 3   Structure and func-
tion of AIF. A The structure 
of the precursor AIF, mature 
AIF, and truncated AIF. AIF 
contains three domains: (1) 
an N-terminal FAD-binding 
domain (AA: 128–162 and 
400–480), (2) a central reduced 
NAD(NADH)-binding domain, 
and (3) a C-terminal domain. 
The precursor AIF is cleaved 
at the proteolytic site to form 
mature AIF. In response to the 
death signal, the mature AIF is 
further cleaved at the proteolytic 
cleavage site to form soluble 
truncated AIF. R588, K589, and 
K592 are the binding sites of 
AIF with PAR. B The function 
of AIF. Under physiologi-
cal conditions, AIF spans the 
intermitochondrial membrane 
and plays a role in stabilizing 
mitochondrial complex I and 
maintaining mitochondrial 
structure. However, in response 
to death signals (pathology), 
AIF translocates from the 
mitochondria to the nucleus 
causing chromatin condensation 
and degradation of large DNA 
fragments, which leads to part-
hanatos. AIF apoptosis-inducing 
factor, MIF migration inhibitory 
factor, PAR poly(ADP-ribose), 
MLS mitochondrial localization 
signal, TMD terminal trans-
membrane domain
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has been validated, it remains to be determined in what 
form— “naked” polymer or protein-bound—the PAR poly-
mer is released from the nucleus and leads to AIF release 
from the mitochondria. After DNA damage, 90% of PAR 
polymers are synthesized by PARP1, with most of the PAR 
polymers attached to PARP1 itself [75, 76]. Since PARG is 
involved in the translocation of PAR from the nucleus to the 
cytoplasm [16, 77], the PAR polymer may work in a soluble 
form and, thus, diffusion of this “messenger” appears to be 
an addition layer through which PAR behavior and function 
is controlled. However, a recent report proposed another 
possibility—that PAR may be delivered to the cytoplasm 
and act on AIF in a protein-bound state [76]. PARP1 is 
cleaved into 89 and 24 kDa fragments upon exposure to stau-
rosporine and actinomycin D. The PAR polymer, attached to 
the 89 kDa PARP1 fragment, is translocated from nucleus 
to cytoplasm, where it interacts with AIF, resulting in AIF 
release and translocation to the nucleus [76]. Although cas-
pase activation-induced PARP1 cleavage sounds controver-
sial for PARP1-dependent cell death, this study evokes a 
sense of the protein-carried PAR polymer in parthanatos 
induction.

Structure and function of MIF

Given that AIF itself has no obvious endonuclease activ-
ity, AIF-mediated DNA fragmentation likely requires the 
recruitment of downstream nucleases. A study on Caeno-
rhabditis elegans demonstrated that AIF and endonuclease 
G (EndoG) together promote DNA degradation [78], yet 
mammalian EndoG has been shown not to play an essential 
role in PARP-1-dependent cell death [10, 79]. Kroemer’s 
group revealed an interaction between AIF and cyclophi-
lin A (CypA) using mass spectrometric methods, protein 
immunoprecipitation and GST-pulldown assays, demonstrat-
ing that CypA is able to degrade plasmid DNA and nuclear 
DNA extract in vitro [80]. However, the follow-up study 
found that formation of a complex with CypA is neces-
sary for AIF nuclear translocation in neurons after cerebral 
hypoxia–ischemia [81]. In 2010, Susin’s group demonstrated 
that AIF interaction with H2AX [82, 83]. This is an impor-
tant finding because H2AX (especially phosphorylated 
H2AX, γH2AX) is closely related to DNA double strand 
break formation. H2AX genetic ablation, CypA downregu-
lation, or the inhibition of the AIF/CypA complex confers 
resistance to parthanatos [81–85]. The nuclease that couples 
with AIF and mediates DNA degradation was discovered 
by Dawson’s lab. Through a protein chip assay that con-
tains > 16,000 human recombinant proteins, macrophage 
migration inhibitory factor (MIF) was identified as a PARP-
1-dependent AIF-associated nuclease (PAAN) [10].

MIF was identified in 1966 by Bloom and Bennett as a 
T cell-derived cytokine that inhibits macrophage migration 

[86, 87]. It is a highly conserved protein, and human MIF 
consists of 114 amino acids (MW ~ 12.5 kDa) [87, 88]. MIF 
is a pleiotropic protein, expressed in a number of different 
cell types such as monocytes, monocytes, fibroblasts, pitui-
tary cells, endothelial cells, neurons, and non-neuronal cells 
[89]. The most widely studied MIF function is its cytokine 
activity. In cytokine cascades, MIF is an upstream player 
that can trigger and amplify cytokine production by stimu-
lating the production of pro-inflammatory mediators, such 
as tumor necrosis factor α (TNF-α), interleukin-1β (IL- 1β), 
interferon-γ (IFNγ), and other effector cytokines [90–92]. 
This function is dependent on its binding with chemokine 
receptors CXCR2, CXCR4, and CXCR7 [93, 94] and the 
cell surface receptor CD74, which leads to intramembra-
nous cleavage and signaling or the co-activation of CD44 
[95–97]. Following receptor activation, MIF facilitates cell 
proliferation and inhibition of apoptosis via initiation of 
the ERK1/2 MAP kinase pathway [96]. Mediated by the 
non-cognate receptors CXCR2, CXCR4, and CXCR7, MIF 
inhibits migration and enhances the adhesiveness of immune 
cells [93, 94]. In addition, MIF is expressed in the central 
nervous system, where it appears to have multiple benefi-
cial and detrimental effects as a neuroimmunomodulator in 
neurological disorders [98]. The MIF protein forms a homo-
trimer and, unlike other cytokine-like molecules, has diverse 
enzymatic activities including tautomerase, and thiol-protein 
oxidoreductase (TPOR) activity, which impart MIF with 
various biological functions [87]. The TPOR activity of MIF 
catalyzes reductions in insulin and 2-hydroxyethyldisulfide 
(HED), which are involved in cellular redox protection. This 
activity is dependent on the cysteines located at positions 57 
and 60 in the CXXC motif [99, 100], while the tautomer-
ase activity relies on an N-terminal proline [87]. It is not 
clear, however, whether the tautomerase enzyme activity of 
MIF plays a physiological role in mammals, nor is there 
any known endogenous substrate for this enzyme activity in 
mammals, or other eukaryotes [89].

In 2016, Dawson’s lab discovered that MIF possesses 
nuclease activity, which functions in its participation dur-
ing parthanatos as a downstream effector [10, 101]. The 
MIF trimer contains a motif characteristic of members of 
the PD-D/E(X)K superfamily that is also found in many 
nucleases and highly conserved across mammalian spe-
cies [10, 102–104]. The glutamic acid residue E22 in the 
first α helix of MIF is essential for its nuclease activity, and 
its presence is also consistent with the previously reported 
active sites of the exonuclease–endonuclease–phosphatase 
(EEP) domain superfamily nucleases [10, 105, 106]. The 
nuclease activity of MIF is independent of its oxidoreductase 
and tautomerase activity. MIF has both 3′ exonuclease and 
endonuclease activities, preferentially binding to 5′ unpaired 
bases of ssDNA with a stem–loop structure and cleaving its 
3′ unpaired bases [10]. MIF is predominantly localized in 
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the cytosol [10], but in response to various stimuli (NMDA 
and MNNG), interacts with AIF and is recruited MIF into 
the nucleus, where it binds to and cleaves genomic DNA into 
large fragments [10]. Depleting MIF, blocking the AIF/MIF 
interaction, or mutating the MIF nuclease active site E22 all 
block MIF nuclease activity and inhibit the chromatinolysis 
and cell death induced by glutamate excitotoxicity, MNNG, 
and focal stroke [10]. In conclusion, MIF is an essential 
nuclease in the parthanatos signaling pathway [101].

Therapeutic targets for parthanatos‑based 
pathogenesis

As described above, parthanatos involves a cascade of sign-
aling responses that cause cell death. It is caspase independ-
ent, induced by PARP-1 overactivation, and involves AIF 
and MIF. Hence, targeting any steps of the cascade could 
serve as a promising therapeutic strategy for parthanatos-
based pathologies, such as neurodegenerative diseases, 
including PD, AD, Huntington’s disease (HD), and amyo-
trophic lateral sclerosis (ALS), and other disorders such as 
stroke, diabetes, and cerebrovascular diseases [1, 7, 9, 107, 
108] (Fig. 4).

Inhibition of PARP‑1 overactivation

As the initial signal of parthanatos, PARP-1 overactivation 
contributes to the pathological processes of nervous sys-
tem diseases. Therefore, the effective inhibition of PARP-1 
activity is an important target for the treatment of parthan-
atos-based diseases. Recently, PARP-1 inhibitors have been 
primarily developed to treat cancer by inhibiting DNA dam-
age repair and promoting cell death [46, 109]. Four PARP 
inhibitors (olaparib, rucaparib, niraparib, and talazoparib) 
are currently used in clinical cancer treatment [109–113], 
and other inhibitors are being tested and used to treat many 
solid tumors, such as pancreatic and gastric cancer [109, 
114]. From a different perspective, these PARP-1 inhibitors 
could potentially be used to prevent cell death and treat nerv-
ous system diseases. PD is an age-related neurodegenerative 
disease resulting from a pathophysiologic loss or degenera-
tion of dopaminergic neurons in the substantia nigra pars 
compacta, and the development of neuronal Lewy bodies 
in intracellular inclusions [115]. Pathological α-synuclein 
(α-syn) is the main component of Lewy bodies and neurites 
and contributes to the pathogenesis of PD via various path-
ways [9]. Dawson’s team found that pathological α-syn acti-
vates PARP-1, and PAR generation accelerates the formation 
of pathological α-syn, resulting in cell death via parthanatos 
[9]. PARP inhibitors (veliparib, rucaparib, and talazoparib) 
were shown to prevent the α-syn PFF-mediated PARP acti-
vation and cell death in cell and mice models [9]. ALS is a 

fatal neurodegenerative disease characterized by the accu-
mulation of phosphorylated TAR DNA-binding protein 43 
(TDP-43) aggregates in the cytoplasm of affected neurons 
and glia [108]. Researchers have also reported elevated 
levels of PAR and the nuclear translocation of AIF in the 
ALS model [108, 116, 117]. The PARP inhibitor veliparib 
can inhibit TDP-43-associated neuronal death [108], and 
olaparib demonstrates remarkable suppression of TDP-43 
overexpression-mediated cytotoxicity [118]. AD is the most 
common type of dementia and is mainly characterized by 
the aggregation of extracellular amyloid beta peptides (Aβ) 
and intracellular neurofibrillary tangles [119]. The aggrega-
tion of Aβ causes calcium influx, NADPH oxidase activa-
tion, and oxidative stress in neuronal cells, which leads to 
PARP-1 hyperactivation, PAR accumulation, and cell death 
[120]. The PARP-1 inhibitor PJ34 inhibits Aβ-induced PAR 
accumulation and thus neuronal death [120–122]. HD is an 
age-dependent neurodegenerative disease caused by a CAG 
trinucleotide repeat expansion in exon 1 of the Huntington 
gene, which leads to the accumulation of mutant huntingtin 
proteins in the brain [123]. Mutant huntingtin proteins cause 
the excessive activation of NMDA receptors interacting with 
postsynaptic density 95 (PSD-95), leading to excitotoxic-
ity [124]. The PARP-1 inhibitor INO-1001 is demonstrated 
neuroprotection in an HD R6/2 mutant mouse model [125]. 
Taken together, these data suggest that using PARP-1 inhibi-
tors may represent a promising strategy to treat neurodegen-
erative diseases in the future.

Recently, Ba’s lab proposed an epistatic determinant of 
PARP-1 overactivation. After oxidative insult, the 8-oxo-
7,8-dihydroguanine glycosylase1 (OGG1)-initiated base 
excision repair (BER) pathway (OGG1-BER) leads to the 
generation of excessive BER intermediates, DNA strand 
breaks, and apurinic/apyrimidinic (AP) sites, which in turn 
cause PARP-1 overactivation and parthanatos [15]. The lack 
of OGG1 or repair-deficient OGG1 showed lower levels of 
DNA strand damage, PARP-1 activation, and AIF nuclear 
translocation, leading to increased resistance to ROS-
induced parthanatos [15]. These results suggest that inhib-
iting OGG1 activity with specific inhibitors, e.g., TH5487 
[126] or O8 [127], may also present a strategy for the treat-
ment of neurodegenerative diseases. However, the inhibition 
of either PARP-1 or OGG1 activity can also affect DNA 
damage repair pathways, and these side effects should be 
considered when developing targeted therapeutics for neu-
rodegenerative diseases.

Control of PARylation

PAR acts as a messenger of death to initiate the parthanatic 
signaling cascade. Therefore, controlling the level of intra-
cellular PARylation can effectively inhibit this pathway of 
cell death. Due to the prominent role of PARP-1 activation 



The key players of parthanatos: opportunities for targeting multiple levels in the therapy…

1 3

Page 9 of 15  60

in DNA repair, interference with PAR signaling may pro-
vide a unique opportunity for preventing cell death following 
PARP-1 activation. As mentioned above, both PARG and 
ARH3 can regulate PARylation levels through their glyco-
sidic activity [51, 58]. In addition, Dawson’s team found the 
protein Iduna, a PAR-dependent E3 ligase and PAR-bind-
ing protein, to be neuroprotective [128]. Iduna’s protective 

effects are independent of and do not affect PARP-1 activ-
ity[129]. Iduna is protective against NMDA receptor-medi-
ated glutamate excitotoxicity and stroke through interfer-
ing with PAR polymer-induced cell death [129]. The PAR 
polymer binding activity of Iduna is essential for its neuro-
protective function. On the one hand, Iduna promotes cell 
survival by targeting PARylated and PAR binding proteins 

Fig. 4   Potential therapeutic targets for parthanatos-related diseases. 
① Inhibition of PARP-1 hyperactivation. Both OGG1 and PARP-1 
inhibitors inhibit PARP-1 overactivation and thus inhibit the process 
of parthanatos. ② Targeted regulation of PARG or ARH3 levels. Pro-
moting PAR degradation, activating Iduna, or mimicking the effects 
of Iduna binding with PAR to prevent PAR polymer induced parthan-
atos. ③ Inhibition of AIF nuclear translocation. Research and devel-
opment agents that inhibit nuclear translocation of AIF, or specifi-
cally block the binding of PAR to AIF. ④ Inhibition of the nuclease 

activity of MIF. On the one hand, the interaction between AIF and 
MIF can be destroyed to inhibit the transfer of MIF into the nucleus, 
and on the other hand, targeted inhibition of the nuclease activity of 
MIF to prevent its cleavage of genomic DNA. “?” refers to a hypo-
thetical therapeutic target to be addressed by joint efforts. PARP-1 
poly (ADP-ribose) polymerase 1, OGG1 8-oxo-7,8-dihydroguanine 
glycosylase1, PARG​ PAR glycohydrolase, PAR poly(ADP-ribose), 
ARH3 ADP-ribosyl-acceptor hydrolase 3, AIF apoptosis-inducing 
factor, MIF migration inhibitory factor
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for ubiquitin proteasomal degradation through PAR binding 
and ubiquitin E3 ligase activity, and on the other hand, Iduna 
promotes DNA repair by reducing AP sites [128]. Therefore, 
the targeted regulation of PARG or ARH3 levels, activating 
Iduna, or mimicking the effects of Iduna, could represent 
potential therapeutic strategies to prevent PAR polymer-
induced parthanatos.

Inhibition of AIF nuclear translocation

The translocation of AIF from the mitochondria to the 
nucleus is essential for parthanatos. Therefore, blocking 
the nuclear transfer of AIF is a further opportunity to pre-
vent cell death following the activation of PARP-1. AIF is a 
high-affinity PAR-binding protein [34]. The binding of AIF 
with PAR, particularly through three specific basic amino 
acids (arginine 588, lysine 589, and lysine 592) found on 
AIF, is critical for parthanatos [34]. Therefore, developing 
small-molecule drugs that can inhibit PAR interaction with 
AIF may be a potential means to protect against parthanatos 
[34]. Heat shock protein 70 (HSP70) [130] and thioredoxin 
1 (Trx1) [131] interact with AIF and inhibit AIF-induced 
parthanatos in cultured cells. In addition, specifically block-
ing the interaction between AIF and CypA can prevent AIF 
nuclear translocation and inhibit cell death. AIF-blocking 
peptides have been designed to target human CypA, which 
provides significant neuroprotection as ligand of CypA by 
blocking AIF binding [132, 133]. Although further valida-
tions in animal models is required, these data suggest that 
agents blocking AIF nuclear translocation may serve as 
potential drugs to treat neurodegenerative diseases.

In another scenario, the release of AIF from the mito-
chondria with the concomitant exacerbation of parthanatos 
may be a further avenue to pursue. For example, atiprimod, 
a cationic amphiphilic compound, was tested to treat meta-
static carcinoid tumors and refractory multiple myeloma. 
In this study, atiprimod was shown to promote the release 
of AIF from the mitochondria and subsequent cell death 
without eliciting PARP-1 activation [134]. Thus, this study 
highlights that exacerbation of parthanatos, which can be 
achieved at multiple levels of the cell death pathway, may 
be an innovative target for cancer therapy.

Inhibition of MIF nuclease activity

MIF is a PARP-1-dependent AIF-associated nuclease that 
causes large-scale DNA fragmentation during parthanatos 
[10]. This represents the final step of parthanatos, which 
ultimately leads to massive DNA damage and irreversible 
cell death. Various cell death pathways have a “point of no 
return” [135], and in parthanatos, this is when the nuclease 
activity of MIF is activated to give rise to large amounts of 
damaged DNA. The inhibition of MIF’s nuclease activity 

is thus a potential therapeutic target for neurodegenerative 
diseases caused by excessive PARP-1 activation [10]. On the 
one hand, effective inhibition of the nuclear translocation 
of MIF may insulate its binding to DNA and reduce DNA 
damage. The transfer of MIF into the nucleus requires inter-
action with AIF, and effective disruption of the AIF-MIF 
interaction will inhibit MIF entry into the nucleus. Dawson’s 
team has resolved the interaction site between AIF and MIF, 
providing an important reference for the further development 
of agents as AIF/MIF blockers [10]. MIF’s nuclease activity 
is independent of its oxidoreductase and tautomerase activity 
and dependent on the glutamic acid residue E22 in the first 
α helix of MIF [10]. Thus, it should be possible to develop 
agents that only inhibit the nuclease activity of MIF with-
out affecting the activity of oxidoreductase and tautomerase 
[13]. The inhibition of MIF nuclease activity could bypass 
the need for long-term PARP inhibition, which may impair 
the detection and repair of DNA damage, and thus offers 
an opportunity for treating neurodegenerative disease [101].

Conclusion and future prospects

Parthanatos specifically relies on PARP-1 overactivation 
and is a caspase-independent cell death pathway. It pre-
dominantly involves PARP-1 overactivation, PAR accu-
mulation, PAR binding to AIF, AIF release from the mito-
chondria, nuclear translocation of the AIF/MIF complex, 
and MIF-mediated large-scale DNA fragmentation. There 
are still many unsolved questions regarding parthanatos. 
For example, what is the regulation mechanism of nuclear 
PAR release, how does AIF release from mitochondria 
in response to PAR binding, and what chromatin land-
scape context does MIF recognize? What are the possible 
molecular determinants of PAR that trigger AIF release in 
some cell models but not in others? How do cells die in 
a PARP1-dependent manner if AIF/MIF are not involved? 
A deeper understanding of the basic biochemical mecha-
nism of parthanatos is a prerequisite for further research 
on parthanatos-related therapeutics. Parthanatic cell death 
plays an important role in neurodegenerative disorders such 
as AD, PD, HD, and ALS, and it may be possible to sup-
press the development of these neurodegenerative diseases 
by interfering with key players in the parthanatic cascade, 
such as PARP-1, the level of PAR signaling, AIF, and MIF. 
Moreover, inducing parthanatos is emerging as a new strat-
egy to kill tumor cells in cancer therapy, in which PAR/AIF 
can substitute as a primary mediator of breast cancer cell 
death after chemotherapy [109, 136]. It is crucial, therefore, 
that further investigations into the molecular mechanisms of 
parthanatos are conducted. Strategies to block or exacerbate 
parthanatos, present promising therapeutic approaches in the 
treatment of parthanatos-related diseases.
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