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ABSTRACT

Cell death is a fundamental process that needs to be maintained to balance cellular functions and prevent disease.
There are several cell death pathways; however, apoptosis and parthanatos are the most prominent and have im-
portant roles in cancer biology. As an extremely well-regulated process, apoptosis removes damaged or abnormal
cells via caspase activation and mitochondrial involvement. Unlike in the healthy cells, the loss of ability to induce
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apoptosis in cancer permits tumor cells to survive and multiply out of control and contribute to tumor progression
and therapy resistance. On the contrary, parthanatos is a caspase-independent metabolic collapse driven by poly
(ADP-ribose) polymerase 1 (PARP1) overactivation, translocation of apoptosis-inducing factor (AlIF), and com-
plete DNA damage. Several cancer models are involved with parthanatos. Deoxypodophyllotoxin (DPT) induces
parthanatos in glioma cells by excessive ROS generation, PARP1 upregulation, and AIF nuclear translocation.
Like in acute myeloid leukemia (AML), the cannabinoid derivative WIN-55 triggers parthanatos, and the effects
can be reversed by PARP inhibitors such as olaparib. Developing cancer treatment strategies involving advanced
cancer treatment strategies relies on the interplay between apoptosis and parthanatos. However, such apoptosis-
based cancer therapies tend to develop resistance, so there is an urgent need to look into alternative pathways like
parthanatos, which may not always trigger apoptosis. In overcoming apoptosis resistance, there is evidence that
combining apoptosis-inducing agents, such as BH3 mimetics, with PARP inhibitors synergistically enhances cell
death. Oxidative stress modulators have been found to promote the execution of parthanatic and apoptotic path-
ways and allow treatment. In this review, apoptosis and parthanatos are thoroughly compared at the molecular
level, and their roles in cancer pathogenesis as related to cancer therapeutic potential are discussed. We incorporate
recent findings to demonstrate that not only can parthanatos be used to manage therapy resistance and enhance
cancer treatment via the combination of parthanatos and apoptosis but also that immunity and bone deposition can
feasibly be employed against long-circulating cancer stem cells to treat diverse forms of metastatic cancers.

Keywords: Parthanatos, apoptosis, cancer, cell death mechanisms, PARP1, caspases, therapy resistance

INTRODUCTION caspase-dependent process (Kroemer et al.,
2009). The apoptotic process is tightly con-
trolled by both extrinsic (death receptor) and
intrinsic (mitochondrial) signaling cascades,
which are carried out by caspases, cyto-
chrome c, and Bcl 2 family members (Xu and
Shi, 2007). Then, parthanatos, a relatively
newly identified form of programmed necro-
sis, is a caspase-independent process acti-
vated by the overactivation of PARP1 (Fato-
kun et al., 2014). When severe DNA damage
triggers PARP-1 hyperactivity, the intrinsic
mechanisms cause PAR polymer buildup, mi-
tochondrial malfunction, PARP-1 nuclear
translocation, large-scale DNA fragmenta-
tion, and cell death (Wang et al., 2009a).
However, parthanatos is different because it is
not immunologically silent, as in apoptosis,
and can contribute to inflammatory signaling
that, in turn, modifies the tumor microenvi-
ronment and therapeutic consequences (Gie-
lecinska et al., 2023).

The therapeutic relevance of the distinc-
tion between apoptosis and parthanatos is
based on the fact that they have complemen-
tary functions in cancer treatment (Su et al.,
2016). Many tumors avoid apoptosis due to
mutations in tumor suppressor genes like
TP53 and overexpression of anti-apoptotic
proteins like Bcl2 and 1APs (Crowe and
Sinha, 2006). The resistance conferred by

Cellular homeostasis is maintained, dam-
aged or aberrant cells are eliminated, and
proper development is assured through the
important biological process of programmed
cell death (Qian et al., 2024). Apoptosis was
widely investigated in various forms of pro-
grammed cell death due to its important role
in eliminating damaged cells irreparably and
ensuring that tissue and organismal health are
protected (Shkarina and Broz, 2024). How-
ever, cell death dysregulation is a hallmark of
cancer, a hall that allows the advancement of
tumors, exposure to chemotherapies, and tu-
mors’ avoidance of immune attacks (Tufail et
al., 2024). Typically, the intrinsic balance be-
tween pro-survival and pro-death signals is
often perturbed in cancer, allowing it to evade
immune surveillance and respond to therapies
that involve pro-apoptotic activation (Plati et
al., 2011). However, the unity in diversity in
the controls of apoptosis and alternative cell
death pathways, namely parthanatos, is ex-
tremely important to understand in order to
develop effective and targeted cancer treat-
ments (Zhou et al., 2021). Apoptosis is de-
fined by certain morphological indicators, in-
cluding DNA breakage, chromatin condensa-
tion, and the production of apoptotic bodies;
it is thought to be mediated exclusively by a
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these alterations is due to conventional thera-
pies that depend upon caspase activation
(Boice and Bouchier-Hayes, 2020). BH3 mi-
metics, for example, venetoclax, designed to
restore apoptotic sensitivity by inhibiting Bcl-
2, may be efficacious only in apoptosis-re-
sistant cancers (Montero and Haq, 2022).
Therefore, targeting parthanatos is a promis-
ing alternative in such cases (Zhang et al.,
2024a). Deoxypodophyllotoxin (DPT) and
WIN-55 can also effectively trigger parthana-
tos in gliomas and AML, even in tumors un-
responsive to apoptotic-based treatment (Ma
et al., 2016). Parthanatos is particularly rele-
vant in both situations in which parasites are
known to have roles, such as cancers being
treated with DNA-damaging agents like plat-
inum-based drugs and radiation (Huang et al.,
2022). A shortage of ATP and NAD+, mito-
chondrial malfunction, and, eventually, cell
death are caused by PARP-1 hyperactivation
in response to severe DNA damage (Murata
et al., 2019). To inhibit BRCA-mutated can-
cers, PARP inhibitors were first afforded as
synthetic lethality inducers (Lord and Ash-
worth, 2017). These inhibitors have been
found to selectively induce parthanatos in tu-
mor cells with faulty DNA repair mechanisms
(Xu et al., 2023). This has created new com-
binatorial opportunities for killing resistant
cells in cancer by combining apoptosis and
parthanatos (Zhou et al., 2021).

In contrast, blending PARP inhibitors
with BH3 mimetics or immune checkpoint in-
hibitors has synergistic effects by activating
multiple cell death pathways, improving treat-
ment efficacy, and reducing resistance (Wu et
al., 2021). In addition to their therapeutic po-
tential, they have diagnostic and prognostic
importance concerning such distinction be-
tween apoptosis and parthanatos (Maru et al.,
2023). Because apoptotic and parthanatic
pathways share distinct biochemical and mor-
phological markers, these can be used as bi-
omarkers of treatment response (Mustafa et
al., 2024). Furthermore, the relationship be-
tween metabolic stress, mitochondrial mal-
function, oxidative stress, and the reciprocal
activities of parthanatos and apoptosis may

result in new treatment approaches that take
advantage of this interaction in a tumor-spe-
cific manner (Chen et al., 2011). There are
two distinct, though therapeutically compli-
mentary, ways of programmed cell death:
apoptosis and parthanatos (Andrabi et al.,
2008). Even though cancer therapy has long
focused on apoptosis, a topic of increasing
awareness is that parthanatos has brought new
avenues for circumventing resistance to ther-
apy, genomic instability, and metabolic adap-
tations of tumors (Tong et al., 2022). Cancer
can be targeted through these pathways to de-
velop more effective, personalized, and dura-
ble therapeutic strategies by distinguishing
them and probing how they interact. This re-
view synthesizes molecular mechanisms,
pathological roles, and therapeutic signifi-
cance of apoptosis and parthanatos, two
prominent pathways regulating cellular death.
It describes their impact on understanding and
treating cancer biology and treatment.

APOPTOSIS: A CLASSICAL
PROGRAMMED CELL DEATH

Mechanistic insights into apoptosis

Apoptosis is a basic process that preserves
cellular homeostasis by getting rid of dam-
aged or unnecessary cells, which can also be
potentially risky for the organism (Ameisen,
2002). Unlike necrosis, a non-regulated and
inflammatory means of cell destruction, cell
death by apoptosis is a tightly controlled and
non-inflammatory process whereby cell de-
bris contained within apoptotic bodies is re-
moved by phagocytes (Xu et al., 2019). With-
out this tightly controlled mechanism, normal
development, immune regulation, and cancer
suppression would not have occurred (Vinay
etal., 2015). The intrinsic and extrinsic routes
are the two main ways that apoptosis is car-
ried out, and they both lead to a caspase cas-
cade of proteolytic enzymes (Jan and
Chaudhry, 2019).

The primary triggering signals of the in-
tracellular route are intercellular stress sig-
nals, including oxidative stress, DNA dam-
age, and nutritional scarcity (Su et al., 2024).
They trigger the oligomerization and leakage
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of the outer membrane of the mitochondria by
proapoptotic members of the Bcl-2 protein
family, such as Bak and Bax (Kale et al.,
2018). Cytochrome c is released into the cy-
tosol due to this MOMP, where it binds Apaf-
1 and procaspase-9 to create the apoptosome
(Garrido et al., 2006). The apoptosome's abil-
ity to activate caspase-9 opens the door for
more caspase cleavage and the stimulation of
executioner caspases, such as caspase-3 and
caspase-7 (Brentnall et al., 2013). DNA
breakage, chromatin condensation, cytoskele-
tal breakdown, and the creation of apoptotic
bodies are the outcomes of apoptotic caspa-
ses' execution of a crucial cellular component
degradation (Povea-Cabello et al., 2017).
Specifically, anti-apoptotic proteins like Bcl-
2 and Bcl-xL inhibit apoptosis in healthy cells
by opposing Bax and Bak, preserving the in-
tegrity of mitochondria (Luna-Vargas and
Chipuk, 2016). Both anti-apoptotic proteins
are over-expressed in cancer to drive tumor
cells to avoid apoptosis.

On the other hand, the extrinsic pathway
is triggered by the extracellular death signal
via activation of the death receptor, for in-
stance, Fas (CD95) or tumor necrosis factor
receptor (TNFR) upon ligand binding (Guic-
ciardi and Gores, 2009). The DISC is formed
due to the binding of adaptor proteins such as
procaspase-8 and the death domain-contain-
ing protein FADD (Siegmund et al., 2001).
After activation, caspase 8 either cleaves and
activates executioner caspases directly or
cleaves a proapoptotic Bcl2 family member,
such as Bid, which releases Mito cytochrome
c, activating the intrinsic pathway (Zhong et
al., 2020). Effective cell death guarantees that
the apoptotic signal is amplified by further
cross-talk between the intrinsic and extrinsic
pathways (Roy and Nicholson, 2000). In ad-
dition, some cancer cells can use mutations in
death receptor signaling or downregulation of
Fas and TNFR expression to evade apoptosis,
thereby evading the immune system and be-
coming resistant to therapy (Leonard and
Johnson, 2018). Though caspase-dependent

apoptosis is typically considered, caspase in-
dependence mechanisms exist, especially
when caspase activation is impaired (Mcll-
wain et al., 2013). Instead, induction of mas-
sive DNA fragmentation and chromatin con-
densation occurs independently of caspases
through mitochondrial factors such as apopto-
sis triggering factor and endonuclease G,
which go into the nucleus (Bajt et al., 2006).
Under stress conditions, such non-canonical
apoptotic pathways ensure that cells die in an
active, programmed fashion even if primary
apoptotic mechanisms are blocked to main-
tain cellular integrity (Mustafa et al., 2024)
(Figure 1).

Dysregulation of apoptosis in cancer

Apoptosis is a fundamental aspect that
helps keep the tissue balanced and prevents
the cells with oncogenic potential from sur-
viving (Wong, 2011). However, cancer is a
disease of dysregulated apoptosis, a hallmark
of cancer allowing tumor cells to avoid pro-
grammed cell death, grow in an uncontrolled
manner, and limit their susceptibility to ther-
apy (Pistritto et al., 2016). Cancer cells can
escape apoptosis in many different ways.
However, genetic changes in tumor suppres-
sor genes, including TP53, hamper this,
which stops the intrinsic pathway from acti-
vating and proapoptotic proteins like Bax and
Bak from activating (Dandoti, 2021). Bcl-2,
Bcl-xL and Mcl-1 are anti-apoptotic proteins
overexpressed in many tumors and interfere
with the apoptotic signal while maintaining
mitochondrial integrity (Carrington et al.,
2017). 1APs also contribute to cancer cell sur-
vival by inhibiting caspase activation, and
some tumor cells downregulate death recep-
tors or deviant the shape of DISC, impairing
the extrinsic apoptotic pathway (Derakhshan
etal., 2017).

In addition, these alterations enhance both
tumorigeneses and therapy resistance (Dzobo
et al., 2023). Tumors that have become re-
sistant to apoptotic signaling often exhibit
poor responses to treatment because many
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Figure 1. This figure illustrates the extrinsic and intrinsic pathways of apoptosis. The extrinsic pathway
is triggered by death receptor activation, leading to the recruitment of adaptor proteins (TRADD, TRAF2,
RIP) and activation of caspase-8, which subsequently activates caspases-3/7 to induce apoptosis. The
intrinsic pathway is initiated by cellular stress factors such as chemicals, radiation, and growth factor
withdrawal, leading to mitochondrial outer membrane permeabilization via BAX/BAK activation. This
releases cytochrome C, which activates caspase-9 through Apaf-1, further activating caspases-3/7.
Both pathways are regulated by inhibitors of apoptosis proteins (IAPs) and antagonists like SMAC.

chemotherapeutic agents and treatments
based on radiation therapy are acting by in-
ducing apoptosis (Wu et al., 2023b). For ex-
ample, most TP53 mutated cancers resist
DNA-damaging agents due to p53’s lack of
function to initiate the intrinsic apoptotic cas-
cade (Wang et al., 2024a). Like those tumors,
tumors that overexpress Bcl-2 or IAPs escape
chemotherapy-induced apoptosis by perturb-
ing the activation of caspases and reducing
the era of chemotherapy (Buchholz et al.,
2003).

To counteract these mechanisms, efforts
toward developing new cancer therapies are
underway to restore apoptotic signaling (Tian

et al., 2024). One method that has been
proven to be effective is using small molecule
inhibitors known as BH3 mimetics to treat
anti-apoptotic proteins. These inhibitors neu-
tralize Bcl 2 family members, allowing pro-
apoptotic factors to initiate cell death (Del-
bridge and Strasser, 2015). Since then, it has
shown great efficacy in treating hematologi-
cal malignancies like, for example, CLL and
AML (Lasica and Anderson, 2021). In addi-
tion, the intrinsic apoptotic pathway is acti-
vated through death receptor agonists (includ-
ing TRAIL receptor agonists) and death re-
ceptor agonists that selectively induce tumor
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cell death (Yuan et al., 2018). Another emerg-
ing strategy is using SMAC mimetics, which
antagonize IAPs to enhance caspase activa-
tion further and increase apoptotic sensitivity
in resistant tumors (Wu et al., 2007).

The combination therapies utilizing these
agents alone or combined with conventional
treatments like chemotherapy, immune
checkpoint inhibitors, or targeted therapies
are promising approaches to overcome re-
sistance and improve treatment efficacy (Pa-
tel and Minn, 2018). It is well known that
BH3 mimetics and PARP inhibitors alone ef-
fectively Kill apoptosis-resistant tumors via
both apoptotic and parthanatic pathways
(Townsend et al., 2021). Oxidative stress
modulators have been found to sensitize tu-
mors to apoptosis-inducing agents, like those
that increase mitochondrial dysfunction (Kuo
et al., 2022). The development of effective
treatments depends on understanding apop-
totic mechanisms, and these multi-target ap-
proaches highlight the reality that many of the
efforts to eliminate cancer cells are focused
on targeting the apoptosis-related cell death
cascade (Neophytou et al., 2021).

PARTHANATOS: A POLY(ADP-RI-
BOSE)-DEPENDENT CELL DEATH

Molecular signature of parthanatos

The paradigm of overactivation of the
PARP-1 is a distinct kind of cell death termed
parthanatos (David et al., 2009). Parthanatos
is not caspase-dependent and is due to excess
DNA damage and accumulation of
poly(ADP) rubes (PAR) polymers, unlike
apoptosis (Maru et al., 2023). It accumulates
the cell's NAD+ and ATP reserves, depleting
them till an energy crisis and the cell's pecu-
liar collapse (Covarrubias et al., 2021). One
of parthanatos main characteristics is the
movement of AIF from the mitochondria to
the nucleus, where it causes cell death (Huang
et al., 2022). This process is driven to a large
extent by mitochondrial dysfunction, where-
by excessive PAR polymer formation causes
mitochondrial membrane potential loss, oxi-
dative stress generation of ROS, and amplifi-

cation of DNA impairment in a positive feed-
back loop to enhance PARP 1 activation
(Jezek et al., 2018). Parthanatos differs from
necrosis in that it does not promote inflamma-
tory cell swelling or apoptotic body for-
mation, as occurs in apoptosis (Liu et al.,
2022). PARP-1 hyper activation, AlF translo-
cation, and metabolic collapse make parthan-
atos a unique molecular signature unique to
PARP-1 hyper activation and AlF transloca-
tion, and metabolic collapse is a very im-
portant cancer progression and therapy re-
sistance process, as well as DNA damage in
neurodegenerative disorders (Liu et al.,
2022¢e). Multiple cancer models have been
shown to respond to parthanatos induction,
including in the context of oxidative stress
and chemotherapeutic agents (An et al., 2024).

Furthermore, in glioma cells, Ma et al.
demonstrated that deoxypodophyllotoxin
(DPT) caused parthanatos by the production
of excessive ROS, the overexpression of
PARP-1, the accumulation of PAR polymers,
and the translocation of AIF into the nucleus.
DPT-induced effects were reversed by knock-
down of PARP-1, treatment with antioxidants
(NAC), and PARP-1 inhibitors (3AB) rescu-
ing cells (Ma et al., 2016). Similarly, Zhang
et al. identified a p53-SIRT6-PARP1 axis in
colon cancer, where AKT inhibition pro-
moted PARP-1 activation and parthanatos,
whereas p53 deletion prevented its induction.
However, AKT inhibition also led to protec-
tive autophagy, as shown in Figure 2, suggest-
ing that targeting both parthanatos and au-
tophagy could improve therapeutic outcomes
(Zhang et al., 2022).

Several studies have further linked the ac-
tivation of parthanatos to small-molecule
compounds with anticancer properties. The
glycosylated flavonoid Brachydin A (BrA)
was shown by Ribeiro et al. to cause parthan-
atos in metastatic prostate cancer spheroids by
the disruption of mitochondrial membrane
potential, activation of PARP-1, and nuclear
translocation of AIF. The alteration of inflam-
matory indicators and anti/pro-apoptotic pro-
teins was linked to BrA-mediated cell death
(Ribeiro et al., 2022). Similarly, Medrano et
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al. found that the cannabinoid derivative
WIN-55 induced parthanatos in acute mye-
loid leukemia (AML) cells, evidenced by
DNA damage, NAD+ depletion, and meta-
bolic disruption. PARP inhibition with
Olaparib prevented this effect, confirming
that WIN-55-induced AML cell death de-
pends on parthanatos (Medrano et al., 2024).

In addition to pharmacological triggers,
environmental toxins and heavy metals have
also been implicated in inducing parthanatos
through oxidative stress and mitochondrial
damage (Li et al., 2023). Paul et al. demon-
strated that fumonisin B1 (FB1), a mycotoxin,
triggers parthanatos in neuroblastoma cells by
causing excessive DNA damage, leading to
PARP-1 overactivation, PAR accumulation,
and AIF nuclear translocation. This process
was further exacerbated by increased ROS
generation, intracellular calcium accumula-
tion, and endoplasmic reticulum stress, link-
ing environmental toxins to parthanatos-me-
diated neurotoxicity (Paul et al., 2021). In rat
proximal tubular cells, Luo et al. investigated
cadmium-induced parthanatos in more detail,
showing that mitochondrial damage and oxi-
dative stress cause PARP-1 activation and
MAPK pathway participation, with JNK1/2
and p38 playing critical roles in apoptosis-
parthanatos crosstalk (Luo et al., 2017).

The molecular regulation of parthanatos
has also been investigated in the context of
AIF translocation and alternative cell death
pathways (Tang et al., 2019). Wang et al. ex-
plored the role of calpain in AIF release dur-
ing parthanatos, demonstrating that AIF nu-
clear translocation occurs independently of
calpain activation but can be prevented by
PARP-1 inhibitors, suggesting that alternative
mechanisms contribute to AlF release (Wang
etal., 2009b). The clinical significance of par-
thanatos has been further validated in cancer
specimens (Qiao et al., 2024). Donizy et al.
analyzed breast cancer tissues and found that
high PARP-1 expression correlated with the
absence of apoptotic bodies and necrosis, key
cytomorphological features of parthanatos.

Apoptotic bodies were connected to the redis-
tribution PARP-1 from the nucleus to the cy-
toplasm, while necrosis was linked to de-
creased nuclear PARP-1 expression (Donizy
et al., 2013). These studies present strong ev-
idence that parthanatos is a central mecha-
nism of genome damage-induced cell death,
oxidative stress, or metabolic disruption. De-
spite significant challenges related to apopto-
sis resistance, parthanatos treatment is possi-
ble through PARP inhibitors, ROS modula-
tors, and oncogenic pathway regulators as a
novel strategy to overcome this challenge.
However, because parthanatos is both a tumor
suppressor and tumor promoter, this mecha-
nism remains a target for developing more ef-
fective and less mycotoxic therapeutic ap-
proaches (Figure 2).

Role of parthanatos in cancer

In cancer, parthanatos acts as two mutu-
ally exclusive tumor-promoting and tumor-
suppressing processes. The context of the cell
determines whether parthanatos induces can-
cer or protects from it (Zhang et al., 2024b).
Parthanatos is often brought about by exten-
sive DNA damage through reactive oxygen
species or chemotherapeutic agents that result
in the overactivation of PARP-1, a hallmark
of parthanatos (Chaitanya et al., 2010). Par-
thanatos induction has emerged as a promis-
ing strategy in cancer therapy to eliminate tu-
mor cells, particularly apoptosis-resistant
ones, as in cancer treatment (Lou et al., 2020).
Excessive PARP-1 activation is commonly
required for parthanatos downstream to such
DNA-damaging agents as platinum com-
pounds and radiation therapy. It is causative
of cell death through mitochondrial dysfunc-
tion, AIF translocation, and apoptosis-induc-
ing factor-dependent cell death (Ke et al.,
2019). Also, synthetic lethality for tumors
with defective DNA repair involves PARP in-
hibitors that leverage synthetic lethality to in-
duce parthanatos selectively in DNA repair
deficient tumors (Helleday, 2011). Although
parthanatos also aids in tumor progression
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Figure 2 illustrates the regulation of apoptosis and parthanatos through AKT signaling, oxidative stress,
and PARP1 activation. AKT promotes cell survival by inhibiting FoxO3a, p53, and autophagy while ac-
tivating p65, which drives apoptosis. AKT knockdown or inhibition (SC66, TIC10) disrupts these path-
ways, enhancing p53 and FoxO3a activity. ROS accumulation induces PARP1 activation, leading to
PAR polymer formation and mitochondrial AIF release, triggering parthanatos. SIRT6 modulates p53,
linking apoptotic and parthanatos pathways, highlighting a complex interplay between survival and pro-

grammed cell death mechanisms.

and therapy resistance, it also plays a role in
autophagy (Yang et al., 2024). Hyperactiva-
tion of PARP-1 in the tumor microenviron-
ment may be chronic, leading to genomic in-
stability and inflammatory signaling for tu-
morigenesis and metastasis (Chen et al.,
2022). In addition, cancer cells develop adap-
tive mechanisms to resist parthanatos, allow-
ing themselves to survive in oxidative stress
or conditions of DNA damage (An et al.,
2024). Zhao et al. studied the impact of sur-
vivin suppressant sepantronium bromide
(YM155) on ESCC. They found that YM155
effectively inhibited tumor development by
lowering survivin levels and preventing cell
death by genetically knocking down AIF or
PARP-1 (Zhao et al., 2015). Similarly, Boulos

et al. demonstrated that cynaropicrin, a ses-
quiterpene lactone, induces parthanatos in
hematopoietic tumors, including multiple my-
eloma and leukemia. In a zebrafish xenograft
model of T-cell acute lymphoblastic leuke-
mia, cyanaropicrin-mediated PARP-1 hyper-
activation resulted in PAR polymer buildup
and AIF nuclear translocation, successfully
inhibiting tumor development (Boulos et al.,
2023). Zheng et al. examined the parthanatos
in glioma cells due to oxidative stress. They
found that exposure to H-O: led to ROS accu-
mulation, PARP-1 activation, AIF nuclear
translocation, and mitochondrial depolariza-
tion. Inhibiting JNK suppressed ROS produc-
tion, suggesting potential therapeutic agents
(Zheng et al., 2017). Similarly, in OSCC, Li
et al. found that the chemotherapeutic drug
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oxaliplatin causes parthanatos by causing nu-
clear translocation of AlF, depolarization of
the mitochondrial membrane, and overactiva-
tion of PARP-1. Oxaliplatin-induced parthan-
atos was prevented by treatment with PARP-
1 inhibitors or antioxidants, demonstrating
the role of oxidative stress in inducing this
kind of cell death (Li et al., 2021).

While parthanatos serves as an important
cell death mechanism, chronic PARP-1 hy-
peractivation may paradoxically promote
therapy resistance and tumor progression
(Lee etal., 2018). Liu et al. identified a novel
mechanism by which cyclophosphamide in-
duces parthanatos in leukemia cells through
glutathione peroxidase 4 (GPX4) degrada-
tion. This process led to AIF nuclear translo-
cation but not ferroptosis, demonstrating an
alternative pathway by which leukemia cells
may evade apoptosis. Knockdown of AIFM1
or overexpression of GPX4 reversed cyclo-
phosphamide-induced cell death, suggesting
that parthanatos modulation could impact
therapy resistance (Liu et al., 2022c). Zhou et
al. further explored the role of parthanatos in
leukemia therapy using palladium (Il) com-
plexes (J4 and J6). These compounds selec-
tively induced PARP-1 hyperactivation and
AIF nuclear translocation, overcoming apop-
tosis resistance in leukemia cells while spar-
ing normal cells. Interestingly, J4 and J6 did
not significantly induce apoptosis or necrosis,
reinforcing the specificity of parthanatos in-
duction as a cytotoxic strategy (Zhou et al.,
2023b).

Parthanatos has also been implicated in
inflammatory diseases, reinforcing its rele-
vance beyond oncology (Vitale et al., 2023).
Xu et al. demonstrated that necrotizing enter-
ocolitis (NEC)--affected intestinal tissues ex-
hibit elevated parthanatos markers, including
AIF nuclear translocation, PAR polymer ac-
cumulation, and PARP-1 activation. Inhibi-
tion of PARP-1, either pharmacologically (3-
AB) or genetically (Parpl knockout), signifi-
cantly reduced intestinal injury and inflam-
mation, suggesting that targeting parthanatos
may mitigate NEC-related epithelial damage

(Xu et al., 2024). Similarly, Xue et al. identi-
fied a novel role for parthanatos in macro-
phage cell death during sepsis. The study
linked TLR4 upregulation to ROS-induced
PARP-1 activation, leading to AIF nuclear
translocation. Pharmacological inhibition of
TLR4 signaling prevented parthanatos in
macrophages, revealing a potential target for
reducing endotoxemia-related inflammatory
damage (Xue et al., 2021). These studies also
show that parthanatos, while aborted, is a
highly context-dependent form of cell death
with both therapeutic and pyknic advantages.
Inducing parthanatos in apoptosis-resistant
tumors is a promising strategy, but chronic
PARP-1 hyperactivation can drive genomic
instability and proinflammatory signaling, re-
sulting in tumor progression and therapy re-
sistance (Table 1).

APOPTOSIS VS. PARTHANATOS
IN CANCER

Distinct molecular and morphological fea-
tures

Apoptosis and parthanatos are two defin-
able programmed cell deaths with allowable
substrate and morphology specificity (Cao et
al., 2024). Apoptosis, usually called type I, is
a caspase-dependent process involving chro-
matin condensation, DNA fragmentation into
nucleosome-sized  fragments, membrane
blebbing, and the release of apoptotic bodies
(Kari et al., 2022). If engulfed by neighboring
or immune cells, these bodies are resolved
non-inflammatory (Szondy et al., 2017). In-
trinsic and extrinsic pathways tightly control
the process, and their key players are caspa-
ses, cytochrome c, and Bcl-2 family proteins
(Singh et al., 2019). It is a highly controlled
mechanism that does not cause excessive tis-
sue damage and inflammatory responses
(Chen et al., 2018). Severe damage to DNA
and oxidative stress can cause parthanatos, a
caspase-independent cell death triggered by
PARP 1 (Gaoetal., 2023). In terms of appear-
ance, parthanatos differs from necrosis and
pyknosis in that it exhibits chromatin conden-
sation, large-scale DNA fragmentation, and
the absence of apoptotic structures or cellular
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Table 1: Mechanistic insights of parthanatos, molecular events, and therapeutic strategies

Key
Feature
PARP-1
Overacti-
vation

PARP-1
Overacti-
vation

AlIF
Translo-
cation

AlF
Translo-
cation

Oxidative
Stress

Oxidative
Stress

Metabolic
Collapse

Metabolic
Collapse

Small
Molecule
Triggers

Small
Molecule
Triggers

Environ-
mental
Toxins

Mechanism

DNA damage
leads to excessive
PARP-1 activation

AKT inhibition trig-
gers the p53-
SIRT6-PARP1
axis

PARP-1 activation
induces AlF re-
lease from mito-
chondria

Cannabinoid de-
rivative WIN-55 in-
duces parthanatos

ROS production
exacerbates DNA
damage and
PARP-1 activation

Cadmium toxicity
triggers oxidative
stress and mito-

chondrial damage

Depletion of
NAD+ and ATP
reserves

Glycosylated fla-
vonoid BrA dis-
rupts mitochon-
drial membrane
potential

DPT induces par-
thanatos via ROS
generation

YM155 sup-
presses survivin
and activates
PARP-1
Fumonisin B1
(FB1) induces
parthanatos

Biological

Impact
Depletes
NAD+ and
ATP, leading
to energy cri-
sis
Induces par-
thanatos but
also initiates
protective au-
tophagy
AIF migrates
to the nu-
cleus, causing
DNA fragmen-
tation
DNA damage,
NAD+ deple-
tion, and met-
abolic disrup-
tion
Enhances mi-
tochondrial
dysfunction
and cell death

Induces apop-
tosis-parthan-
atos crosstalk

This leads to
mitochondrial
dysfunction
and cell death

Triggers AlF
translocation
and PARP-1
activation

PARP-1 up-
regulation and
AIF transloca-
tion

PAR polymer
accumulation
and AIF trans-
location
Excessive
DNA damage
and mitochon-
drial dysfunc-
tion

Molecular
Events

PAR polymer
accumulation,
NAD+ deple-
tion, energy fail-
ure
p53 deletion
prevents par-
thanatos induc-
tion

Mitochondrial
membrane per-
meabilization,
nuclear translo-
cation of AIF
PARP inhibition
with olaparib
prevents cell
death

Increased ROS
levels, mito-
chondrial depo-
larization, DNA
strand breaks
JNK1/2 and p38
MAPK path-
ways are acti-
vated

ATP depletion,
mitochondrial
membrane po-
tential loss, gly-
colytic stress
Modulates
anti/pro-apop-
totic proteins
and inflamma-
tory markers
Knockdown of
PARP-1 or anti-
oxidants rescue
cells

Genetic knock-
down of PARP-
1 or AIF abro-
gates cell death
Increased ROS,
intracellular cal-
cium accumula-
tion, and ER
stress

Therapeutic
Potential
PARP inhibitors

(e.g., olaparib)
to suppress acti-
vation

Dual inhibition
of PARP-1 and
autophagy en-
hances efficacy

Targeting AlF
translocation for
selective cell
death

Using PARP in-
hibitors to refine
cannabinoid-

based therapies

ROS modula-
tors amplify par-
thanatos selec-
tively

Targeting
JNK1/2 to block
oxidative stress-
mediated par-
thanatos
Metabolic inter-
ventions to sen-
sitize cancer
cells

Potential appli-
cation in meta-
static prostate
cancer

Developing
ROS-based par-
thanatos-target-
ing therapies
Using survivin
suppression as
a parthanatos-
based strategy
Developing neu-
roprotective
strategies
against myco-
toxins

Refer-

ence
Ma et al.,
2016

Mo et al.,
2022

Ribeiro et
al., 2022

Medrano
etal.,
2024

Paul et
al., 2021

Luo et al.,
2017

Ma et al.,
2016

Ribeiro et
al., 2022

Ma et al.,
2016

Zhao et
al., 2015

Paul et
al., 2021
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Environ- Heavy metals Mitochondrial
mental (cadmium) induce = dysfunction
Toxins parthanatos via and DNA frag-
oxidative stress mentation
Therapy Cyclophospha- AIF nuclear
Re- mide induces par-  translocation
sistance thanatos via but not ferrop-
GPX4 degradation = tosis
Therapy Palladium (II) Overcomes
Re- complexes J4 and = apoptosis re-
sistance J6 induce selec- sistance in
tive parthanatos leukemia
Inflamma- PARP-1 hyperac- @ Elevated PAR
tory Sig- tivation drives in- polymer levels
naling flammation in and AlF trans-
NEC location
Inflamma- = TLR4 upregulation Induces mac-
tory Sig- in macrophages rophage par-
naling triggers ROS-in- thanatos in
duced PARP-1 sepsis

activation

swelling, which are hallmarks of necrosis
(Tang et al., 2019). Parthanatos is character-
ized by the translocation of AIF from mito-
chondria to the nucleus, resulting in extensive
DNA breakage (Mashimo et al., 2013).

In contrast to apoptosis, a cellular collapse
that results from parthanatos is due to the hy-
peractivation of PARP-1, resulting in the de-
pletion of cellular energy stores (NAD+ and
ATP). Biologically, there is a distinction be-
tween the underlying means of cell death for
these two mechanisms, as some cancer cells
suppress apoptosis but remain a target of par-
thanatos (Martinez-Morcillo et al., 2021).
Cheong et al. examined the role of CASK in
microglial parthanatos triggered by H20- ex-
posure in CHMES cells. Silencing of CASK
protected cells from oxidative stress-induced
parthanatos by reducing PARP-1 activation,
mitochondrial dysfunction, and reactive oxy-
gen species (ROS) production, preventing mi-
tochondrial fission and enhancing oxidative
phosphorylation. Interestingly, no AIF trans-
location indicated a non-canonical AlF-inde-
pendent form of parthanatos. CASK silencing

Increased Targeting oxida- Luo et al.,
JNK1/2 and p38 tive stress and 2017
signaling path- MAPK signaling
ways in toxicity pre-

vention
GPX4 overex- Targeting GPX4  Liu et al,,
pression pre- for modulating 2022d
vents cell death  parthanatos in

leukemia
PARP-1 hyper-  Developing Zhou et
activation and metal-based al., 2023b
AIF nuclear chemotherapeu-
translocation tics for leukemia
without apopto-
sis
Parpl knockout = Targeting Xu et al.,
reduces intesti- PARP-1to miti- 2024
nal injury and gate NEC-re-
inflammation lated epithelial

damage
Pharmacologi- Potential target ~ Xue et al.,
cal inhibition of  for reducing en- 2021

TLR4 prevents
parthanatos

dotoxemia-re-
lated inflamma-

tory damage

also altered AKT and AMPK signaling, sug-
gesting its potential as a therapeutic target for
central nervous system disorders involving
oxidative stress and parthanatos (Cheong et
al., 2024). Kuzhandaivel et al. investigated
kainate-induced excitotoxicity in neonatal rat
spinal cord neurons, revealing that parthana-
tos was the primary neuronal death mecha-
nism. Strong PARP-1 activation, poly(ADP-
ribose) production, and AIF nuclear translo-
cation were observed, while caspase-3 inhibi-
tion failed to prevent neuronal damage, distin-
guishing parthanatos from apoptosis. Nota-
bly, pharmacological inhibition of PARP-1
reduced neuronal death, highlighting PARP-1
as a key therapeutic target in acute spinal cord
injury (Kuzhandaivel et al., 2010).

Studies examining harsh environmental
circumstances provide more evidence of par-
thanatos' involvement in stress-induced cell
death (Wang and Ge, 2020). Schiefer et al. an-
alyzed heat-induced cell death in human fi-
broblasts, revealing that hyperthermia primar-
ily triggers parthanatos rather than apoptosis.
Heat exposure significantly increased PARP-
1 protein expression, DNA double-strand
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breaks, ATP depletion, and AIF nuclear trans-
location, with no evidence of caspase activa-
tion or apoptotic bodies. The temporal se-
quence of parthanatos induction, with a peak
at five hours post-heat exposure, underscores
its delayed onset compared to apoptosis.
These findings provide valuable insights into
burn injury pathophysiology and the role of
parthanatos in thermal stress responses
(Schiefer et al., 2024).

The ability of cancer cells to evade apop-
tosis while maintaining susceptibility to par-
thanatos has been explored in multiple models
(Wang et al., 2022). Nuclear Ca?"dependent
endonucleases and CPP32/Yama protease ac-
tivity, two essential apoptosis executioners,
are markedly reduced in highly metastatic
cells, according to research by Glinsky et al.
on apoptosis resistance in metastatic cancer
cell lines. According to these results, meta-
static cells create defenses against apoptosis,
allowing them to continue growing and sur-
viving (Glinsky et al., 1997). Similarly, Baile
et al. reported that in glioblastoma, cell death
followed a caspase-dependent apoptotic path-
way, whereas in pancreatic and colorectal
cancer cells, it involved programmed necro-
sis. The latter was characterized by mitochon-
drial membrane depolarization, AIF nuclear
translocation, and PARP-1 activation, hall-
marks of parthanatos. Resistant cell lines ex-
hibited enhanced detoxification mechanisms,
emphasizing the variability in cell death path-
ways across different cancer types (Fuentes-
Baile et al., 2020).

Additional research has highlighted the
dose-dependent nature of programmed cell
death mechanisms (Kopeina and Zhivotov-
sky, 2022). Lennon et al. found that lower
doses of toxic agents-initiated apoptosis,
characterized by an internally programmed
death process, while higher doses led to ne-
crosis due to irreversible membrane failure.
Furthermore, extracellular calcium was es-
sential for apoptosis initiation, underscoring
the role of calcium homeostasis in determin-
ing cell fate (Lennon et al., 1991). Fujikawa
et al. reported that neuronal damage was char-

acterized by nuclear pyknosis, chromatin con-
densation, cytoplasmic vacuolation, and mi-
tochondrial swelling. Although some neurons
exhibited DNA fragmentation, this was asso-
ciated with necrosis rather than classical
apoptosis, further supporting the idea that
programmed cell death mechanisms can be
context-dependent (Fujikawa et al., 2000).
These studies emphasize molecular and mor-
phological differences between apoptosis and
parthanatos. Whereas apoptosis proceeds
through a caspase-dependent, energy-suffi-
cient pathway characterized by the fragmen-
tation of the cell into apoptotic bodies, par-
thanatos is executed by PARP-1 hyperactiva-
tion, AIF translocation to the nucleus, and
subsequent massive degradation of DNA.
Parthanatos differs from apoptosis and necro-
sis because it does not initiate apoptotic body
formation and depletes cellular energy. The
mechanistic differences between these cell
death pathways are critical to understanding
since these results have broad consequences
for intervening therapeutically in cancer, neu-
rodegeneration, and inflammatory diseases.

Overlapping pathways and interplay

The programmed cell death processes of
apoptosis and parthanatos share several regu-
latory pathways despite being different mech-
anisms in terms of their cellular destruction
operations (Kist and Vucic, 2021). Mutually
exclusive patterns of cell death initiate due to
extreme cellular pressure, such as DNA dam-
age alongside oxidative stress or genotoxic el-
ements, while depending on pathological mi-
tochondrial problems as their foundation
(Shimura, 2023). The apoptotic cascade trig-
gers cytochrome c release from mitochondria
to activate caspases, but parthanatos makes
mitochondria release AIF that moves to the
nucleus for extensive DNA fragmentation
(Nguyen et al., 2023). These two distinct cel-
lular death pathways listen to ROS and DNA
damage signals, yet the degree of cellular
stress and its duration guide which form of
cell death will occur (Redza-Dutordoir and
Averill-Bates, 2016). The cellular pathways
display communication through Bid, which
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enhances parthanatos by increasing mem-
brane permeability in mitochondria (Chipuk
etal., 2021).

On the other hand, if caspases are inhib-
ited or impaired, cells may revert to parthana-
tos as a second line of death (Yan et al., 2020).
Jiang et al. studied oxidative stress-induced
cell death in stria marginal cells using a glu-
cose oxidase/glucose model. They found that
GO/G triggers parthanatos, which can be res-
cued by knocking down PARP-1, and autoph-
agy plays a pro-survival role (Jiang et al.,
2018). Similarly, Chiu et al. studied MNNG-
induced parthanatos in MEFs, revealing it
triggers rapid ROS production, JNK activa-
tion, PARP-1 activation, and intracellular cal-
cium elevation, sustaining DNA damage and
PARP-1 activation (Chiu et al., 2011).

The function of parthanatos in cancer cell
death regulation has been further explored re-
garding p53 status and autophagy (Zhang et
al., 2022). So et al. found that sodium arsenite
treatment induced parthanatos in p53-defi-
cient H1299 cells, with inhibition of autoph-
agy enhancing parthanatos and p53 overex-
pression reducing it, suggesting targeting
PARP-1 could be a potential strategy (So and
Oh, 2023). Zhu et al. found that Stanniocal-
cin-1 (STC1) is upregulated in colitis models
and Crohn's disease patients, causing in-
creased parthanatos and inflammation.
Knockout of STC1 reduced inflammation and
disease severity. STC1 interacts with PARP-
1 and activates the JNK pathway, suggesting
the STC1-PARP1-JNK axis as a potential
therapeutic target (Zhu et al., 2024).

The interaction between apoptosis and
parthanatos is also evident in tumor repopula-
tion mechanisms (Shoshan-Barmatz et al.,
2023). Huang et al. demonstrated that
caspase-3 activation in apoptotic tumor cells
paradoxically promotes tumor regrowth dur-
ing radiotherapy by stimulating prostaglandin
E2 (PGE2) production. Caspase-3-deficient
tumors exhibited enhanced sensitivity to radi-
otherapy, while human cancer tissues with
higher caspase-3 activation levels correlated
with increased recurrence and mortality rates.
These findings highlight a paradoxical role of

apoptosis in therapy resistance and tumor sur-
vival, suggesting that blocking caspase-3 ac-
tivation could improve radiotherapy out-
comes (Huang et al., 2011). Melcher et al. fur-
ther explored the immunogenic potential of
different cell death modalities, revealing that
apoptotic colorectal cancer cells exhibited
lower immunogenicity due to reduced HSP
expression, whereas non-apoptotic forms of
cell death induced stronger immune re-
sponses. Overexpression of Bcl-2 inhibited
apoptosis and increased HSP levels, and
transfection with hsp70 further enhanced the
immunogenicity of tumor cells, suggesting
that promoting non-apoptotic cell death path-
ways may improve cancer immunetherapy
(Melcher et al., 1998).

Additional studies have identified novel
molecular mechanisms linking apoptosis and
immunogenic cell death (ICD) (Chang et al.,
2023). Panaretakis et al. found that pre-apop-
totic exposure of calreticulin and ERp57, cru-
cial markers of ICD, requires ER stress-in-
duced activation of the PERK pathway, par-
tial caspase-8 activation, and BAP31 cleav-
age. Depletion of SNAREs, caspase-8, or
PERK abolished CRT/ERp57 exposure with-
out affecting cell death, suggesting that these
factors are critical for the pre-apoptotic expo-
sure to calreticulin but do not directly influ-
ence the execution of cell death (Panaretakis
et al., 2009). Furthermore, Xia et al. created a
predictive model for ovarian cancer prognosis
using 12 PCD patterns and identified a 20-
gene set. They found high-risk patients' sensi-
tivity to dasatinib and correlations with im-
mune checkpoint genes and tumor microenvi-
ronment components, aiding in targeted ther-
apy (Xiao et al., 2023). Collectively, these
findings emphasize the complex interrelation-
ship between apoptosis and parthanatos, their
shared regulatory networks, and their thera-
peutic implications. Though apoptosis as a tu-
mor suppressive mechanism is well estab-
lished, the activation of apoptosis sometimes
proves harmful to the tumor by facilitating
immune evasion and repopulation. On the
contrary, parthanatos represents an alternative
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cell death mechanism and can be used to over-
come apoptosis resistance in therapy-resistant
cancer cells (Table 2).

THERAPEUTIC TARGETING OF
CELL DEATH PATHWAYS

Strategies targeting apoptosis

Cancer therapy development has focused
on apoptosis since researchers seek to recover
cancer cells' ability to undergo programmed
death (Mirzayans, 2024). Cancer cells avoid
programmed cell death by producing Mcl-1,
Bcl-xL, and Bcl-2, and genetic mutations
cause alterations in pro-apoptotic control,
such as TP53 (Akl et al., 2014). Developers
have established several approaches to restore
apoptotic signaling pathways against the
mechanisms that prevent it (Indran et al.,
2011). Venetoclax is a BH3 mimetic drug that
stops anti-apoptotic Bcl-2 proteins from func-
tioning so that pro-apoptotic Bax and Bak ac-
tivation can begin the apoptosis sequence
(Roberts and Huang, 2017). The clinical ben-
efits of death receptor agonists working
through TRAIL receptors to activate extrinsic
apoptosis fail to produce desirable results
(Kundu et al., 2022). Small molecules, called
SMAC mimetics, remove the inhibitory func-
tion of apoptosis proteins (IAPs), so tumors
become more apoptotically sensitive (Bai et
al., 2014). Studies in recent years have evalu-
ated different chemical approaches and mo-
lecular methods for cancer apoptosis regula-
tion (Hassan et al., 2014). Gali-Muhtasib et al.
examined thymoquinone (TQ), which origi-
nates from Nigella sativa as an active sub-
stance to study its cancer-fighting properties
and cell apoptotic effects on HCT-116 colon
cancer cells. The dosage and time duration de-
termined how TQ caused arrest in G1 phase
along with apoptosis in HCT-116 cells. The
increase of p53 and p21WAF1 expression to-
gether with Bcl-2 level decrease corre-
sponded to apoptosis development yet p53 in-
hibition through pifithrin-o blocked these ef-
fects. TQ demonstrated resistance to p53-null
cells indicating that apoptosis derived from
TQ treatment relies on p53 (Gali-Muhtasib et

al., 2004). Lucena et al. evaluated the cyto-
toxic and anti-inflammatory effects of 5-
fluorouracil (5-FU) incorporated into Cu-
BTC metal-organic frameworks (MOFs).
Structural characterization confirmed stable
drug loading, with a sustained release profile
reaching 82 % in 48 hours. Cytotoxicity as-
says revealed significant apoptosis induction
in MCF-7 breast cancer and HL60 leukemia
cells. Additionally, the formulation reduced
leukocyte counts and inflammatory cytokines
in rodent models, highlighting its potential as
a sustained-release chemotherapeutic agent
with anti-inflammatory benefits (Lucena et
al., 2013).

The role of IAP proteins as therapeutic
targets has also been extensively investigated
(Vucic and Fairbrother, 2007). Fulda demon-
strated that IAP proteins regulate survival and
cell death by controlling caspase activation
and NF-«B signaling. Since many human can-
cers exhibit aberrant 1AP overexpression,
small-molecule IAP antagonists have been
developed to mimic SMAC and induce tumor
cell death or sensitize tumors to cytotoxic
therapies. Several 1AP antagonists, including
GDC-0917, LCL161, and AT-406, are under-
going clinical trials, underscoring their poten-
tial in combination therapies (Fulda, 2014).
Chen et al. explored a dual-targeting strategy
for inducing mitochondria-dependent apopto-
sis using a functionalized pro-apoptotic pep-
tide conjugated with folic acid (FA) for recep-
tor-mediated endocytosis and triphenylphos-
phonium (TPP) cation for mitochondrial lo-
calization. This system efficiently targeted
cancer cells, causing severe mitochondrial
damage, dysfunction, and subsequent apopto-
sis, demonstrating its potential as a precise
cancer therapeutic (Chen et al., 2013).

Apoptosis-inducing strategies have also
been linked to oxidative stress modulation
(Chandra et al., 2000). Liu et al. studied Adpa-
Mn, a novel manganese compound, for its an-
ticancer activity. They found it selectively in-
hibited cancer cell growth through the TfR
system, induced apoptosis and autophagy,
and reduced its cytotoxic effects with anti-
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Table 2: This table compares apoptosis and parthanatos studies, highlighting mechanisms, regulators,

and therapeutic implications.

Feature Mechanism Morphological Char- Molecular Reference
acteristics Regulators

CASK in micro- CASK silencing re- = No AIF translocation, PARP-1, Cheong et al.,
glial parthana-  duces oxidative altered AKT and ROS, AKT, 2024
tos stress-induced par- =~ AMPK signaling AMPK

thanatos
Parthanatos in  Kainate-induced ex- Neuronal pyknosis, ab- PARP-1, Kuzhandaivel
spinal cord citotoxicity triggers sence of necrosis poly(ADP-ri- et al., 2010
neurons PARP-1 activation bose), AIF
Heat-induced Hyperthermia acti- Mitochondrial damage, PARP-1, ATP  Schiefer et al.,
parthanatos vates PARP-1 and DNA double-strand depletion 2024

AlF translocation breaks, no caspase

activity

Apoptosis re- Highly metastatic Low nuclear Ca2*-de- CPP32, Caz*, Glinsky et al.,
sistance in cells exhibit apopto- = pendent endonuclease apoptosis reg- 1997

metastatic can-
cer

Sis resistance

and CPP32/Yama pro-
tease activity

ulators

CLytA-DAAO- Parthanatos in pan- = Mitochondrial mem- PARP-1, AIF, Fuentes-Baile
induced par- creatic and colorec-  brane depolarization, mitochondrial et al., 2020
thanatos tal cells PARP-1 activation, AIF  dysfunction
translocation
Dose-depend- Low doses trigger Extracellular calcium Calcium ho- Lennon et al.,
ent apoptosis-  apoptosis, high essential for apoptosis =~ meostasis, 1991
necrosis doses cause necro- caspases
switch sis
Neuronal death = Kainic acid-induced  Nuclear pyknosis, PARP-1, neu-  Fujikawa et al.,
in status epi- neuronal necrosis, chromatin condensa- ronal damage 2000
lepticus not apoptosis tion, swollen mitochon- markers
dria

Parthanatos- Oxidative stress-in-  PAR polymer accumu- PARP-1, LC3, Jiang etal.,
autophagy in- duced parthanatos lation, mitochondrial autophagy 2018
teraction modulated by au- membrane loss, AlF markers

tophagy translocation
ROS and cal- MNNG-induced par- Sustained DNA dam- PARP-1, JNK, Chiuetal.,
cium in par- thanatos via JNK- age, calcium influx, ROS, RIP1 2011
thanatos ROS-calcium sig- RIP1 involvement

naling
Parthanatos in = Sodium arsenite PAR polymer accumu- PARP-1, AIF,  So and Oh,
p53-deficient triggers parthanatos lation, AlF transloca- p53, autoph- 2023
cancer cells in p53-deficient tion, autophagy modu- = agy regulators

cells lation
Parthanatos in ~ STC1 activation Increased PARP-1 ac- PARP-1,JINK, Zhuetal.,
Crohn’s dis- promotes parthana-  tivity, JNK pathway ac- STC1 2024
ease tos and inflamma- tivation

tion
Apoptosis par- Caspase-3 activa- Elevated PGE2 levels, Caspase-3, Huang et al.,
adox in tumor tion enhances tu- increased recurrence,  prostaglandin 2011
regrowth mor regrowth post- = and mortality E2 (PGE2)

radiotherapy
Immunogenic- = Apoptotic colorectal = Reduced HSP expres- Hsp70, Bcl-2,  Melcher et al.,
ity of apoptotic = tumor cells have sion apoptosis 1998
VS. non-apop- lower immunogenic- markers

totic cell death

ity
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Calreticulin ex- ER stress triggers Requires PERK, PERK, Panaretakis et
posurein im- CRT/ERp57 expo- caspase-8, BAP31 caspase-8, al., 2009
munogenic sure in dying tumor  cleavage CRT

apoptosis cells

Cell death pre- The PCD-based ROS-JNK interactions, p53, ROS, Wang et al.,
dictive model model distinguishes = immune checkpoint JNK, immune 2024

for ovarian cancer subtypes expression markers

cancer and prognosis

oxidant treatment (Liu et al., 2015). Becattini
et al. identified Bid as a promising therapeutic
target for modulating apoptosis in neuro-
degeneration and ischemia. Using the SAR by
ILOEs approach, researchers developed
small-molecule inhibitors that bind Bid and
prevent its activation, inhibiting SMAC re-
lease and caspase-3 activation. This repre-
sents the first known strategy targeting a pro-
apoptotic Bcl-2 protein for therapeutic inter-
vention (Becattini et al., 2004).

Emerging approaches also explore combi-
nation therapies integrating PDT, PTT, and
immunotherapy (Kong and Chen, 2022). Li et
al. (2019) developed a double endoplasmic
reticulum-targeting nanosystem that com-
bines PDT, PTT, and immunotherapy for en-
hanced tumor eradication. The system uses
ER-targeting peptides conjugated with indo-
cyanine green-coated hollow gold nano-
spheres and oxygen-delivering liposomes to
induce ROS-mediated ER stress, triggering
immunogenic cell death (ICD) and immune
stimulation (Li et al., 2019).

The therapeutic potential of apoptosis-tar-
geting drugs has also been demonstrated in
HNSCC (Axelrod et al., 2015). Zhang et al.
investigated the effects of sepantronium bro-
mide (YM155) in HNSCC, showing that
YM155 suppresses survivin expression, in-
duces apoptosis via mitochondrial and death
receptor pathways, and enhances autophagy
through Beclinl upregulation. YM155 also
inhibits the mTOR signaling pathway, en-
hancing tumor cell death. In HNSCC xeno-
graft models, YM155 significantly delayed
tumor onset, suppressed tumor growth and
exhibited synergy with docetaxel without no-
table toxicity. These findings support the clin-
ical potential of YM155 as a targeted therapy

for HNSCC (Zhang et al., 2015). This re-
search presents various methods for restoring
cancer cell apoptosis through small-molecule
protein inhibitors, optimal drug delivery
methods, and combined treatment ap-
proaches. Proper cancer treatment necessi-
tates apoptosis induction, but new methodol-
ogies that combine oxidative stress regulation
with immunogenic cell death and site-specific
drug delivery will likely create advanced so-
lutions. Future investigations must expand
their effort toward developing optimized
combination therapies that make cancer cells
more sensitive to apoptosis while decreasing
resistance factors to achieve better clinical re-
sults in refractory and aggressive cancer
cases.

Innovations in parthanatos modulation
Pioneering drug treatments targeted at
parthanatos represent promising therapeutic
options mainly used to address cancers re-
sistant to conventional apoptosis-based treat-
ments (D’Amico and De Amicis, 2024). Ef-
forts to control PARP-1 have become im-
portant because it functions as the main driver
of parthanatos (Wang et al., 2011). PARP in-
hibitors, including olaparib and rucaparib, are
therapeutic agents that use synthetic lethality
within  DNA repair-deficient tumors with
BRCA mutations (Kim and Nam, 2022). Sci-
entists are investigating new approaches to
enhance the parthanatos pathway activity
(Wu et al., 2023a). Combining reactive oxy-
gen species (ROS) enhancement agents or di-
rect mitochondrial dysfunction inducers with
PARP activators creates more potent than ad-
ditive effects for parthanatos development
(Yuetal., 2022). Researchers use AlF nuclear
translocation inhibitors to explore ways of op-
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timizing treatment effects and reducing ad-
verse side effects (Doti et al., 2014). Research
conducted recently has expanded knowledge
about how to modify parthanatic death in can-
cer therapy and various pathological settings
(Liu et al., 2022a). Zhou et al. identified
ZINC253504760, a synthetic cardenolide, as
a novel anticancer agent capable of inducing
parthanatos in multidrug-resistant (MDR)
leukemia cells. The compound effectively in-
duced G2/M phase arrest and triggered a dis-
tinct form of cell death marked by PARP
overactivation, AIF nuclear translocation,
DNA damage, and mitochondrial membrane
collapse. Interestingly, parthanatos induction
by ZINC253504760 was ROS-independent,
suggesting a unique mechanism of action.
Additionally, the compound acted as an ATP-
competitive MEK inhibitor, positioning it as
a dual-function agent for overcoming MDR in
leukemia (Zhou et al., 2023a). Han et al. ex-
plored the role of parthanatos in subarachnoid
hemorrhage (SAH) and demonstrated that the
PARP-1 inhibitor AG14361 significantly re-
duced oxidative stress, inflammation, and
neuronal apoptosis in SAH models. Treat-
ment with AG14361 improved neurological
function and blood-brain barrier integrity by
suppressing parthanatos, highlighting the po-
tential of PARP-1 inhibitors beyond oncology
in neuroprotective therapies (Han et al.,
2024).

The bioenergetic regulation of parthana-
tos has also been investigated in the context
of metabolic stress (Huang et al., 2014).
Huang et al. examined how mitochondrial
dysfunction contributes to parthanatos in
Atg5-deficient cells. The study found that the
parthanatic inducer MNNG triggered ATP
depletion in wild-type (WT) mouse embry-
onic fibroblasts (MEFs), but Atg5-deficient
MEFs exhibited impaired energy restoration
due to reduced SIRT1 activity and mitochon-
drial dysfunction. Interestingly, treatment
with PD98059 enhanced mitochondrial activ-
ity and ATP restoration during parthanatos
without interfering with DNA damage re-
sponses, as shown in Figure 3. These findings
suggest energy-based therapeutic strategies

for mitigating parthanatos-related disorders
(Huang et al., 2014). Wang et al. further in-
vestigated the molecular regulation of AIF
nuclear translocation in parthanatos and iden-
tified AIF as a high-affinity poly(ADP-ri-
bose) (PAR)-binding protein. PAR binding
facilitated AIF release from mitochondria and
its nuclear translocation, which was essential
for PARP-1-mediated cell death. Mutation of
AIF’s PAR-binding site prevented its release
and nuclear translocation while preserving its
NADH oxidase function. These findings
highlight the PAR-AIF interaction as a poten-
tial target for modulating parthanatos (Wang
etal., 2011).

Emerging evidence suggests that parthan-
atos may contribute to reproductive aging and
ovarian dysfunction (Chiang et al., 2020).
Batnasan et al. demonstrated that cumulus
granulosa cells (GCs) from patients with di-
minished ovarian reserve (DOR) exhibited in-
creased PARP-1 activation and AIF nuclear
translocation, indicative of parthanatos-medi-
ated cell death. Using an in vitro model of
H20--induced parthanatos in ovarian cells, the
study showed that melatonin inhibited PARP-
1 activation, reduced AIF translocation, and
mitigated oxidative stress-induced parthana-
tos. These findings suggest that melatonin
may protect against ovarian aging and oxida-
tive damage (Batnasan et al., 2020).

The role of parthanatos in chemothera-
peutic responses has also been explored in
leukemia models (Messikommer et al., 2021).
Maru et al. demonstrated that cytarabine and
idarubicin induced parthanatos in acute mye-
loid leukemia (AML) cells, particularly in
M4/M5 subtypes. Parthanatos induction was
observed in 30 % of AML cell lines and 46 %
of AML patient samples, with patients exhib-
iting parthanatos showing significantly im-
proved survival rates. Furthermore, optimal
PARP-1 expression levels correlated with
drug sensitivity, whereas overexpression or
suppression reduced chemotherapy efficacy.
These findings highlight parthanatos as a cru-
cial determinant of treatment response in
AML (Maru et al., 2023).
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Mitochondrial dysfunction and oxidative
stress are key drivers of parthanatos in glio-
mas (Liu et al., 2022d). Wang et al. investi-
gated the role of Taxl binding protein 1
(TAX1BP1) in  deoxypodophyllotoxin
(DPT)-induced parthanatos in glioma cells.
The study found that DPT treatment led to ex-
cessive ROS production, PARP-1 overactiva-
tion, and mitochondrial TAX1BP1 redistribu-
tion, facilitating AIF nuclear translocation.
TAX1BP1 enhanced respiratory chain com-
plex | activity by upregulating ND1, ND2,
NDUFS2, and NDUFS4, leading to superox-
ide generation, mitochondrial depolarization,
and DNA damage. DPT treatment in U87
xenografts suppressed tumor growth via
NAD+ depletion and parthanatos induction,
identifying TAX1BP1 as a key mediator of
parthanatos in gliomas (Wang et al., 2023).

In addition to targeting parthanatos, novel
platinum-based drugs have been developed to
bypass apoptosis resistance (Al-Khayal et al.,
2020). Guo et al. introduced Mono-Pt, a mon-
ofunctional platinum(ll) complex that in-
duces autophagic cell death in apoptosis-re-
sistant ovarian cancer cells. Unlike cisplatin,
which primarily induces apoptosis, Mono-Pt
triggered cytoplasmic vacuolation, LC3-11 ac-
cumulation, and autophagic vacuole for-
mation, dependent on BECN1 and ATG7 ex-
pression. The study further demonstrated that
Mono-Pt’s effects were mediated through the
AKT1-MTOR and MAPK1/3 pathways, of-
fering a potential alternative for overcoming
chemotherapy resistance in ovarian cancer
(Guo et al., 2013). The research confirms that
parthanatos modulation strategies show
promise for treating cancer and other medical
conditions. PARP inhibitors continue as cen-
tral parthanatos-targeted treatments, but fu-
ture therapeutic developments include en-
hancements of reactive oxygen species pro-
duction, mitochondrial control adaptations,
and AIF transaction regulations. The clinical
importance of parthanatos expands into neu-
roprotection, reproductive aging, immune
modulation, and its relevance in oncology re-
search (Figure 3).

Dual-pathway targeting

The research confirms that parthanatos
modulation strategies show promise for treat-
ing cancer and other medical conditions
(Damiescu et al., 2024). The discovery of
PARP inhibitors is essential in parthanatos-
targeting methods, but investigators have
identified three new therapeutic strategies in-
volving ROS enhancement and mitochondrial
control alongside AIF regulation mechanisms
(Koehler et al., 2021). The clinical im-
portance of parthanatos expands into neuro-
protection, reproductive aging, immune mod-
ulation, and its relevance in oncology re-
search (Chen et al., 2024). Dual-pathway tar-
geting gives effective results during the treat-
ment of tumors that exhibit resistance to
apoptosis through p53 or caspase dysfunction
(Hassin and Oren, 2023). The combination
therapy shows promise for handling aggres-
sive tumors and therapy-resistant cancer types
(Bahreyni et al., 2024).

Numerous research evaluations confirm
that targeting two protective pathways yields
successful results when treating cancer (Kel-
ley et al., 2014). Wen et al. investigated ar-
nicolide D, a compound derived from Centi-
pede minima, and its anti-tumor effects in
breast cancer cells. Arnicolide D induced oxi-
dative stress, increasing ROS levels, mito-
chondrial dysfunction, and LDH release while
significantly reducing cell viability. Notably,
it activated multiple cell death pathways, in-
cluding apoptosis, parthanatos (via PARP-1
activation and AIF nuclear translocation), and
ferroptosis (via GPX4 suppression and Fe*!/
MDA accumulation). Additionally, arnicolide
D inhibited cell invasion by downregulating
MMP-2 and MMP-9, highlighting its poten-
tial as a multi-target therapeutic agent (Wen
et al., 2024). Li et al. further explored ROS-
inducing agents in cervical cancer and found
that massive DNA strand breaks caused by
excessive 8-0xoG excision by OGGL1 led to
parthanatos induction. Inhibition of MTH1
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Figure 3 illustrates the regulation of parthanatos and mitochondrial activity in Atg5~/~ mouse embryonic
fibroblasts (MEFs). A parthanatic inducer triggers cell death, leading to impaired mitochondrial activity.
SIRT1 facilitates recovery from mitochondrial dysfunction. However, treatment with PD98059, a MEK-
independent inhibitor, enhances parthanatos, suggesting its role in promoting cell death. The interplay
between autophagy deficiency, mitochondrial impairment, and SIRT1-mediated recovery highlights the
complex regulatory mechanisms of parthanatos in cellular stress responses.

enhanced this effect by increasing 8-o0xoG in-
corporation into DNA, creating a synergistic
effect with ROS-inducing agents. In vivo, this
combination significantly suppressed tumor
xenograft growth, particularly in OGG1-pro-
ficient models, demonstrating a selective and
safer chemotherapeutic strategy (Li et al.,
2024).

Dual-pathway targeting has also been ex-
plored in apoptosis-resistant tumors (Fitzger-
ald et al., 2022). Xavier et al. demonstrated
that ursolic acid (UA) effectively induced
caspase-independent apoptosis in p53-mutant
HCT15 CRC cells while enhancing the effects
of 5-FU via JNK pathway activation. UA also
modulated autophagy, as indicated by in-
creased LC3 and p62 expression, contributing
to INK-dependent cell death. In vivo, UA sig-
nificantly reduced tumor growth in HCT15

xenograft models, underscoring its potential
to overcome chemotherapy resistance (Xavier
et al.,, 2013). Similarly, Mujumdar et al.
showed that triptolide induces caspase-de-
pendent apoptosis in some pancreatic cancer
cells and CICD in metastatic lines. Blocking
autophagy shifted cell death to apoptosis
while inhibiting both pathways rescued cells,
highlighting triptolide’s dual mechanism as a
therapeutic strategy (Mujumdar et al., 2010).

The interplay between apoptosis and au-
tophagy has also been investigated in prostate
and breast cancers (Bhutia et al., 2010). In
MCEF-7 breast cancer cells, resveratrol causes
both caspase-dependent and independent cell
death, according to research by Scarlatti et al.
It causes Beclin 1-independent autophagy in
cells lacking caspase-3, while it causes both
autophagy and apoptosis in cells expressing
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caspase-3. This supports the therapeutic po-
tential of resveratrol by indicating that its in-
duction of autophagy compensates for a lack
of apoptosis (Scarlatti et al., 2008). Kim et al.
discovered that geraniol suppresses mTOR by
blocking AKT and activating AMPK, which
causes PC-3 prostate cancer cells to undergo
apoptosis and autophagy. Cell mortality was
increased by co-treatment with an AMPK ac-
tivator and an AKT inhibitor, indicating a
dual-pathway approach to prostate cancer
treatment (Kim et al., 2012).

Oxidative stress modulation has become
crucial in dual-pathway targeting (Liu et al.,
2022c). According to Wu et al., ginsenoside
Rh4 inhibits the development of colorectal
cancer by triggering autophagy, caspase-de-
pendent apoptosis, and GO/G1 arrest. ROS
buildup triggers apoptosis by activating the
JNK-p53 pathway. Cell mortality was de-
creased by blocking ROS, JNK, or p53,
demonstrating Rh4's potential as an anti-
cancer drug that targets oxidative stress (Wu
et al., 2018). Wang et al. demonstrated that
co-treatment of curcumin and berberine sup-
presses the development of breast cancer cells
by causing autophagic cell death via the
JNK/Bcl-2/Beclinl pathway and caspase-de-
pendent apoptosis via ERK. JNK inhibition
decreased cytotoxicity and autophagy indica-
tors, demonstrating the combination's thera-
peutic potential (Wang et al., 2016). Combin-
ing targeted strategies toward two cell death
pathways enhances cancer treatment quality
by unifying parthanatos with apoptosis and
combining apoptosis with autophagy and ox-
idative stress regulation. Occurring concur-
rently with multiple cell death pathways pro-
vides dual-pathway targeting an effective so-
lution for resisting therapeutic resistance,
most notably in difficult-to-treat aggressive
cancers. Further research needs to find opti-
mal medications that produce synergistic can-
cer cell death effects with low toxic side ef-
fects for advancing advanced multi-target
cancer treatments.

CONCLUSION AND FUTURE
PERSPECTIVE

Both apoptosis and parthanatos establish
different yet vital death programs that control
cancer development and therapeutic response.
Apoptosis functions as a robust caspase-de-
pendent mechanism, but cancer treatments
base their approach on this method because
numerous tumors manage to avoid apoptosis
through elevated anti-apoptotic protein levels
or mutated p53 regulatory elements. The cell
death mechanism known as parthanatos func-
tions as a caspase-independent pathway
through PARP-1 overactivation combined
with AIF nuclear movement, representing a
new method for destroying resistant cancer
cells. Multiple studies indicate that parthana-
tos functions as a vital mechanism in the de-
velopment of gliomas, leukemia, and ovarian
cancer, and exposure to deoxypodophyllo-
toxin (DPT) and WIN-55 facilitates parthana-
tos development in drug-resistant tumors.
Several compounds modulating oxidative
stress have demonstrated enhanced effects on
apoptotic and parthanatic pathways in parallel
to the development of the new small molecule
ZINC253504760, which shows potential as a
treatment for multidrug-resistant (MDR) leu-
kemia cells by inducing parthanatos.

Dual-pathway targeting strategies become
new opportunities for cancer treatment be-
cause apoptosis interacts with parthanatos.
Both tumor cell death and tumor killing reach
a higher level when BH3 mimetics are com-
bined with PARP inhibitors because these
strategies simultaneously activate apoptosis
and parthanatos pathways. Scientists observe
that MTH1 inhibitors, when administered to-
gether with ROS-inducing agents in cervical
cancer, lead to elevated DNA damage with
activated parthanatos. The therapeutic value
is expanded through natural compounds, in-
cluding arnicolide D and ursolic acid, because
these regulate apoptosis and parthanatos and
ferroptosis mechanisms. Thresholds requiring
further improvement exist for parthanatos-
targeting therapies to deliver targeted therapy
without adverse effects in healthy cells. Clin-

370



EXCLI Journal 2025;24:351-380 — ISSN 1611-2156

Received: February 04, 2025, accepted: February 20, 2025, published: March 04, 2025

ical application of parthanatos remains re-
stricted because no biomarkers are available
to determine tumor sensitivity to this mecha-
nism.

Research must focus on discovering the
exact molecular factors controlling the apop-
tosis-parthanatos regulatory switch for better
therapeutic intervention. New therapeutic
mixtures need evaluation because they should
activate parthanatos in treatment-resistant
cancer types, and scientists should explore ap-
proaches to mitigate mitochondrial impair-
ment and metabolic disturbances to achieve
treatment aims. Studies must expand their fo-
cus regarding parthanatos applications to ex-
plore their effect on neurodegenerative disor-
ders and inflammatory diseases. The use of
clinical progress with mechanistic knowledge
about apoptosis and parthanatos modulation
shows crucial potential to surpass therapy re-
sistance and improve cancer therapy results.
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