
Vol.:(0123456789)1 3

Molecular and Cellular Biochemistry (2024) 479:2255–2272 
https://doi.org/10.1007/s11010-023-04873-2

The romantic history of signaling pathway discovery in cell death: 
an updated review

Lei‑Yun Wang1,2 · Xing‑Jian Liu3 · Qiu‑Qi Li4 · Ying Zhu1,2 · Hui‑Li Ren1,2 · Jia‑Nan Song3 · Jun Zeng5 · Jie Mei6,7,8,9 · 
Hui‑Xiang Tian10 · Ding‑Chao Rong11 · Shao‑Hui Zhang1,2

Received: 23 June 2023 / Accepted: 5 October 2023 / Published online: 18 October 2023 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract
Cell death is a fundamental physiological process in all living organisms. Processes such as embryonic development, organ 
formation, tissue growth, organismal immunity, and drug response are accompanied by cell death. In recent years with the 
development of electron microscopy as well as biological techniques, especially the discovery of novel death modes such as 
ferroptosis, cuprotosis, alkaliptosis, oxeiptosis, and disulfidptosis, researchers have been promoted to have a deeper under-
standing of cell death modes. In this systematic review, we examined the current understanding of modes of cell death, 
including the recently discovered novel death modes. Our analysis highlights the common and unique pathways of these death 
modes, as well as their impact on surrounding cells and the organism as a whole. Our aim was to provide a comprehensive 
overview of the current state of research on cell death, with a focus on identifying gaps in our knowledge and opportunities 
for future investigation. We also presented a new insight for macroscopic intracellular survival patterns, namely that intracel-
lular molecular homeostasis is central to the balance of different cell death modes, and this viewpoint can be well justified by 
the signaling crosstalk of different death modes. These concepts can facilitate the future research about cell death in clinical 
diagnosis, drug development, and therapeutic modalities.
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Introduction

The lifespan of human cells can vary depending on their 
type, ranging from a few days to several years, as all cells 
have their own unique life cycle [1]. For example, epithe-
lial cells renew themselves faster [2], while neuronal cells 
can work extra-long because of their unique DNA repair 
mechanisms, maintaining a healthy mitochondrial popu-
lation, effective removal of aggregated proteins and aged 
or defective organelles [3, 4]. Cell death is a fundamental 
process in all living organisms, serving both physiological 
and pathological functions [5]. It plays an important role in 
physiological processes such as growth and development, 
organ formation, body aging, tissue renewal, immune modu-
lation, and drug response [6]. Hundreds of millions of cells 
die and renew themselves every day in the human body, 

which is essential to maintain the health of the organism [7]. 
And humans have been generating new knowledge about the 
mechanisms of cell death and clearance [8].

There is a long-standing consensus in the research field 
that cell death is an inevitable consequence of cell life and 
is significant for understanding of the pathogenesis of vari-
ous disorders and attempts to combat them [9]; therefore, 
research on cell death continues to evolve [10]. Cell death 
has been defined as the irreversible degeneration of impor-
tant cellular functions (especially ATP production and 
retention of redox homeostasis), culminating in the loss of 
cellular integrity (permanent cell membrane permeability 
or cell fragmentation) [11]. One of the more authoritative 
definitions and explanations of cell death from a biochemi-
cal, morphological, and functional perspective is that of the 
Nomenclature Committee on Cell Death (NCCD) [8].

Cell death patterns are generally distinguished into acci-
dental cell death (ACD) and regulated cell death (RCD) 
[8]. ACD refers to the physical disintegration of the plasma 
membrane in response to severe physical (e.g., mechani-
cal stress, temperature, or osmotic forces), chemical (e.g., 
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extreme pH changes), or mechanical (e.g., shear forces) 
stimuli, and the resulting almost instantaneous and uncon-
trollable cell death [12]. In contrast, RCD is a distinct form 
of cell death that results from the activation of one or more 
signal transduction modules, exhibiting unique cellular and 
morphological characteristics. As such, RCD is potentially 
modifiable through drug or gene intervention [13]. RCD was 
observed in dying cells of the toad as early as 1842 [14], a 
concept that was extensively studied with the discovery of 
apoptosis in 1972 [15]. In contrast, in strict physiological 
conditions, the organism deliberately eliminates redundant 
or irreversibly damaged cells through a process known as 
programmed cell death (PCD). This specific form of RCD 
provides programmed renewal for organismal development 
and tissue renewal [16]. Unlike other forms of cell death, 
PCD is not associated with disruptions to homeostasis and 
does not occur in response to the failure of adaptation to 
stressors. Recently, novel modes of cell death, such as fer-
roptosis and cuproptosis, have been discovered [12]. These 
novel cell death modes can also contribute to clinical diag-
nosis, drug development, and therapeutic modalities. In this 
review, we provided a systematic review of the currently 
discovered cell death modes, as shown in Fig. 1, and we also 

discussed the differences and associations among different 
cell deaths modes.

Types of cell death

At the early research stage, limited by the inadequacy of 
microscopic techniques and studies on the regulation of 
gene coding, researchers’ understanding of the concept 
about cell death relied more on its macroscopic morpho-
logical changes (including the disposal mechanism of dead 
cells and their fragments) [17], and thus, classified cell death 
into three main different forms: (1) Type I cell death, repre-
sented by apoptosis, morphologically manifested mainly by 
cytoplasmic contraction, chromatin condensation, nuclear 
fragmentation, and membrane blistering, culminating in 
the formation of apparently intact apoptotic vesicles [18, 
19], which are efficiently taken up by phagocytically active 
neighboring cells and degraded within lysosomes [20]; (2) 
type II cell death, represented by autophagy, manifests as 
extensive cytoplasmic vacuolization [21], characterized by 
phagocytic uptake and subsequent lysosomal degradation; 
(3) type III cell death, represented by necrosis, does not 
exhibit the distinctive features of type I or type II cell death 

Fig. 1  A landscape of the 
currently discovered cell death 
modes
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and terminates with disposal of cell carcasses in the absence 
of significant phagocytosis and lysosomal involvement [22, 
23]. However, this above classification has multiple limita-
tions and does not accurately distinguish between specific 
cell death characteristics. Therefore, since 2005, NCCD has 
precisely defined the main cell death modes on the basis of 
genetics, biochemistry, pharmacology, function (rather than 
morphology), and identified criteria to identify dead cells as 
those with irreversible plasma membrane permeabilization 
or complete fragmentation [13, 24–26]. In order to make 
the research process of cell death clearer, here we listed 
the timeline of the discovery of various cell death modes 
(Fig. 2). And we reviewed them in detail below.

Apoptosis

For a long time, apoptosis was considered as the only regu-
lated cell death model [27]. Apoptosis currently refers to 
active, ordered cell death under physiological or pathologi-
cal conditions in order to maintain the homeostasis of its 
own internal environment through genetic regulation and is 
a form of programmed cell death [18]. Apoptosis involves a 
series of gene regulation and its main morphological features 
cell rounding, nuclear contraction, membrane blistering, 
apoptotic bodies formation [28] and is often accompanied 
by caspase-3 activation, DNA fragmentation and phosphati-
dylserine exposure [29].

Apoptosis can be triggered by two different pathways: 
the mitochondrial pathway as well as the death recep-
tor pathway. The mitochondrial pathway is regulated by 
members of the BCL-2 protein family [30], and cysteine 

proteases regulate the mitochondrial pathway when they 
act after intracellular sensors detect severe damage to the 
cell. The receptor death pathway is activated when mem-
bers of the tumor necrosis factor (TNF) family bind to 
the “death receptor” (TNFR). The linkage of these recep-
tors initiates the formation of a multi-lipoprotein death-
inducing signaling complex. Cysteine proteases are central 
mediators of apoptosis. Activated CASP8 (receptor death 
pathway) and CASP9 (mitochondrial pathway) in turn acti-
vate CASP3, 6 and 7, and the proteases damage cells by 
cleaving large amounts of proteins, leading to apoptosis 
[31]. Apoptosis is now known to consist of two major iso-
forms: extrinsic and intrinsic apoptosis [32].

Extrinsic apoptosis

An RCD activated by perturbations of the extracellular 
microenvironment sensed by receptors on the cell mem-
brane [33], mainly mediated by membrane receptors (espe-
cially cell surface death receptors (CD95) and TNF recep-
tor superfamily member 1A (TNFR1), etc.) and driven 
by CASP8 and CASP10 [34]. In addition, the dependent 
receptor UNC5B and DCC may also activate Extrinsic 
apoptosis by activating CASP9 or death-associated pro-
tein kinase 1 (DAPK1), while CASP3 is considered to be 
a major player [35].

Fig. 2  Timeline of the discovery 
of various cell death modes
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Intrinsic apoptosis

A form of RCD triggered by multiple microenvironmental 
perturbations such as mitochondrial stress, DNA damage, 
endoplasmic reticulum stress, mitotic defects, oxidative 
stress, and metabolic stress [36, 37]. Mitochondrial outer 
membrane permeabilization (MOMP), tightly controlled 
by the BCL-2 family, plays an important regulatory role by 
affecting the release of mitochondrial proteins (cytochrome 
C, somatic (CYCS), diablo IAP-binding mitochondrial pro-
tein (DIABLO), and HtrA serine peptidase 2 (HTRA2)), and 
subsequent activation of initiator caspases [38–40]. CASP3, 
CASP6, and CASP7 are considered to be co-effectors [41]. 
Intrinsic apoptosis includes two unique death modes, they 
are anoikis and mitotic death.

Anoikis This is a specific form of Intrinsic apoptosis trig-
gered by integrin-dependent anchorage deficiency [42]. This 
mode of death caused by the interaction of normal epithe-
lial cells and extracellular matrix (ECM) was first reported 
in 1994 and was known as anoikis [43]. Anoikis prevents 
tumor-anchored proliferation and attachment to inappropri-
ate stroma and is, therefore, usually considered as a tumor 
suppressor process [42]. Due to the unique mechanism of 
interaction between anoikis and ECM [44], this apoptotic 
modality is of great value in the study of tumor metasta-
sis [45], immune infiltration [46], drug resistance [47], 
and disease prognosis [48]. Recent interesting studies have 
reported that cells adopt rounded morphologies and formed 
small hemispherical plasma membrane protrusions, which 
could promote the formation of plasma membrane-proximal 
signaling hubs, thereby conferring anoikis resistance [49].

Mitotic death It is thought to be a specific mode of cell 
death (most commonly intrinsic apoptosis) driven by 
mitotic catastrophe. Because mitotic catastrophe does not 
always lead to RCD (but can also drive cellular senescence), 
it is not defined as a form of cell death. In 2018, the cell 
death nomenclature committee recommended using the 
term mitotic death to denote RCD driven by mitotic catas-
trophe [8]. Mitotic death was reported as early as 1968, 
when researchers found that X-irradiation in HeLa cells 
resulted in chromosomal aberrations and mitotic death [50]. 
Mitotic catastrophe is a regulated tumor suppressor mech-
anism that prevents the proliferation and survival of cells 
that are unable to complete mitosis due to extensive DNA 
damage, problems with the mitotic machinery, or failure of 
the mitotic checkpoint [51]. The failure of mitotic catastro-
phe is a critical event in tumor transformation and progres-
sion, as it leads to the generation or survival of polyploid 
and aneuploid cells [51]. On the other hand, the failure of 
mitotic catastrophe has emerged as an important mechanism 
of resistance to anticancer chemotherapeutic agents. This 

resistance mainly reflects the increased resistance of tumor 
cells to organism-induced intrinsic apoptosis [52].

Necroptosis

A chemical inhibitor of non-apoptotic cell death with thera-
peutic potential for ischemic brain injury was first reported 
in 2005 [53], and the identification of the pharmacologi-
cal necrosis inhibitor-1 (RIPK1 inhibitor) drove the study 
of this mode of death and eventually defined this mode of 
RCD death distinct from apoptosis [54]. Necroptosis is cur-
rently considered to be an RCD mode triggered by extra-
cellular or intracellular homeostatic perturbations that are 
heavily dependent on the activity of MLKL, RIPK3, and 
RIPK1 [55]. It is usually triggered by perturbations of the 
extracellular or intracellular microenvironment detected by 
specific death receptors (CD95 and TNFR1, etc.) or patho-
gen recognition receptors (TLR3 and TLR4, etc.) [56]. The 
main morphological features of necroptosis are cell swell-
ing, rupture of plasma membrane, and moderate chromatin 
condensation [12, 53].

As mentioned previously, the biological consequences of 
TNFR1 signaling from cell survival and death can be accom-
plished through a variety of RCD processes, particularly 
apoptosis and necroptosis [57]. The differences between 
necroptosis and apoptosis are the period of loss of cell mem-
brane integrity, changes in cellular volume and chromatine, 
and the signaling pathways involved [58]. In necroptosis, 
the integrity of the plasma membrane is lost in the early 
stage, allowing the influx of extracellular ions and fluids, 
which leads to the swelling of the cell and its organelles 
and mild chromatin condensation [59]. In apoptosis, the 
integrity of the plasma membrane persists until late stage in 
the process. Its morphological changes included decreased 
cell size and chromatin fragmentation [59]. Necroptosis 
is a cellular regulatory process which was initiated by the 
auto-transphosphorylation of RIPK1 and RIPK3, and the 
recruitment of mixed lineage kinase domain-like (MLKL) 
[60–62]. RIPK3-dependent necroptosis is usually activated 
in the inhibited state of the CASP apoptotic pathway, since 
it is considered as a complementary pathway to apoptosis. 
Meanwhile, necroptosis is also commonly considered as an 
intracellular defense mechanism in infection condition [63, 
64].

In recent years, there have also been an increasing number 
of studies on necroptosis, a large part of which has focused 
on tumor-related studies [65–67]. Early studies reported that 
necroptosis acts as a tumor suppressor in most cases, but 
more cutting-edge studies have seen its bidirectional role in 
pathology studies [68]. Several chemo modulators of RIPK1 
have been developed including Necrostatin-1 (Nec-1) and its 
derivatives (Nec-1 s), who have shown inhibition of TNFR1-
driven death in vitro and in vivo [69, 70]. In addition, the 
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regulation of the body’s immune microenvironment by 
necroptosis, such as the maintenance of adult T-cell home-
ostasis [71] and antitumor immunity [72] are of interest to 
clinicians. Its roles in inflammation [73], neurodevelopment 
[74], and death signaling crosstalk [75] are also current areas 
of high interest for research.

Necrosis

The term necrosis is very old, dating back more than 
200 years [76], but it is often confused with the concept 
of tissue necrosis because they both described by the same 
word “necrosis” [77]. Necrosis is usually considered to be 
non-programmed and unregulated and is commonly seen in 
infectious or non-infectious diseases and cancer. Morpho-
logical features of necrosis include cell swelling, spillage 
of cell contents, loss of biofilm integrity, and dissipation of 
ion gradients [10]. What is more, it is often accompanied by 
loss of inter-nucleosomal DNA fragments and ATP deple-
tion [78]. Therefore, necrosis is considered the only type of 
ADC and often refers to a mode of death that is not specifi-
cally defined.

The early phenomena of necrosis include increased intra-
cellular calcium ion and reactive oxygen species concentra-
tions, with the end result being irreversible cellular dam-
age [79]. There is no clear cellular signaling mechanism for 
necrosis, and although there are recent reports of Ninj1 on 
cell membrane rupture [80], its unique function in cellular 
necrosis needs further confirmation. On the other hand, cell 
necrosis is often found in conjunction with diseases, such as 
stroke, neurodegenerative diseases, and cancer [81]. Notably 
some tissue damage in neurodegenerative diseases is actu-
ally caused by uncontrolled necrosis rather than any of the 
programmed cell death pathways.

Mitochondrial permeability transition (MPT)‑driven 
necrosis

MPT was observed in the 1950s [82]. It is often observed 
during apoptosis, necroptosis, etc. [83] and was once con-
sidered a common mechanism of apoptosis and necropto-
sis [84]. In 2018, the Cell Death Nomenclature Committee 
defined MPT-driven necrosis as a specific form of RCD trig-
gered by perturbations in the intracellular microenvironment 
and dependent on Cyclophilin D (CYPD) [8]. MPT-driven 
necrosis is profoundly involved in the etiology of several 
pathological conditions characterized by irrational loss of 
cells after mitosis, which may be closer to mitochondrial 
outer membrane permeabilization (MOMP)-dependent 
apoptosis [85]. MPT-driven necrosis is initiated when 
some injury leads to a sudden loss of osmotic homeostasis 
of the inner mitochondrial membrane. The manifest mor-
phology is mainly that of necroptosis [85], characterized 

by mitochondrial membrane potential collapse, respiratory 
chain uncoupling, ATP depletion, and mitochondrial swell-
ing [62].

At the biochemical level, MPT-driven necrosis is believed 
to occur after the permeability transition pore complex 
(PTPC), a supramolecular complex assembled at the junc-
tion between the inner and outer mitochondrial membranes, 
is opened [86]. Several molecules that can interact with 
PTPC have been shown to regulate MPT-driven necrosis, 
including members of the BCL-2 family (BAX, BAK, and 
BID) [87], DRP1 [88], P53 [89], and others.

Autophagy‑dependent cell death

Autophagy is a pathway of catabolism, a central molecular 
pathway for maintaining cellular and organismal homeo-
stasis [90], which is centered on the degradation of cyto-
plasmic proteins and damaged organelles via lysosomes 
[91]. Cellular autophagy is a cellular response in the face 
of stressful conditions and includes basal autophagy under 
physiological conditions and induced autophagy under 
stressful conditions, also referred to as lethal and protective 
autophagy. Autophagy-dependent cell death (ADCD) is a 
type of RCD that requires the autophagic machinery or its 
constituents for its mechanism and is distinguished by the 
presence of autophagic vacuoles. While both ADCD and 
adaptive autophagy share molecular mechanisms, there are 
differences between them. Several genes, including PI3K/
Akt, Bcl-2, and mTOR, impede autophagy, whereas tumor 
suppressors such as PTEN, TSC2, and HIF1α usually pro-
mote autophagy [92–94]. Autophagy has an important role 
in inhibiting tumor growth, deleting toxic misfolded pro-
teins, and eliminating intracellular microbes and antigen 
presentation [95].

Autosis

This is a new form of autophagy-dependent cell death identi-
fied in 2013, which is highly reliant on plasma membrane 
Na( +), K( +)-ATPase [96]. Autosis is triggered by starva-
tion, high doses of autophagy-inducing peptides, or perma-
nent cerebral ischemia. It has unique morphological and 
biochemical features, including early observable expansion 
of autophagosomes, autolysosomes, and empty vacuoles. 
Dilated and fragmented endoplasmic reticulum can also be 
observed in the early stage of autosis. What is more, a swol-
len perinuclear space (PNS) containing cytoplasmic materi-
als and electron-dense mitochondria was observed by trans-
mission electron microscopy. During the advanced stage of 
autosis, a significant reduction in cytoplasmic organelles was 
observed, and focal nuclear concavity, as well as focal bal-
looning of the PNS, was apparent [97]. Another important 
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feature of autosis is the increased cellular substrate adher-
ence [98].

Pyroptosis

The first studies on pyroptosis date back to 1986 [99]. 
Pyroptosis was observed in macrophages infected with 
the Gram-negative bacterial pathogen Shigella flexneri in 
1992, although researchers were unaware of this newly dis-
covered type of cell death at the time [100]. It was not until 
2001 that the term pyroptosis was introduced by D’Souza 
et al. [101]. For a long time, pyroptosis was considered 
as CASP1-induced monocyte death [102]. Contemporary 
research recognizes pyroptosis as a type of RCD stimulated 
by disruptions to intracellular or extracellular homeostasis 
associated with innate immunity, including exposure to 
bacteria, viruses, toxins, and chemotherapeutic drugs. Its 
activation is heavily dependent on members of the GSDMD 
protein family, inducing the pore formation in the plasma 
membrane [103].

Although there are similarities between apoptosis and 
pyroptosis, such as DNA damage and chromatin condensa-
tion, pyroptosis differs in that swollen cells with numerous 
bubble-like protrusions are visible on the cell membrane 
surface before rupture [104]. In addition, in the early stages 
of pyroptosis, dUTP cut end labeling (TUNEL) staining was 
positive, which is a method for detection of DNA damage 
[105]. On the other hand, pyroptosis cells have lower DNA 
damage and the nucleus remains intact [106].

Pyroptosis has gained attention for its important role in 
tumors as a mode of inflammation and programmed cell 
death [107]. Pyroptosis has shown to inhibit tumor cell pro-
liferation studies while its role in promoting tumor growth 
has also been reported that pyroptosis can help form suit-
able tumor microenvironment for tumor cell growth [108]. 
In addition, it has a unique response to some small molecule 
compounds. For example, FL118, a camptothecin analog, 
activates caspase-1 dependent pyroptosis by upregulating the 
expression of IL-1 and IL-18β, as well as upstream mark-
ers NLRP1 and ASC [109]. Disulfiram covalently modifies 
Cys191/Cys192 in human/mouse GSDMD to prevent pore 
formation and, thus, inhibits pyroptosis [110]. And the role 
of some pyroptosis inhibitors and agonists in the tumor 
microenvironment is under further clinical investigation due 
to its dual mechanism of promoting and inhibiting tumori-
genesis and progression [108].

Ferroptosis

Ferroptosis is one of the most reported modes of cell death 
in the last decade. Ferroptosis is a type of RCD that occurs 
due to oxidative imbalances within the intracellular micro-
environment, primarily caused by the buildup of intracellular 

iron accumulation and lipid peroxidation [111]. This non-
apoptotic death process drawn the attention of researchers as 
early as 2003 when they screened tumor cells for compounds 
and found that erastin, a cell-permeable compound from a 
high-inclusion screen, preferentially killed cells that had 
been genetically modified to carry oncogenic RAS mutations 
[112]. In 2012, the term “Ferroptosis” was formally used to 
describe this iron-dependent non-apoptotic mode of death 
[113]. The morphological features include mitochondrial 
aberrations, reduced cristae, increased membrane density, 
and increased mitochondrial membrane rupture, and are 
accompanied by increased lipid peroxidation, elevated ROS, 
and regulation of several ferroptosis-related genes [114].

Ferroptosis does not show any apoptotic features and 
occurs through an  Fe2+-catalyzed lipid peroxidation pro-
cess. This process is initiated by non-enzymatic (Fenton 
reaction) and enzymatic mechanisms (lipoxygenase) [115]. 
LPCAT3, ALOXs, and ACSL4-mediated polyunsaturated 
fatty acid oxidation pathways are required for lipid peroxida-
tion in Ferroptosis and relatively, some antioxidant systems 
including SLC7A11, GPX4, and NFE2L2 can inhibit the 
lipid peroxidation process in ferroptosis.

In fact, the new understanding of ferroptosis is that its 
occurrence depends on the balance between the production 
of ROS induced by iron accumulation and the antioxidant 
system that avoids lipid peroxidation [116]. The intracel-
lular environment is often disturbed by various stresses, but 
cells often have the ability to self-balance to maintain their 
healthy survival [117]. However, various factors, such as 
physical stimuli, chemical molecules, metallic elements, 
and temperature, can disrupt this balance. The ionic ele-
ments including Fe, Cu, Zn, Na, and Mg are all reported to 
have important effects on intracellular ion homeostasis, so 
the final outcome of the abnormal intracellular homeostasis 
caused by them often depends on a combination of condi-
tions [118]. Based on this, therapeutic strategies to induce 
ferroptosis have become a hot topic of research, agonists 
and inhibitors of ferroptosis have entered the clinic. For 
neurodegenerative diseases, iron overload diseases and cur-
rent drug resistance issues in cancer therapy are potential 
research directions [119].

Cuproptosis

Researchers in 2022 reported a copper ion-dependent cell 
death pattern, similar to the previously reported ferroptosis, 
a novel death pattern triggered by metal ions called cuprop-
tosis [120]. Cuproptosis is mainly triggered by intracellular 
copper accumulation and is dependent on mitochondrial res-
piration. First, copper binds directly to the lipoylated com-
ponents of the tricarboxylic acid (TCA) cycle, resulting in 
lipoylated protein aggregation and subsequent iron-sulfur 
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cluster protein loss leading to proteotoxic stress and ulti-
mately cell death.

Key regulators of copper ion carrier-induced cell death 
include FDX1 and proteolipid acylation [120], but there is 
no consensus report on the specific morphological features 
of death. Compared to the conventional view that oxida-
tive stress is the underlying molecular mechanism of metal-
induced toxicity [121], cuproptosis does not depend on 
oxidative stress but is induced by mitochondrial stress, has 
further advanced the study of mitochondria in cellular life 
processes. However, there is no doubt that with the discov-
ery of ferroptosis and cuproptosis, metal ion homeostasis 
will receive more and more attention in cell physiology, dis-
ease pathology, drug pharmacology, organ development, and 
many other fields [122, 123].

Disulfidptosis

Disulfidptosis is the most recent report on the current 
mode of cell death, a previously unexplained type of cell 
death. Disulfidptosis is usually triggered when cells with 
high expression of the solute carrier family member protein 
SLC7A11 are subjected to glucose starvation [124]. As men-
tioned previously, SLC7A11 is also one of the most criti-
cal regulators of ferroptosis, and is, therefore, considered 
a potent target of ferroptosis. SLC7A11-mediated cystine 
uptake inhibits ferroptosis but in turn promotes disulfidp-
tosis under glucose starvation [125]. The discovery of 
disulfidptosis could help explain the phenomenon that the 
process of which involves that SLC7A11-highly express-
ing cells subjected to glucose starvation induce aberrant 
disulfide bonding between actin cytoskeletal proteins in an 
SLC7A11-dependent manner, disrupting their organization 
and ultimately leading to actin network collapse and cell 
death. Therefore, therapeutic strategies targeting disulfide 
may become a new strategy in cancer treatment. In current 
preclinical trials, treatment with glucose inhibitors induces 
disulfuration in cancer cells with high SLC7A11 expression 
and effectively inhibits tumor growth.

Parthanatos

PARP (poly ADP-ribose polymerase) is a DNA repair 
enzyme and a cleavage substrate for cysteine aspartase. 
Therefore, it plays an important role in DNA damage repair 
and apoptosis [126]. Parthanatos is triggered by PARP1 
overactivation and accompanied by oxidative stress, DNA 
damage and chromatin condensation [127], which was first 
reported in 2008 [128]. Parthanatos occurs without produce 
apoptotic vesicles and small-sized DNA fragments, and it is 

possible to observe plasma membrane rupture in the absence 
of cell swelling [129].

The apoptosis-inducing factor mitochondria-associated 
protein 1 (AIFM1) is required for the execution of parthan-
atos, and overactive PARP1 causes its release from mito-
chondria into the nucleus by binding AIFM1 to produce 
chromatinolysis [130]. Macrophage migration inhibitory 
factor (MIF) has also been identified as a protein that binds 
to AIFM1 and has nuclease activity, which produces large 
DNA fragments when parthanatos is induced [131]. The 
NCCD proposes to define parthanatos as a form of RCD 
initiated by PARP1 hyperactivation and precipitated by 
the consequent bioenergetic catastrophe coupled to AIF-
dependent and MIF-dependent DNA degradation [8].

Based on its mechanism in DNA damage repair, par-
thanatos should also contribute to the oxidative DNA 
damage-related diseases, including myocardial infarction, 
diabetes, and trans-degenerative diseases. Inhibition of 
PARP1 by pharmacological or genetic intervention medi-
ates powerful cytoprotective effects in animal models of 
multiple diseases [132]. Interestingly, PARP inhibitor, a 
novel drug has achieved good clinical benefit in recent 
years [133]. PARP inhibitor can target PARP and achieve 
antitumor effects by inhibiting DNA damage repair and 
promoting apoptosis [126]. It can be seen that the same 
action mechanism may lead to different death modes in 
different genomic cellular environments.

Entotic cell death

Entotic cell death is a form of cell death that occurs when 
one cell inserts itself into the neighboring cell, which 
results in the ultimate death of the invading cell [134]. 
Entotic cell death was first proposed in 2007 by Michael 
Overholtzer et al. [135], who found that breast cancer cells 
enter neighboring cells to form cell intracellular (CIC) 
structures, with most of the living internalized cells being 
degraded by lysosomal enzymes and a small fraction being 
released. Unlike phagocytosis of apoptotic cells, internali-
zation of suspended cells is not associated with caspase 
activation and is not driven by phosphatidylserine expo-
sure [136] but is dependent on adherens junctions and 
driven by Rho and ROCK activity in internalized cells, 
consistent with a cell invasion process [135]. It has been 
shown that entotic cell death can inhibit the transformed 
growth of tumor cells in soft agar and may be a potential 
mechanism for cancer suppression [135]. However, some 
researchers have also found that in contrast to tumor sup-
pression, entotic cell death also leads to aneuploidization 
and polyploidization, which promotes tumor develop-
ment [137, 138]. This mode of cell death deserves further 
investigation.
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Immunogenic cell death

Immunogenic cell death (ICD) is a term coined in 2005 
[139] to describe a type of regulated cell death (RCD) that is 
capable of triggering an adaptive immune response in a host 
with active immunological capabilities [8]. It is a form of 
cancer cell death which can be triggered by certain chemo-
therapeutic agents, lysing viruses, photodynamic therapy, 
and radiation therapy [140]. ICD involves the release of 
damage-associated molecules from dying tumor cells and 
activates tumor-specific immune responses, while long-term 
efficacy of anticancer drugs is obtained through a combi-
nation of both direct killing of cancer cells and antitumor 
immune activation. Damage-associated molecular patterns 
(DAMPs) for immunogenic cell death include calreticu-
lin (CALR), HMGB1 (High-mobility group box 1), ATP, 
ANXA1 (Annexin A1), and type I IFN [141]. ICD induc-
ers trigger several types of cellular stress responses, includ-
ing autophagy, endoplasmic reticulum stress, or non-folded 
protein responses, leading to various forms of cell death, 
including typical apoptosis and necroptosis, and ultimately 
the release of DAMPs required to activate the anticancer 
immune response [142]. Current research on immunogenic 
cell death has facilitated the development of new therapeu-
tic agents, therapeutic combinations, and personalized treat-
ment strategies.

Lysosome‑dependent cell death

The idea of lysosome-dependent death was first proposed 
in 1955 by Christian de Duve, who discovered lysosomes 
as a mechanism of cellular degradation and coined the term 
“lysosome-dependent cell death” in 2000 [143]. Lysosome-
dependent cell death is a form of RCD mediated by hydro-
lytic enzymes that are released into the cytoplasm follow-
ing lysosomal membrane permeabilization (LMP), which 
is characterized by lysosomal membrane damage. Massive 
lysosomal leakage leads to increased cytoplasmic acidity, 
uncontrolled breakdown of cellular components, and cell 
death due to necrosis [144]. Many external and internal 
stimuli can initiate LMP and cause lysosome-dependent 
death. These include lysosomal pro-osmotic agents that have 
detergent-like effects or cause osmotic lysis, reactive oxygen 
species (ROS), and apoptosis inducers [145].

NETotic cell death

NETotic cell death is a form of RCD driven by the release of 
neutrophil extracellular traps (NET), an extracellular reticu-
lated DNA–protein structure released by cells in response to 
infection or injury [12]. NET-like structures can be released 
by cells other than neutrophils, including eosinophils [146], 
mast cells [147], and basophils [148]. NET production and 

release, or NETosis, was first observed by Arturo Zych-
linsky et al. in 2004 [149]. NETosis is a dynamic process 
dependent on multiple signals and steps, including NADPH 
oxidase-mediated ROS production, autophagy, the release 
and translocation of granular enzymes, and peptides from 
the cathelecidin family from the cytosol to the nucleus [12].

Alkaliptosis

Alkaliptosis is a form of pH-dependent cell death that was 
only first reported in 2018 [12]. Researchers performing 
compound antitumor drug sensitivity experiments iden-
tified a compound, JTC801 that specifically induced pH-
dependent death in cancer cells and slowed tumor growth in 
mice [150]. And then, this novel RCD driven by intracellular 
alkalinization was defined. Alkaliptosis is currently known 
to be pathway directed by IKBKB-NF-κB-dependent car-
bonic anhydrase 9 (CA9), but the exact molecular mecha-
nism remains unclear. The role of alkaliptosis has been 
preliminarily studied in tumors, diabetes and other diseases 
[151, 152], and further studies are needed to facilitate the 
development of novel treatment based on alkaliptosis.

Oxeiptosis

Oxeiptosis is also a cell death mode first reported named 
in 2018, which is a ROS-induced cysteinase-non-depend-
ent apoptosis-like cell death pathway [153]. Oxeiptosis is 
driven by the KEAP1-PGAM5-AIFM1 pathway, and over-
activated KEAP1 can mediate  H2O2 to induce oxeiptosis in 
an NFE2L2 independent manner. The role of oxeiptosis in 
human disease remains unknown, but its study in tumors has 
been a step ahead [154].

Oncosis

The term “Oncosis” was introduced more than a century ago 
to denote cell death due to swelling [155]. Oncosis, which 
is characterized by swelling, is characterized morphologi-
cally by increased size, vacuolization of the cytoplasm, cell 
swelling, and disruption of intracellular structures such as 
the nucleus, endoplasmic reticulum, and mitochondria, as 
well as disruption of cell membrane integrity, and a marked 
inflammatory response could be found in oncosis cells [156]. 
Based on these features, oncosis has been considered as a 
non-apoptotic mode of death [157].

Cellular senescence

In contrast to the various modes of death described above, 
cellular senescence is actually the most common and healthy 



2263Molecular and Cellular Biochemistry (2024) 479:2255–2272 

1 3

life posture of cells. The term “cellular senescence” refers 
to the irreversible decline in cellular proliferative capacity, 
accompanied by distinct morphological and biochemical fea-
tures, including the expression of the senescence-associated 
secretory phenotype (SASP). The term “cellular senescence” 
refers to the irreversible loss of cellular proliferative capac-
ity, accompanied by distinct morphological and biochemical 
features, including the expression of the senescence-asso-
ciated secretory phenotype (SASP) [8]. It is a pathophysi-
ological process in which cells permanently lose their pro-
liferative capacity while maintaining viability and metabolic 
activity [158], and exhibit specific morphological features 
including flattening, intracellular vacuolization, nuclear 
enlargement, and altered chromatin structure.

Cellular senescence is a beneficial process during embry-
onic development and may also have important roles in tis-
sue repair and regeneration, immune responses, preservation 
of stem cell populations, and tumor suppression mechanisms 
[159]. Senescent cells accumulated during the aging of an 
organism, and with increased generation and inefficient 
clearance of senescent cells by the organism [160]. Cellu-
lar senescence can likewise lead to poor outcomes in many 
age-related diseases [161]. It is worth noting that cellular 
senescence is a natural process, and it is not considered as 
a form of RCD.

Detection methods and related genes of cell 
death

There are no very clear criteria for the identification of cell 
death patterns. In both in vivo and in vitro cell culture envi-
ronments, cell growth environments of millions of orders 
of magnitude or more imply multiple life-regulated forms, 
which makes the identification of cell death types more 
difficult.

The traditional way to identify cell death is through obser-
vation by photoelectric microscopes, which has so far been 
the gold standard for identifying death patterns [162–164]. 
In particular, with the improvement of observation precision 
by TEM and scanning electron microscopy, the observation 
of subcellular morphology and intracellular components at 
the nanoscale has become possible, which is the reason why 
novel death modes have been gradually observed [165]. With 
the development of molecular biology, more biological tools 
are also used to help study the life course of cells, including 
HE staining, immunohistochemistry, immunofluorescence, 
mitochondrial membrane potential, reactive oxygen levels, 
DNA damage, flow cytometry, intracellular protein, and 
RNA composition assays can help us to make broad distinc-
tions between cell death types [166]. Further, the emergence 
of some cell death detection kits, including apoptosis kits, 
cell cycle assay kits, and TUNNEL assay kits, has further 
facilitated our investigation of cell physiological processes. 
In the future, with the development of sequencing technol-
ogy, especially single-cell sequencing technology, and the 
popularization of new spatio-temporomics technologies such 
as spatial transcriptome, there are undoubtedly new chal-
lenges and opportunities for the identification of traditional 
cell death patterns. The subdivision of traditional RCD pat-
terns and the discovery of novel death patterns will drive the 
basic life disciplines, including cell biology, forward.

As discussed above, a series of genes could be activated 
in different cell death modes, triggered expression and regu-
lation of downstream genes are also involved. In Table 1 and 
Table S1, we summarized the genes related to partial cell 
death modes. It is worth noting that sometimes there is not a 
single death mode in cells, and multiple death modes coexist 
due to the complex microenvironment in cells.

It has been reported that chalcone derivative chalcone-24 
killed the cancer cells by inducing autophagy and necropto-
sis [167]. Some of these core genes and proteins are involved 
in crosstalk between different death modes. For example, 

Table 1  The databases information of genes related to partial cell death modes

Databases Cell death modes Gene numbers PMID URL

GSEA Apoptosis 772 12808457 https:// www. gsea- msigdb. org/ gsea/ msigdb/ human/ search. jsp
Pyroptosis 27 12808457
Anoikis 35 12808457
Autophagy 479 12808457

HADb Autophagy 222 21490427 http:// www. autop hagy. lu/ index. html
HAMdb Autophagy 795 30066211 http:// hamdb. scbdd. com/
FerrDb V2 Ferroptosis 564 36305834 http:// www. zhoun an. org/ ferrdb/ curre nt/

Cuproptosis 27 36305834 http:// www. zhoun an. org/ ferrdb/ curre nt/
Other Necroptosis 159 35480868 https:// www. ncbi. nlm. nih. gov/ pmc/ artic les/ PMC90 36163/

Disulfidptosis 16 36747082 https:// www. biorx iv. org/ conte nt/ 10. 1101/ 2023. 02. 25. 52999 7v1
Immunogenic cell death 55 36583019 https:// www. ncbi. nlm. nih. gov/ pmc/ artic les/ PMC97 92780/# s10

https://www.gsea-msigdb.org/gsea/msigdb/human/search.jsp
http://www.autophagy.lu/index.html
http://hamdb.scbdd.com/
http://www.zhounan.org/ferrdb/current/
http://www.zhounan.org/ferrdb/current/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9036163/
https://www.biorxiv.org/content/10.1101/2023.02.25.529997v1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9792780/#s10
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although BCL-2 is closely related to mitochondria-mediated 
apoptosis, it also plays an additional role in autophagy [168]. 
Thus, we intersected the genes involved in different death 
modes, as shown in Fig. 3. We hope that the summary of 
these related genes can provide some clues for researchers 
to explore the mechanism of cell death.

Discussion

Human beings develop from a fertilized egg, and new cells 
are produced and expanded along with cell division and dif-
ferentiation. Senescent or damaged cells are phagocytosed 
and metabolized through efferocytosis, and different cells 
have different functions and work together to maintain the 
proper functioning of each system of the body. As the small-
est unit of the organism’s tissue structure, the life course 
of the cell may seem insignificant, but it has a profound 
impact on the organism. The studies focused on the end of 
cell life, cell death, are of great importance in many fields 
such as tissue development, disease pathogenesis, and drug 
pharmacology [169, 170].

When the earliest concept of necrosis was introduced, 
humans did not have a precise knowledge of the concept 
of cell death [76]. It was not until the discovery of apopto-
sis in 1972 [15] that humans began to focus on the micro-
scopic differences in cellular life processes. Along with the 
development of molecular biology techniques and in-depth 
investigation of sequencing and genetic inheritance, humans 
gradually began to resolve the microscopic processes and 
regulatory mechanisms of cell death. The discovery of 
necroptosis, pyroptosis, and autophagy-dependent apop-
tosis has greatly advanced the current research on tumor 

development and drug therapy [171]. In particular, the 
recent discoveries of metal ion homeostasis-induced cell 
death, including ferroptosis and cuproptosis, have undoubt-
edly opened up new areas of research for researchers [172]. 
Immediately following from 2018 when death modes such 
as Alkaliptosis, Oxeiptosis were investigated [150, 153], 
2022 when cuproptosis was established [120] to 2023 when 
disulfidptosis was discovered [124], the fervor of inquiring 
cell death modes is unabated continuously.

Interestingly, this broad pattern of cell death is not exclu-
sive, and there are often complex crosstalk of death signals 
between hundreds of millions of cell populations, such as a 
program-dependent mode of cell death, apoptosis often does 
not exist alone, and the complex intracellular microenvi-
ronment and epigenetic regulation often make this mode of 
death intricately crosstalk with necroptosis, pyroptosis, and 
other forms of cell death [10]. Another study found that the 
post-ubiquitinated state of RIPK1, a downstream signaling 
molecule of tumor necrosis factor (TNF), has implications 
for apoptosis and, thus, changes cell fate [173]; phospho-
rylation levels of RIPK1 also appear to affect the function 
of FAD and CASP8, thereby inhibiting RIPK1-dependent 
RCD and favoring RIPK1-independent apoptosis [174, 
175]. Of course, it is noteworthy that this would also imply 
that a form of RCD similar to TNFR1 for initiation point 
gene regulatory activation may not be a single-cell death 
pathway. The latest research based on this view is the study 
of PANoptosis, which is considered to be a new form of 
PCD. PANoptosis is a combination of pyroptosis, apoptosis, 
and necroptosis. It is characterized by the selection of the 
best cell death modes to remove damaged or infected cells, 
thereby maintaining the homeostasis of tissues and organs 
[176].

Fig. 3  The intersection of related genes between different cell death modes
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Fig. 4  Multiple modes of cell deaths exist in parallel



2266 Molecular and Cellular Biochemistry (2024) 479:2255–2272

1 3

Certainly, researches about cell death models in the 
molecular level is also an important field. Since the cur-
rent research mainly focused on cell morphological pheno-
types and unique molecular pathways, it is difficult to accu-
rately interpret the fate of cells. Besides, scientists are still 
committed to exploring the molecular processes of unique 
cell death modes. For example, in two recent consecutive 
reports, Hiller’s team explored the whole process of mem-
brane protein NINJ1 regulating plasma membrane rupture 
by super-resolution imaging technology. When the cells 
release a PCD signal, NINJ1 is activated and aggregates 
on the surface of the cell membrane sequentially, forming 
a “zipper”-like polymer that opens the cell membrane like 
a zipper and causes cell lysis[177]. Dixit’s team found that 
blocking the aggregation of NINJ1 with monoclonal anti-
bodies can inhibit the rupture of cell membranes and protect 
tissues from damage [178]. These two studies confirmed 
that cell disintegration caused by PCD is not caused by the 
changed osmotic pressure, but by cutting the cell membranes 
autonomously with NINJ1. These interesting finds undoubt-
edly give us subversive understandings of PCD. Therefore, 
although we have systematically reviewed the history of cell 
death which recorded the important roles of these cell death 
modes in this review, fresh chapters on cell death will be 
opened as the research continues to deepen.

Conclusion

In summary, the discovery of cell death is often accompa-
nied by the discovery of signaling pathways. With the devel-
opment of technology for basic research and the deepness 
of researchers’ cognition, it undoubtedly helps us to have 
a deeper understanding of cell fate and even life fate. Cur-
rently, we have to admit that a single death mode is no longer 
sufficient to explain the phenomena due to the coexistence 
of tens of billions of cells. Neither electron microscopic 
observations nor biological experiments can fully clarify 
the life state of the whole cell population. It is now a con-
sensus that cell death forms do not exist singularly, but often 
multiple modes of cell deaths exist in parallel (Fig. 4). The 
microscopic regulatory mechanisms involved are crosstalk, 
with molecular signals balancing each other to maintain the 
stability of the cell population. The future exploration of 
cell death patterns will undoubtedly be the discovery of new 
death patterns and the interconnections between the original 
death patterns. With the development of sequencing technol-
ogies, especially single-cell sequencing, the combination of 
multi-omics such as spatial transcriptome, and the increase 
of observable precision of electron microscopy, researchers 
are confident that they can explain the microscopic processes 
of cell population death more comprehensively in the near 
future.
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