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Summary 
Cell death emerges during embryonic development, and is preserved 
after the birth as an important process for maintaining homeostasis 
by removing damaged or aged cells. Two forms of cell deaths exist: 
accidental and regulated cell death. Necrosis is an accidental, unreg-
ulated, passive form of cell death that occurs due to the collapse of 
cellular homeostatic mechanisms under extreme non-physiologi-
cal conditions. Regulated cell death is an active, energy-dependent 
process that functions as a physiological mechanism for maintaining 
homeostasis and in numerous pathological conditions when it pro-
vides selective elimination of potentially dangerous or infected cells. 
There are many types of regulated cell death: intrinsic and extrinsic 
types of apoptosis, autophagy dependent cell death, necroptosis, py-
roptosis, ferroptosis, parthanatos, mitochondrial permeability transi-
tion-driven necrosis, lysosome-dependent cell death, immunogenic 
cell death, entosis and NET-osis. Different types of cell death are inter-
connected. Abnormal activation of the different forms of cell death 
can cause diseases. Dysregulation of the apoptotic program can lead 
to hyperplasia, autoimmune diseases and tumorigenesis, pyroptosis 
is associated with bacterial infection and necroptosis with human 
inflammatory skin diseases and carcinogenesis. Understanding the 
regulatory mechanisms of apoptosis led to the discovery of BH3 mi-
metics, drugs used for treatment of some types of B cell malignan-
cies. Drugs that target necroptosis, pyroptosis and autophagy are 
under investigation and could be potentially used in future as thera-
pies for various diseases, including cancer. The aim of this review is to 
summarize new knowledge about the processes of cell death, and to 
emphasize the importance of newly discovered molecular pathways 
regulating various types of cell death, enhancing our comprehension 
of health and disease.
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INTRODUCTION

The life of a cell, like the life of an organism, ultimately 
ends in death (1). Cell death emerges during embryon-
ic development, playing a crucial role in morphogenesis 
and is preserved postnatally as an important process for 
maintaining homeostasis by removing damaged or aged 
cells (1). Cell death can occur as a component of physio-
logical processes at the end of the cell’s lifecycle, or due to 
the action of pathological factors that irreversibly damage 
cells (2). Therefore, there are two forms of cell deaths: 
regulated cell death and accidental cell death (1).

Accidental cell death was initially observed by Karl 
Vogt in 1842, but the concept of cell death and the 
terms necrosis and necrobiosis were introduced for the 
first time by Rudolf Virchow, in 1858 (3). Regulated 
cell death, or apoptosis, was morphologically described 
in 1885 by Walter Fleming and originally named chro-
matolysis, while the concept of programmed cell death 
was introduced later in 1950s, and named apoptosis by 
Kerr, Willy and Curie, in 1972 (3,5,6). Research on cell 
death started at the Institute of Histology and Embry-
ology, Faculty of Medicine in Belgrade when its founder 
Aleksandar Dj. Kostić described cells with morphologi-
cal characteristics of apoptosis in his doctoral disserta-
tion, in 1921, and continued in 1980s (4). In 1990s, it was 

hypothesized that autophagy, the process of degradation 
of cellular components inside lysosomes, first observed in 
1960s by electron microscopy, can also lead to cell death 
and Klionsky and Yoshinori began detailed research into 
the mechanisms of this process which later led to Nobel 
Prize-winning discoveries (7, 8,9).

In the beginning of the 21-century, cell death was 
classified according to its morphological characteristics 
into apoptosis, autophagy, necrosis and mitotic catastro-
phe (10), while in 2018, the current classification of cell 
death into accidental and regulated cell death (RCD) 
was postulated. Necrosis is an accidental, unregulated, 
passive form of cell death that occurs due to the col-
lapse of cellular homeostatic mechanisms under extreme 
non-physiological conditions (2). RCD, or programmed 
cell death is an active, energy-dependent process (11). 
It occurs as a physiological process, during the develop-
ment and maintenance of homeostasis and in numerous 
pathological conditions when it provides for selective 
elimination of potentially dangerous or infected cells (2). 
There are many types of regulated cell death, like apop-
tosis, necroptosis, pyroptosis, cell death dependent on au-
tophagy, etc. (Figure 1) (2). Morphologically, all forms 
of cell death still may exhibit different combinations of 
microscopic features of apoptosis, autophagic cell death 
and necrosis (2). Even though various types of cell death 

Figure 1. Classification of cell death. Types of cell death: apoptosis, ADCD (autophagy-dependent cell death), entosis, ICD (immunogenic 
cell death), LCDC (lysosome dependent cell death), MPT (mitochondrial permeability transition)-driven necrosis, parthanatos, NETosis, 
ferroptosis, pyroptosis, necroptosis, necrosis
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have been discovered, including recently described cup-
proptosis and paraptosis, in this review we discussed only 
the types of cells death included in the latest classifica-
tion of cell death (2).

The aim of this review is to summarize new knowl-
edge about the processes of cell death, and to emphasize 
the importance of newly discovered molecular pathways 
regulating various types of cell death, enhancing our 
comprehension of health and disease.

NECROSIS

Necrosis is an unregulated form of cell death induced by 
external injury, independent of any signaling pathways or 
cellular energy expenditure, and is morphologically char-
acterized by edema (swelling) of membrane organelles 
as well as swelling of the entire cell (oncosis) (11). The 
morphological hallmark of necrosis is the disruption of 
cell membrane integrity accompanied by the leakage of 
cellular contents into the extracellular space that always 
triggers an inf lammatory response and local damage to 
neighboring cells (Figure 2b) (11).

Necrosis that occurs after apoptosis or autophagic cell 
death, when ATP is depleted, is called secondary necrosis 
(11). In addition to energy-independent passive necrosis, 
there are also regulated forms of necrosis that do require 
energy (11).

APOPTOSIS

Apoptosis or ”cellular suicide” is a genetically regulated 
process, in which cell undergoes a characteristic sequence 
of morphological changes, including condensation of 
chromatin, typically resembling a crescent moon, organ-
elle compaction, cytoplasmic condensation, cell shrink-
age, and finally, fragmentation of the cell into apoptotic 
bodies by cell blebbing (6). The morphological character-
istics of apoptosis, including chromatin and cytoplasmic 
condensation while the organelles remain intact, can be 
observed with transmission electron microscopy that is 
still considered to be golden standard for apoptosis iden-
tification (Figure 2a) (7). During apoptosis, membranes 

remain intact, preventing the release of cellular contents 
into the extracellular environment; therefore, there is an 
absence of inf lammatory response or tissue damage (1, 
11). Phosphatidylserine is displayed on the cell surface of 
apoptotic cells and apoptotic bodies as an ‘‘eat me’’ signal 
for surrounding cells and macrophages that rapidly re-
move dying apoptotic cells and apoptotic bodies from ex-
tracellular space by the process of efferocytosis (1, 2, 11). 

The key players in the process of apoptosis are the 
family of cysteine proteases, called caspases, which are 
found in healthy cells in the form of inactive zymogens 
with low-to-absent protease activity (1). Their cascade 
activation leads to the execution of the apoptotic pro-
gram (1). Initiator caspases (caspase-2, -8, -9, -10) are 
normally monomeric with a long prodomain that serves 
as a docking site for assembly into a self-activating com-
plex, built around homomeric interactions between death 
(DD), death effector (DED), and caspase activation and 
recruitment (CARD) domains. Downstream or execu-
tioner caspases (caspase-3, -6, -7) exist as preformed di-
mers that become activated when the cleavage of a con-
nector between subunits forms an open active site. In the 
extrinsic pathway of apoptosis, signals for caspase activa-
tion come from surrounding cells or molecules that bind 
to membrane receptors, so-called death receptors (tumor 
necrosis factor receptor 1 (TNFR1), Fas/CD95, TN-
FRSF10A, and TNFRSF10B), leading to the activation of 
initiator caspases (Figure 3) (1). In the intrinsic pathway 
of apoptosis, signals for caspase activation originate from 
within the cell due to various damages of organelles such 
as nucleus, endoplasmic reticulum or Golgi apparatus (1). 
Although activation of apoptosis by intrinsic pathway in 
the damaged cell can be mediated both by cytosolic and 
mitochondrial pathways, mitochondria have a central 
place in this type of cell death (1). Mitochondrial outer 
membrane permeabilization (MOMP) leads to increased 
permeability to small molecules, including cytochrome c, 
and the formation of the apoptosome which is specialized 
for activating effector caspases (1). Active caspases target 
many proteins essential for cellular viability, hence trig-
gering apoptotic cell death (1). Among more than 1500 
identified caspase substrates there is endonuclease, an 
enzyme that breaks down DNA, leading to the character-
istic condensation of chromatin in the nucleus (1). 

Figure 2. Transmission electron microscopy images of different types of cell death: lymphocyte apoptosis (A), necrosis of the B16 cell (B), 
autophagy in lymphocytes (C). Magnification 8900x (A, C) and 3500x (B)
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A number of regulatory proteins modulate the process 
of apoptosis. An important modulatory effect is exerted 
by proteins from the Bcl-2 (B-cell lymphoma-2) family of 
proteins (Figure 3) (1). 

Various anti- and pro-apoptotic members of Bcl-2 
family perform their actions at intracellular membranes 
(mitochondrial outer membrane, endoplasmic retic-
ulum and nuclear membranes) and form a network of 
interactions that control MOMP (11). Their ability to 
selectively bind to each other is essential to their func-
tion in regulating MOMP and apoptosis (11). Bcl-2 
family proteins selectively bind to each other via Bcl-2 
homology domains (BH). The majority of proapoptotic 
and antiapoptotic Bcl-2 proteins are “multidomain” pro-
teins that share sequence homology within 3–4 BH do-
mains (12). A subset of proapoptotic Bcl-2 proteins show 
sequence homology with others only within the BH3 
domain, death domain required for binding to “multi-
domain” Bcl-2 family members (12). These “BH3-only” 
molecules are: BID (BH3 interacting domain death ag-
onist), BIM (Bcl-2 interacting mediator of cell death), 
BAD (Bcl-2 antagonist of cell death), Noxa, BIK (Bcl-2 
interacting killer), BMF (Bcl-2 modifying factor), HRK 
(harakiri) and PUMA (p53 upregulated modulator of 
apoptosis) (12). Bcl-2 family interactions regulate mi-
tochondrial intramembranous oligomerization of BAX 
(Bcl-2-associated X protein)/BAK (cl-2 antagonist killer 
1), which is the key mechanism of MOMP (12). Anti-
apoptotic proteins, Bcl-2, BclXL (B-cell lymphoma ex-
tra-large) and Mcl-1 (myeloid cell leukemia sequence 
1), inhibit apoptosis either by inhibiting BAX/BAK 
oligomerization or by engaging activator BH3-only 
proteins (12). “BH3-only” proteins activate apoptosis 
by both activating BAX/BAK oligomerization and by 
suppressing antiapoptotic proteins on the mitochondria 
and endoplasmic reticulum (12). BIM, BID and PUMA 
are “BH3-only” proteins known as “activators” that di-
rectly bind and trigger BAX/BAK oligomerization and 
bind and inhibit antiapoptotic Bcl-2 proteins (12). BAD, 
Noxa, BIK, BMF, HRK are BH3-only proteins known 
as “sensitizers” that bind and inhibit antiapoptotic Bcl-
2 proteins (12). Disorders in the regulation of apoptosis 
are involved in the pathophysiology of a whole range of 
diseases (13, 14, 15). Overexpression of antiapoptotic 
molecules or downregulation of proapoptotic molecules 
was found in malignant cells resistant to apoptosis. High 
levels of Bcl-2 were first found in human follicular lym-
phomas and later in chronic lymphocytic leukemia cells 
(13). Abnormal expression of bcl2 family members, like 
Mcl-1 and BclXL is frequently found in many malignant 
tumors, like breast, gastric, prostate and hepatocellular 
carcinoma (14). Research data demonstrates that togeth-
er with irregularities of pro-apoptotic BCL2 proteins 
and anti-apoptotic BCL2 proteins, aberrations of the 
components of the apoptosome and effector caspases 
also contribute to the pathogenesis of many cardiovas-

Figure 3. Extrinsic and intrinsic pathways of apoptosis. In extrinsic 
pathway ligand binding to death receptor Fas/CD95 makes confor-
mational changes that help binding of its DD (death domain) with 
DD of FADD (Fas-associated death domain protein). A second do-
main in FADD, a DED, binds to DED domain in initiator caspases 
(caspase-8, and -10), leading to caspase dimerization. Caspase-ac-
tivating assembly made of the death receptor, FADD, and caspase 
complex is called DISC (death-inducing signaling complex). In the 
intrinsic pathway, cytochrome c released from mitochondria binds to 
APAF-1 (apoptotic protease activating factor 1) and enables its oligo-
merization in heptameric wheel and exposure of its CARD domain. 
Interaction of CARD domain of APAF-1 with CARD in initiator 
caspase (caspase-9) helps docking of caspase-9 and is necessary for 
its proteolytic activity. This caspase-activating assembly platform, 
the apoptosome, is specialized for activating caspase-9 and -7, which 
have CARD-type prodomains. Interaction of Bcl-2 proteins (BAX, 
BAD, Bcl-2, BclXL, Mcl/1, BAD, Noxa, BIK, BMF, HRK, BOK, 
Bim, Bid, PUMA) regulate MOMP and cytochrome c release from 
the mitochondria. Cytochrome c release may be induced after Bid 
truncation by active caspase-8, linking the “extrinsic” and “intrinsic” 
pathways. Both pathways unite at the site of activation of executioner 
caspase-3 by upstream caspase-8, -9, or -10.
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cular, hepatic, neurological, renal, autoimmune, inf lam-
matory, infectious, and oncological diseases (14).

If a cell starts apoptosis and displays the nuclear mor-
phology characteristic for apoptosis, but does not have 
enough energy to complete the initiated process of apopto-
sis, it may progress to secondary necrosis (16).  Secondary 
necrosis is controlled by caspase-3 that cuts DFNA5 (deaf-
ness-associated tumor suppressor), into a necrosis-pro-
moting DFNA5-N fragment that inserts into the plasma 
membrane, creating large pores that facilitate the release of 
inflammatory molecules into the extracellular space (16).

AUTOPHAGY-DEPENDENT CELL DEATH (ADCD)

Autophagy is an intracellular catabolic process responsi-
ble for the breakdown of damaged and/or non-functional 
cytoplasmic components and organelles, with the par-
ticipation of lysosomal enzymes (17). Depending on the 
way material for degradation reaches a lysosomal lumen, 
three different types of autophagy are being described: 
chaperone mediated autophagy (CMA), microautophagy 
and macroautophagy (17).

In CMA, certain cytosolic proteins are first unfolded 
with a help of cytosolic chaperone proteins, after which 
they pass through a lysosomal membrane protein com-
plex containing Lysosome-associated membrane protein 
2A (LAMP2A) forming a distinct channel, thus reaching 
a lysosomal lumen where they are degraded (18).

In microautophagy, peculiar membrane invagina-
tions of the lysosomal membrane are formed, projecting 
towards lysosomal lumen (19). After these invaginations 
are pinched off the lysosomal membrane, vacuoles that 
are formed, together with their cytosol-derived content, 
are degraded by lysosomal enzymes (19). In mammals, 
the process also takes place in endosomes (19), and in 
lysosomes it may include f lap-like lysosomal membrane 
extensions, as sequestration mechanism (20).

Macroautophagy (hereafter referred to only as au-
tophagy) relies on the formation of double membrane 
structures termed autophagosomes, which subsequently 
fuse with lysosomes (7). Autophagosomes are formed af-
ter a closure of cytoplasmic cisternal structures termed 
isolation membranes or phagophores, which sequester 
parts of the cytoplasm, including organelles, destined for 
degradation (Figure 2c) (7).

In mammalian cells, autophagy is regulated by two 
kinases: mTOR (Mammalian target of rapamycin) and 
AMPK (AMP-activated protein kinase) (Figure 4) (17, 21). 
In the presence of growth factors, autophagy is inhibited by 
mTOR which phosphorylates and inactivates another ki-
nase ULK1 (Unc-51-like kinase 1) (17). On the other hand, 
AMPK acts as a cellular energy sensor (Figure 4) (22). 
When intracellular ATP/ADP ratio decreases, AMPK ac-
tivates autophagy by phosphorylating and activating ULK1 
and other proteins that regulate autophagy (23).

Because it participates in the degradation of non-es-
sential cytoplasmic components, recycling of their con-
stituent molecules (e.g. during starvation) and remov-
ing of damaged and/or nonfunctional organelles and 
macromolecules, autophagy is generally considered to 
be cytoprotective (2). Blocking autophagy by artificial 
means generally leads to the acceleration of cellular de-
struction (rather than preventing cell death) (2, 24, 25). 
However, there are certain biological conditions where it 
is clear that excessive activation of autophagy may lead to 
cell death (2). Since the inhibition of autophagy in these 
circumstances rescues the cells, this type of cell death is 
being called autophagy-dependent cell death (2, 26).

This is different from previous cell death classifica-
tions (10), from the time when the cytoprotective role of 
autophagy was not properly acknowledged by the scien-
tific community. Latest advances in the understanding 
of biological roles of autophagy enabled us to understand 
that a sheer presence of a large number of autophagy-relat-
ed structures in dying cells is not enough to declare that 

Figure 4. Activation of autophagy. Ligand binding to GF (growth 
factor) receptor leads to the activation of PI3K (phosphatidylinositol 
3-kinase), AKT (protein kinase B) and mTOR that stimulates pro-
tein synthesis and inhibits autophagy through inactivation of ULK1. 
During nutrient starvation, AMPK, activates autophagy by inhibit-
ing mTOR leading to ULK1 activation. Breakdown of organelles and 
proteins in autophagosomes produces metabolites that can be used 
for production of ATP in mitochondria.  
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cells are dying by autophagy (2). Previously called auto-
phagic cell death, it is now recognized that for the process 
of autophagy-dependent cell death to be demonstrated, 
it is not enough to notice that cells are dying “with” auto-
phagy (27). Instead, it is necessary to prove that excessive 
autophagy is effectively killing the cells, by demonstrat-
ing that autophagy inhibition rescues them (2, 27).

In autophagy dependent cell death, cells actively par-
ticipate, and the process is genetically regulated (2). This 
is a way some neurons die in rodent models of neonatal 
hypoxia-ischemia, and it also may occur in certain other 
pathological conditions (2, 28). In non-pathological condi-
tions, autophagy-dependent cell death is also necessary as a 
mechanism of cell death in Drosophila metamorphosis (2).

OTHER FORMS OF CELL DEATHS

Necroptosis

Necroptosis is a type of RCD initiated by signals from 
the extracellular or intracellular microenvironment de-
tected by death receptors (FAS, TNFR etc.) or pattern 
recognition receptors (PRRs) (2, 29). As the name sug-
gests, necroptosis shares features with necrosis (early 
membrane disruption and cell and organelle swelling) 
and apoptosis (which is tightly regulated via genetics, 
signaling molecules, or toxins). In contrast to apoptosis, 
necroptosis is not only caspase-independent, but also 
induced by inhibition of caspase-8 (29, 30). The molec-
ular markers of necroptosis are phosphorylated RIPK3 
(receptor-interacting serine/threonine protein kinase 3) 
and phosphorylated MLKL (mixed lineage kinase do-
main like pseudokinase) (Figure 5) (1). 

Necroptosis has been mostly investigated as the re-
sponse to microbial infection. In cancer, necroptosis is 
beneficial for the antitumor immune response, not only 
because of MLKL-dependent cell lysis and uncontrolled 
release of cellular contents, but also because of tightly reg-
ulated activation of RIPK1/RIPK3/NFκB proinf lamma-
tory signaling, which leads to the synthesis of proinf lam-
matory cytokines prior to cell disintegration (29).

As our understanding of the molecular mechanisms of 
necroptosis continues to evolve, it holds the potential to 
lead to innovative therapies and interventions in diverse 
fields of research, as it has been shown to play an import-
ant role not only in infections and systemic inf lammato-
ry response syndrome but in chronic pulmonary disease, 
acute kidney failure and fibrosis, liver disease, cardiovas-
cular, neurodegenerative diseases and cancer (31).

Pyroptosis

Pyroptosis represents a unique form of RCD, primarily 
associated with the innate immune response to infec-
tions and inf lammatory disorders. The term “pyroptosis” 

was coined by D’Souza et al. in 2001, from Greek words 
pyro (fire or fever) and ptosis (falling), to emphasize the 
inf lammatory nature of this type of cell death (32). For 
decades it was misconceived as a special form of apop-
tosis in monocytes, since it shared some features with 
apoptosis, like involvement of caspase-1 (33). Caspase-1, 
recognized as inf lammatory caspase, is required for the 
cleavage of precursor pro-IL-1β into active IL-1β, also 
known as leukocytic pyrogen (34). Later, in 2002, the in-
f lammasome was proposed to be a molecular platform for 
the activation of caspase-1 (Figure 6) (35). 

Furthermore, it was demonstrated that pyroptosis 
could be induced in caspase-1 independent manner, by 
the activation of other caspases, specifically caspase-4, 5 
and 11 (33). In 2015 it was discovered that both caspase-1 
and caspase-4/5/11 share gasdermin D (GSDMD) as a 
key substrate in induction of pyroptosis, and since then, 
pyroptosis is commonly defined as gasdermin-mediated 
programmed cell death (33). The N-terminal domain of 
GSDMD can oligomerize to form pores in the cell mem-
brane, causing cell swelling and lysis (33).

Although pyroptosis shares some features with apop-
tosis, like DNA fragmentation and intact nucleus, there 
are many differences between them, including the loss of 
membrane integrity, cellular swelling, the rupture of cell 
membrane and consequent inf lammation (36).

The main role of pyroptosis, as an important player in 
the innate immunity, is defense against intracellular patho-
gens. However, numerous studies have pointed to a much 

Medicinska istraživanja 2025; 58(1):61-73

Figure 5. Molecular pathways of necroptosis. After ligation of 
TNFR-1, RIPK1 associates with RIPK3. RIPK3 phosphorylates 
the MLKL that oligomerizes after phosphorylation and promotes 
plasma membrane permeabilization. There are at least two pathways 
leading to the loss of cell integrity in necroptosis: MLKL could form 
a platform at the plasma membrane for the opening of calcium and 
sodium ion channels, enabling the influx of ions in the cell, cell swell-
ing and rupture and/or MLKL itself could form pores in the plasma 
membranes.
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broader aspect of pyroptosis as a type of RCD involved in 
inflammatory diseases and sepsis, cardiovascular, meta-
bolic diseases, neurodegeneration and cancer (36).

Ferroptosis

Ferroptosis is a distinctive form of RCD, induced by 
iron-dependent, lipid peroxidation-mediated membrane 
damage. Although the term “ferroptosis” was coined not 
that long ago, in 2012, and ferroptosis-like cell death was 
described in 2001 as a cell death induced by oxidative 
stress (“oxytosis”) (37), pioneering research was made 
back in the 1950s and 1960s, when the researchers ob-
served cell death induced by cysteine-deprivation (38). 

The primary system regulating ferroptosis is the cellu-
lar antioxidant system cysteine-glutathione (GSH)-gluta-
thione peroxidase 4 (GPX4) (39). GPX4 is an antioxidant 
enzyme which catalyzes the reduction of lipid-hydrogen 
peroxides, cholesterol- and phospholipid hydrogen perox-
ides (PLOOHs), from cellular membranes and protects 

cells from the oxidative stress (40). Two compounds wide-
ly used for induction of ferroptosis, erastin and RSL3, act 
by interfering with GPX4-pathway that leads to the accu-
mulation of PLOOHs in the cell and ferroptosis (39).

Potent inducers of ferroptosis include enzymes that 
directly oxygenate polyunsaturated fatty acids present 
in cellular membranes, such as lipoxygenases (LOXs), 
cytochrome P450 oxidoreductase (POR), and two mem-
brane-remodeling enzymes, acyl-CoA synthetase long 
chain family member 4 (ACSL4) and lysophosphatidyl-
choline acyltransferase 3 (LPCAT3). The importance of 
mitochondrial tricarboxylic acid cycle in lipogenesis, to-
gether with mitochondrial roles in beta-oxidation of fatty 
acids and oxidative metabolism, strongly links mitochon-
dria with ferroptosis (39).

As the name suggests, iron has a central role in induc-
tion and regulation of ferroptosis. Iron is required as cata-
lyst in numerous metabolic enzymes involved in reactive 
oxygen species (ROS) generation and lipid peroxidation, 
including LOXs and POR. Furthermore, intracellular 
iron ions can catalyze Fenton reaction, generating high-
ly reactive hydroxyl radicals that initiate a chain reac-
tion that culminates in lipid peroxidation and massive 
PLOOH production. Cellular processes that regulate 
iron homeostasis within cells (iron uptake, storage, utili-
zation and eff lux) therefore affect ferroptosis (41).

Cells undergoing ferroptosis exhibit swelling, with 
increased cell membrane density and membrane rupture. 
The distinctive feature of ferroptosis is the atrophy or 
condensation of mitochondria, disappearance of cristae 
and rupture of outer mitochondrial membrane (41).

A growing body of research indicates a potentially 
important role of ferroptosis in tumor suppression, isch-
emia-reperfusion injuries (also, associated with organ 
transplantation), immune surveillance, neurodegenera-
tion and lung and liver fibrosis (39, 41).

Parthanatos

Parthanatos is a caspase-independent form of cell death 
which leads to DNA fragmentation (42). The term „part-
hanatos’’ is coined from „par“, referring to poly(ADP)ri-
bose (PAR), one of the key participants in this type of cell 
death, and „Thanatos“, personification of death in Greek 
mythology. Parthanatos is a precisely regulated, multi-
step process resulting in large-scale DNA fragmentation 
and chromatin condensation (42).

One of the mechanisms for ensuring genome stability 
includes a nucleic enzyme called poly (ADP-ribose) poly-
merase 1 (PARP1). This DNA base-excision repair system 
facilitates DNA damage repair through the synthesis of 
PAR polymer (43). However, in instances of excessive DNA 
damage, such as ROS, inflammation, ischemia, hypoxia, 
etc., PARP1 becomes hyperactivated. Hyperactivation of 
PARP1 is the initial step in parthanatos, resulting in the 
production of long-chained, branched PAR polymers (42). 
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Figure 6. The mechanisms of pyroptosis. In canonical inflammato-
ry pathways, PAMPs and DAMPs are detected by inflammasome, 
cytosolic multiprotein complex involving NLR (nucleotide-binding 
oligomerization domain (Nod)-like receptors) proteins which acti-
vate caspase-1. Caspase 1 performs cleavage of inflammatory cyto-
kines IL-1β and IL-18 into mature forms, and cleavage of GSDMD 
that leads to formation of GSDMD pore and pyroptosis. In nonca-
nonical inflammatory pathways, binding of LPS (lipopolysaccha-
rides) leads to the cleavage of GSDMD, formation of GSDMD pore 
and pyroptosis. 
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PARP1 overactivation causes cellular energy deple-
tion. Namely, PARP1 hyperactivation requires nicotin-
amide adenine dinucleotide (NAD+) as a cofactor, which 
is an important cofactor in cellular metabolism, including 
ATP synthesis. On the other hand, resynthesis of NAD+ 
requires many ATP molecules. Additionally, accumu-
lation of PAR polymers causes translocation of apopto-
sis-inducing factor (AIF) from mitochondria to nucleus 
(44). AIF may be considered as a parthanatos “executor”, 
leading to massive DNA fragmentation, chromatin con-
densation, membrane rupture and cell death.

Parthanatos as a form of cell death is found in many 
diseases, while PARP inhibitors are extensively explored 
for the pharmacological treatment of breast, ovarian, and 
colorectal cancer (45).

Mitochondrial permeability transition-driven 
necrosis

Mitochondrial permeability transition (MPT)-driven ne-
crosis is a form of cell death caused by a sudden increase 
in the inner mitochondrial membrane (IMM) permeabil-
ity to small molecules. This type of cell death is initiat-
ed by the increase in Ca2+ and ROS in the mitochondrial 
matrix (46). The crucial event in MPT-driven necrosis is 
the formation of mitochondrial permeability transition 
pore (mPTP) in the IMM. The formation of mPTP en-
ables permeability of IMM for molecules up to 1.5 kDa in 
size. The sustained opening of the mPTP causes abrupt 
change in mitochondrial permeability leading to the loss 
of mitochondrial membrane potential, mitochondrial 
swelling, rupture of the outer mitochondrial membrane 
(OMM), disruption of cellular energy metabolism and 
finally, necrotic death. Opposite to sustained mPTP 
opening, transient mPTP opening is not associated with 
cell death. Such reversible mPTPs are permeable to small 
molecules up to 300 Da and play a role in the mitochon-
drial homeostasis of Ca2+ (47).

It was long considered that the main structural com-
ponents of mPTP are voltage-dependent anion channel 
(VDAC) in the OMM, adenine nucleotide translocase 
(ANT) in the IMM, and cyclophilin D (Cyp-D) in the 
mitochondrial matrix. Numerous experiments con-
firmed that neither VDAC nor ANT are required for the 
induction of mPTP (48). However, Cyp-D was recog-
nized as an important regulator of the mPTP opening. 
Cyp-D is not a structural pore component of mPTP; it 
is a Ca2+-sensitive isomerase present in the mitochondri-
al matrix which translocate to the IMM and mediates 
mPTP opening.

MPT-driven necrosis has been implicated in the 
pathogenesis of ischemic heart and brain disease, and 
many degenerative diseases which is why targeting its 
molecular steps might translate into novel therapeutic 
approaches (49). 

Lysosome-dependent cell death

Lysosome-dependent cell death (LDCD) represents a form 
of RCD which is characterized by primary lysosomal mem-
brane permeabilization (LMP), a phenomenon that leads 
to cell death (2). LMP is characterized by the release of 
lysosomal contents, including proteolytic enzymes of the 
cathepsin family, into the cytosol where they act in vari-
ous ways as executors of cell death (50). LMP may occur 
downstream of MOMP and represent an epiphenomenon 
of intrinsic apoptosis (51). Alternatively, lysosomes can be 
permeabilized prior to mitochondria, which may involve 
the recruitment of BAX to the lysosomal membrane and 
formation of pores (52). Additional triggers of LPM may 
include lysosomotropic agents (e.g., sphingosine), calpains, 
reactive oxygen species (ROS), STAT3 etc. (53).

Cathepsins can catalyze proteolytic activation or 
inactivation of BID, BAX, anti-apoptotic BCL2 family 
members and XIAP, and therefore lead to LCDC with 
the involvement of MOMP and caspases (54). Howev-
er, MOMP and caspases are not necessarily involved in 
LDCD so this type of RCD does not always exhibit apop-
totic morphology (55).

LDCD is involved in different pathological and 
physiological conditions, such as intracellular pathogen 
response, inf lammation, neurodegeneration, cardiovas-
cular disorders, aging and tissue remodeling during invo-
lution of mammary gland after lactation (2, 50).

Immunogenic cell death

Immunogenic cell death (ICD) represents a form of RCD 
that is capable of initiating adaptive immune response in 
an immunocompetent host (2). This adaptive immune 
response is specific for endogenous (cellular) or exoge-
nous (viral) antigens that are expressed by dying cells (2).

Various stimuli can initiate ICD, including viral infec-
tion, specific forms of radiation therapy, some FDA-ap-
proved chemotherapeutics and hypericin-based pho-
todynamic therapy (2). These agents initiate release of 
damage-associated molecular patterns (DAMPs), such as 
calreticulin, ATP, type I IFN, cancer cell-derived nucleic 
acids, high-mobility group box 1 (HMGB1) and annexin 
A1 (ANXA1) by dying cells. DAMPs are being recog-
nized by PRRs on immune system cells leading to the ac-
tivation of an immune response with the formation of im-
munological memory (2, 56). Calreticulin relocates from 
the endoplasmic reticulum to the outer leaf let of plasma 
membrane where it functions as an “eat me” signal for 
DCs, macrophages and neutrophils and acts as a trigger 
for Th17 cell priming (57). ATP has a role as a “find-me” 
signal for dendritic cell precursors and macrophages and 
activates inf lammasome (58). Cancer cells which are go-
ing to die by ICD release nucleic acids which can be taken 
up by DCs, macrophages and neutrophils and this results 
with the activation of type I IFN immune response (59).
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Entosis

Entotic cell death, also known as entosis or cellular can-
nibalism, is a type of cell death in which a cell invades a 
living neighboring cell and eventually dies after being en-
gulfed. This is a characteristic type of non-apoptotic cell 
death, which is recognizable by its cell-in-cell phenome-
non, and which occurs in human tumors and non-tumor 
tissues, such as epithelial cell cultures (60). Entosis has 
several interesting features that distinguish it from oth-
er types of cell death, mainly that the entrapped cell can 
survive and even divide in the host cell, or it can leave 
the invaded cell without any sign of degradation (61). 
Although present in both physiological and pathological 
conditions, the exact role of entosis remains unclear with 
literature data suggesting both pro- and anti-tumorigen-
ic effects. It is believed that entosis allows cancers to be 
removed by their healthy neighbors, as the tumorigenic 
cells have lost their cell-cell connections, and on the other 
hand, allows surrounding cells to survive by promoting 
cell competition (62). Entosis has also been associated 
with the process of embryo implantation (63), the elimi-
nation of spermatozoa by the Sertoli cells (64), but also in 
the pathophysiology of non-cancerous conditions such as 
diabetic cardiomyopathy (65). Several studies have shown 
that different drugs can induce entosis in various cancer 
cell lines. Methylselenoesters, novel synthesized seleni-
um compounds, have caused entosis by cell detachment 
in pancreatic cancer cells (66). Recently published papers 
have shown that known and well-studied cytotoxic drugs, 
such as nintedanib and doxorubicin in combination with 
calcifediol, can induce entosis in prostate and breast can-
cer cells (67). These data highlight the possible therapeu-
tic implications of entosis in cancer management.

NETosis

One of the mechanisms through which neutrophils de-
stroy microbes is the formation of Neutrophil Extra-
cellular Traps (NETs), which represent web-like struc-
tures made from modified chromatin and antimicrobial 
proteins, both originating from granules and nucleus of 
neutrophilic granulocytes (68). These formations bind, 
entrap, and finally destroy microorganisms in the extra-
cellular space, without the need for intracellular phago-
cytosis. However, releasing these neutrophilic molecules/
enzymes and pathogen destruction elicits neighboring 
tissue destruction and inf lammation (69). During this 
process, neutrophils die, which is why this atypical type 
of cell death is termed NETosis. Unlike apoptosis, NE-
Tosis is characterized by the disintegration of nuclear 
and cytoplasmic membranes, followed by the leaking 
of genetic material in the extracellular space which im-
mobilizes microorganisms (70). Though NETosis is a 
defensive reaction of the body, the release of intracellu-
lar granule components in the extracellular space causes 

proinf lammatory reactions that can exacerbate existing 
inf lammation in patients with different forms of autoim-
mune diseases (71). The role of NETosis in cancer pro-
gressions and metastasis is now also known, as NETosis 
can cause a wide range of changes needed for further 
development and dissemination of cancerous cells (72). 
NETosis can induce epithelial-mesenchymal transition 
in different cancers, create an optimal microenvironment 
for tumor development (73), and play a role in different 
cancer-related complications, such as venous thrombo-
embolism (74).

CONCLUSION

Why is it important how a cell dies? In some types of cell 
death damaged cells do not have a preserved cell mem-
brane and release DAMPs, therefore they are pro-in-
f lammatory and lead to the activation of macrophages 
and dendritic cells (11). In contrast, apoptosis is an im-
munologically silent cell death, during which there is no 
spillage of cell contents into the environment due to the 
preserved cell membrane and the formation of apoptotic 
bodies, as well as due to the activation of caspases that in-
activate DAMPs (11). Necrosis and pyroptosis are proin-
f lammatory cell deaths during which proinf lammatory 
cytokines are secreted, cell membrane bursts and cellular 
contents spill into the extracellular space leading to the 
damage of surrounding cells (11). 

It may seem that apoptosis is a favorable form of cell 
death and that any pro‐inf lammatory form of cell death is 
always unfavorable and probably a result of an error in the 
activation of apoptosis. Nevertheless, pro-inf lammatory 
forms of cell death may have evolved in order to remove 
multiple cells at the same time. Cells dying from pyro-
ptosis, prevent the spread of infection by killing groups 
of cells that release DAMPs and recruit immune cells 
to the site of infection (75). Damaged or malignant cells 
dying from necroptosis attract immune cells that result 
in the death of malignant cell population and prevention 
of metastases (11). Therefore, the presence of regulated, 
proinf lammatory cell death is in some circumstances im-
portant for the protection of surrounding cells and the 
organism. 

Different types of cell death are interconnected. Apop-
tosis may inhibit the process of autophagy by caspase 
cleavage of Beclin and ATG (1). Furthermore, autophagy 
can inhibit apoptosis by increasing BCL-XL expression 
(1). The inactivation of autophagy during starvation 
leads to apoptosis, unless apoptosis is inactivated (e.g., 
BAX/BAK deficiency), in which case cell death occurs 
through necrosis (1). Inhibition of autophagy can either 
lead to mitochondrial dysfunction and apoptosis or to 
stabilization of RIPK1 and necroptosis (24, 25). 

Abnormal activation of the different forms of cell 
death can cause diseases. Dysregulation of apoptotic pro-
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gram can lead to hyperplasia, autoimmune diseases and 
tumorigenesis (76). Pyroptosis has a crucial place in the 
initiation of inf lammatory response and achieving elim-
ination of intracellular microorganism during bacterial 
infection, but uncontrolled pyroptosis can lead to organ 
failure and sepsis (77). Necroptosis has been associated 
with carcinogenesis related to non-alcoholic fatty liver 
disease and with human inf lammatory skin diseases (78).

Understanding how cells dye and the knowledge 
about regulation mechanisms of different types of cell 
death, especially apoptosis, resulted in discovery of drugs 
that act as BH3 mimetics, ABT‐737 and its oral derivative, 
Navitoclax, for the treatment of B cell malignancies that 
overexpress anti‐apoptotic BCL‐2 proteins (79). Drugs 
that target necroptosis, pyroptosis and autophagy are 
currently being researched and may serve as future thera-
peutic options for various diseases, including cancer. 

Conflicts of interest

None to declare.

Author contributions

VB, TKS, MCM, TM made the design of the manuscript, 
review and editing of the text. The following sections of 
the manuscript were written by: TKS – abstracts, intro-
duction and conclusion, TM – necrosis and apoptosis, 
DC – ACDC, SD – necroptosis, pyroptosis and ferro-
ptosis, JR – parthanatos and (MPT)-driven necrosis, 
IP – LCDC and ICD, IZ – entosis and NETosis; MCM 
designed and made all figures. All authors have read and 
agreed to the published version of the manuscript.

REFERENCES
1.	 Newton K, Strasser A, Kayagaki N, Dixit VM. Cell death. Cell. 

2024 Jan 18;187(2):235-256. doi: 10.1016/j.cell.2023.11.044. PMID: 
38242081.

2.	 Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis 
P et al. Molecular mechanisms of cell death: recommendations of 
the Nomenclature Committee on Cell Death 2018. Cell Death Dif-
fer. 2018 Mar;25(3):486-541. doi: 10.1038/s41418-017-0012-4. PMID: 
29362479; PMCID: PMC5864239.

3.	 Park W, Wei S, Kim BS, Kim B, Bae SJ, Chae YC, et al. Diversity and 
complexity of cell death: a historical review. Exp Mol Med. 2023 
Aug;55(8):1573-1594. doi: 10.1038/s12276-023-01078-x. Epub 2023 
Aug 23. Erratum in: Exp Mol Med. 2023 Sep;55(9):2083. doi: 10.1038/
s12276-023-01107-9. PMID: 37612413; PMCID: PMC10474147.

4.	 Kopeina GS, Zhivotovsky B. Programmed cell death: Past, present 
and future. Biochem Biophys Res Commun. 2022 Dec 10; 633:55-58. 
doi: 10.1016/j.bbrc.2022.09.022. PMID: 36344162.

5.	 Kravic-Stevovic T, Bajcetic M, Mircic A. 100 godina Instituta za his-
tologiju i embriologiju Aleksandar Dj. Kostic. Beograd: Medicinski 
fakultet Univerziteta; 2022. ISBN: 978-86-7117-654-5

6.	 Lockshin RA. One-half century (or more) of study of cell death: 
origins, present, and perhaps future. Frontiers in Cell Death.2023 
June 16;2. https://www.frontiersin.org/journals/cell-death/arti-
cles/10.3389/fceld.2023.1197400. doi:10.3389/fceld.2023.1197400. 
ISSN:2813-5563

7.	 Klionsky DJ,, Bumbasirevic V, Kravic-Stevovic T et al. Guide-
lines for the use and interpretation of assays for monitor-
ing autophagy (3rd edition). Autophagy. 2016;12(1):1-222. doi: 
10.1080/15548627.2016.1147886. PMID: 26799652

8.	 Kirkin V. History of the Selective Autophagy Research: How Did 
It Begin and Where Does It Stand Today? J Mol Biol. 2020 Jan 
3;432(1):3-27. doi: 10.1016/j.jmb.2019.05.010. Epub 2019 May 11. 
PMID: 31082435; PMCID: PMC6971693.

9.	 Proikas-Cezanne T, Thumm M. Autophagy-from yeast to humans: 
Thirty years of molecular autophagy. FEBS Lett. 2024 Jan;598(1):3-6. 
doi: 10.1002/1873-3468.14796. PMID: 38206618.

10.	 Kroemer G, El-Deiry WS, Golstein P, Peter ME, Vaux D, Vandena-
beele P, et al. Nomenclature Committee on Cell Death. Classification 
of cell death: recommendations of the Nomenclature Committee 
on Cell Death. Cell Death Differ. 2005 Nov;12 Suppl 2:1463-7. doi: 
10.1038/sj.cdd.4401724. PMID: 16247491.

11.	 D’Arcy MS. Cell death: a review of the major forms of apoptosis, ne-
crosis and autophagy. Cell Biology International. 2019: 43: 582–592. 
doi: 10.1002/cbin.11137. Epub 2019 Apr 25. PMID: 30958602.

12.	 Czabotar PE, Garcia-Saez AJ. Mechanisms of BCL-2 family pro-
teins in mitochondrial apoptosis. Nat Rev Mol Cell Biol. 2023 
Oct;24(10):732-748. doi: 10.1038/s41580-023-00629-4. Epub 2023 Jul 
12. PMID: 37438560.

13.	 Kravić-Stevović T, Bogdanović A, Bumbasirević V. Higher percentage 
of in vitro apoptotic cells at time of diagnosis in patients with chron-
ic lymphocytic leukemia indicate earlier treatment requirement: ten 
years follow up. Srp Arh Celok Lek. 2014 Jan-Feb;142(1-2):48-53. doi: 
10.2298/sarh1402048k. PMID: 24684031

14.	 Vitale I, Pietrocola F, Guilbaud E, Aaronson SA, Abrams JM, Adam 
D, et al. Apoptotic cell death in disease-Current understanding 
of the NCCD 2023. Cell Death Differ. 2023 May;30(5):1097-1154. 
doi: 10.1038/s41418-023-01153-w. PMID: 37100955; PMCID: 
PMC10130819.

15.	 Pljesa-Ercegovac M, Savic-Radojevic A, Kravic-Stevovic T, Bumba-
sirevic V, Mimic-Oka J, Simic T. Co-localization of GSTP1 and JNK 
in transitional cell carcinoma of urinary bladder. Genet Mol Biol. 
2010;33(3):460-2. doi: 10.1590/s1415-47572010005000063. Epub 2010 
Sep 1. PMID: 21637416.

16.	 Mázló A, Tang Y, Jenei V, Brauman J, Yousef H, Bácsi A, et al. Reso-
lution Potential of Necrotic Cell Death Pathways. Int J Mol Sci. 2022 
Dec 20;24(1):16. doi: 10.3390/ijms24010016. PMID: 36613458; PM-
CID: PMC9819908.

17.	 Yamamoto H, Matsui T. Molecular Mechanisms of Macroautopha-
gy, Microautophagy, and Chaperone-Mediated Autophagy. J Nippon 
Med Sch. 2024 Mar 9;91(1):2-9. doi: 10.1272/jnms.JNMS.2024_91-
102. Epub 2023 Jun 2. PMID: 37271546.

18.	 Valdor R, Martinez-Vicente M. The Role of Chaperone-Mediated Au-
tophagy in Tissue Homeostasis and Disease Pathogenesis. Biomed-
icines. 2024 Jan 23;12(2):257. doi: 10.3390/biomedicines12020257. 
PMID: 38397859; PMCID: PMC10887052.

19.	 Krause GJ, Kirchner P, Stiller B, Morozova K, Diaz A, Chen KH, et al. 
Molecular determinants of the crosstalk between endosomal micro-
autophagy and chaperone-mediated autophagy. Cell Rep. 2023 Dec 
26;42(12):113529. doi: 10.1016/j.celrep.2023.113529. Epub 2023 Dec 6. 
PMID: 38060380; PMCID: PMC10807933.

20.	 Kuchitsu Y, Taguchi T. Lysosomal microautophagy: an emerg-
ing dimension in mammalian autophagy. Trends Cell Biol. 2024 
Jul;34(7):606-616. doi: 10.1016/j.tcb.2023.11.005. Epub 2023 Dec 15. 
PMID: 38104013.

21.	 Vucicevic L, Misirkic M, Janjetovic K, Vilimanovich U, Sudar E, Is-
enovic E, Prica M, Harhaji-Trajkovic L, Kravic-Stevovic T, Bumba-
sirevic V, Trajkovic V. Compound C induces protective autophagy 
in cancer cells through AMPK inhibition-independent blockade of 

Medicinska istraživanja 2025; 58(1):61-73



| 71

Akt/mTOR pathway. Autophagy. 2011 Jan;7(1):40-50. doi: 10.4161/
auto.7.1.13883. Epub 2011 Jan 1. PMID: 20980833.

22.	 Trefts E, Shaw RJ. AMPK: restoring metabolic homeostasis over space 
and time. Mol Cell. 2021 Sep 16;81(18):3677-3690. doi: 10.1016/j.mol-
cel.2021.08.015. PMID: 34547233; PMCID: PMC8549486. 

23.	 Lee Y, Tuan NM, Lee GJ, Kim B, Park JH, Lee CH. Regulatory Mech-
anisms Governing the Autophagy-Initiating VPS34 Complex and 
Its inhibitors. Biomol Ther (Seoul). 2024 Nov 1;32(6):723-735. doi: 
10.4062/biomolther.2024.094. Epub 2024 Oct 7. PMID: 39370737; 
PMCID: PMC11535298.

24.	 Stamenkovic M, Janjetovic K, Paunovic V, Ciric D, Kravic-Stevovic 
T, Trajkovic V. Comparative analysis of cell death mechanisms in-
duced by lysosomal autophagy inhibitors. Eur J Pharmacol. 2019 Sep 
15;859:172540. doi: 10.1016/j.ejphar.2019.172540. Epub 2019 Jul 13. 
PMID: 31310755.

25.	 Isakovic AM, Dulovic M, Markovic I, Kravic-Stevovic T, Bumbasi-
revic V, Trajkovic V, Isakovic A. Autophagy suppression sensitizes 
glioma cells to IMP dehydrogenase inhibition-induced apoptotic 
death. Exp Cell Res. 2017 Jan 1;350(1):32-40. doi: 10.1016/j.yex-
cr.2016.11.001. Epub 2016 Nov 4. PMID: 27818246.

26.	 Ristic B, Bosnjak M, Arsikin K, Mircic A, Suzin-Zivkovic V, Bog-
danovic A, Perovic V, Martinovic T, Kravic-Stevovic T, Bumbasirev-
ic V, Trajkovic V, Harhaji-Trajkovic L. Idarubicin induces mTOR-de-
pendent cytotoxic autophagy in leukemic cells. Exp Cell Res. 2014 
Aug 1;326(1):90-102. doi: 10.1016/j.yexcr.2014.05.021. Epub 2014 Jun 
5. PMID: 24907655.

27.	 Galluzzi L, Vitale I, Abrams JM, Alnemri ES, Baehrecke EH, Blagosk-
lonny MV, et al. Molecular definitions of cell death subroutines: rec-
ommendations of the Nomenclature Committee on Cell Death 2012. 
Cell Death Differ. 2012 Jan;19(1):107-20. doi: 10.1038/cdd.2011.96. 
Epub 2011 Jul 15. PMID: 21760595; PMCID: PMC3252826.

28.	 Arsikin K, Kravic-Stevovic T, Jovanovic M, Ristic B, Tovilovic G, 
Zogovic N, et al. Autophagy-dependent and -independent involve-
ment of AMP-activated protein kinase in 6-hydroxydopamine tox-
icity to SH-SY5Y neuroblastoma cells. Biochim Biophys Acta. 2012 
Nov;1822(11):1826-36. doi: 10.1016/j.bbadis.2012.08.006. Epub 2012 
Aug 16. PMID: 22917563.

29.	 Bertheloot D, Latz E, Franklin BS. Necroptosis, pyroptosis and 
apoptosis: an intricate game of cell death. Cell Mol Immunol. 2021 
May;18(5):1106-1121. doi: 10.1038/s41423-020-00630-3. Epub 2021 
Mar 30. PMID: 33785842; PMCID: PMC8008022.

30.	 Rodriguez DA, Quarato G, Liedmann S, Tummers B, Zhang T, 
Guy C, et al. Caspase-8 and FADD prevent spontaneous ZBP1 ex-
pression and necroptosis. Proc Natl Acad Sci U S A. 2022 Oct 
11;119(41):e2207240119. doi: 10.1073/pnas.2207240119. Epub 2022 
Oct 3. PMID: 36191211; PMCID: PMC9565532.

31.	 Choi ME, Price DR, Ryter SW, Choi AMK. Necroptosis: a cru-
cial pathogenic mediator of human disease. JCI Insight. 2019 Aug 
8;4(15):e128834. doi: 10.1172/jci.insight.128834. PMID: 31391333; 
PMCID: PMC6693822.

32.	 D’Souza CA, Heitman J. Dismantling the Cryptococcus coat. Trends 
Microbiol. 2001 Mar;9(3):112-3. doi: 10.1016/s0966-842x(00)01945-4. 
PMID: 11303499.

33.	 Shi J, Gao W, Shao F. Pyroptosis: Gasdermin-Mediated Programmed 
Necrotic Cell Death. Trends Biochem Sci. 2017 Apr;42(4):245-254. 
doi: 10.1016/j.tibs.2016.10.004. Epub 2016 Dec 5. PMID: 27932073.

34.	 Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, 
Kostura MJ, et al. A novel heterodimeric cysteine protease is re-
quired for interleukin-1 beta processing in monocytes. Nature. 1992 
Apr 30;356(6372):768-74. doi: 10.1038/356768a0. PMID: 1574116.

35.	 Martinon F, Burns K, Tschopp J. The inflammasome: a molecular 
platform triggering activation of inflammatory caspases and pro-
cessing of proIL-beta. Mol Cell. 2002 Aug;10(2):417-26. doi: 10.1016/
s1097-2765(02)00599-3. PMID: 12191486.

36.	 Yu P, Zhang X, Liu N, Tang L, Peng C, Chen X. Pyroptosis: mech-
anisms and diseases. Signal Transduct Target Ther. 2021 Mar 
29;6(1):128. doi: 10.1038/s41392-021-00507-5. PMID: 33776057; PM-
CID: PMC8005494.

37.	 Tan S, Schubert D, Maher P. Oxytosis: A novel form of programmed 
cell death. Curr Top Med Chem. 2001 Dec;1(6):497-506. doi: 
10.2174/1568026013394741. PMID: 11895126.

38.	 Eagle H. Nutrition needs of mammalian cells in tissue culture. Sci-
ence. 1955 Sep 16;122(3168):501-14. doi: 10.1126/science.122.3168.501. 
PMID: 13255879.

39.	 Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biolo-
gy and role in disease. Nat Rev Mol Cell Biol. 2021 Apr;22(4):266-
282. doi: 10.1038/s41580-020-00324-8. Epub 2021 Jan 25. PMID: 
33495651; PMCID: PMC8142022.

40.	 Ursini F, Maiorino M, Gregolin C. The selenoenzyme phospholipid 
hydroperoxide glutathione peroxidase. Biochim Biophys Acta. 1985 
Mar 29;839(1):62-70. doi: 10.1016/0304-4165(85)90182-5. PMID: 
3978121.

41.	 Chen X, Li J, Kang R, Klionsky DJ, Tang D. Ferroptosis: ma-
chinery and regulation. Autophagy. 2021 Sep;17(9):2054-2081. 
doi: 10.1080/15548627.2020.1810918. Epub 2020 Aug 26. PMID: 
32804006; PMCID: PMC8496712.

42.	 Andrabi SA, Dawson TM, Dawson VL. Mitochondrial and nucle-
ar cross talk in cell death: parthanatos. Ann N Y Acad Sci. 2008 
Dec;1147:233-41. doi: 10.1196/annals.1427.014. PMID: 19076445; 
PMCID: PMC4454457.

43.	 Aredia F, Scovassi AI. Involvement of PARPs in cell death. Front 
Biosci (Elite Ed). 2014 Jun 1;6(2):308-17. doi: 10.2741/707. PMID: 
24896207.

44.	 Daugas E, Nochy D, Ravagnan L, Loeffler M, Susin SA, Zamzami N, et 
al. Apoptosis-inducing factor (AIF): a ubiquitous mitochondrial ox-
idoreductase involved in apoptosis. FEBS Lett. 2000 Jul 7;476(3):118-
23. doi: 10.1016/s0014-5793(00)01731-2. PMID: 10913597.

45.	 Rose M, Burgess JT, O’Byrne K, Richard DJ, Bolderson E. PARP 
Inhibitors: Clinical Relevance, Mechanisms of Action and Tumor 
Resistance. Front Cell Dev Biol. 2020 Sep 9; 8:564601. doi: 10.3389/
fcell.2020.564601. PMID: 33015058; PMCID: PMC7509090.

46.	 Bonora M, Giorgi C, Pinton P. Molecular mechanisms and conse-
quences of mitochondrial permeability transition. Nat Rev Mol 
Cell Biol. 2022 Apr;23(4):266-285. doi: 10.1038/s41580-021-00433-y. 
Epub 2021 Dec 8. PMID: 34880425.

47.	 Brenner C, Moulin M. Physiological roles of the permeability tran-
sition pore. Circ Res. 2012 Oct 12;111(9):1237-47. doi: 10.1161/CIR-
CRESAHA.112.265942. PMID: 23065346.

48.	 Basso E, Fante L, Fowlkes J, Petronilli V, Forte MA, Bernardi P. Prop-
erties of the permeability transition pore in mitochondria devoid 
of Cyclophilin D. J Biol Chem. 2005 May 13;280(19):18558-61. doi: 
10.1074/jbc.C500089200. Epub 2005 Mar 25. PMID: 15792954.

49.	 Bonora M, Patergnani S, Ramaccini D, Morciano G, Pedriali G, Kah-
say AE, et al. Physiopathology of the Permeability Transition Pore: 
Molecular Mechanisms in Human Pathology. Biomolecules. 2020 Jul 
4;10(7):998. doi: 10.3390/biom10070998. PMID: 32635556; PMCID: 
PMC7408088.

50.	 Berg AL, Rowson-Hodel A, Wheeler MR, et al. Engaging the Ly-
sosome and Lysosome-Dependent Cell Death in Cancer. In: May-
rovitz HN, editor. Breast Cancer [Internet]. Brisbane (AU): Exon 
Publications; 2022 Aug 6. Chapter 13. Available from: https://www.
ncbi.nlm.nih.gov/books/NBK583821/ doi: 10.36255/exon-publica-
tions-breast-cancer-lysosome

51.	 Huai J, Vögtle FN, Jöckel L, Li Y, Kiefer T, Ricci JE, et al. TNFα-in-
duced lysosomal membrane permeability is downstream of MOMP 
and triggered by caspase-mediated NDUFS1 cleavage and ROS 
formation. J Cell Sci. 2013 Sep 1;126(Pt 17):4015-25. doi: 10.1242/
jcs.129999. Epub 2013 Jun 20. PMID: 23788428.

52.	 Feldstein AE, Werneburg NW, Li Z, Bronk SF, Gores GJ. Bax in-
hibition protects against free fatty acid-induced lysosomal per-
meabilization. Am J Physiol Gastrointest Liver Physiol. 2006 
Jun;290(6):G1339-46. doi: 10.1152/ajpgi.00509.2005. Epub 2006 Feb 
16. PMID: 16484678; PMCID: PMC3056273.

53.	 Gómez-Sintes R, Ledesma MD, Boya P. Lysosomal cell death mecha-
nisms in aging. Ageing Res Rev. 2016 Dec; 32:150-168. doi: 10.1016/j.
arr.2016.02.009. Epub 2016 Mar 3. PMID: 26947122.

Life of the cell: is it important how cells die?



72 |

Medicinska istraživanja 2025; 58(1):61-73

54.	 Taniguchi M, Ogiso H, Takeuchi T, Kitatani K, Umehara H, Oka-
zaki T. Lysosomal ceramide generated by acid sphingomyelinase 
triggers cytosolic cathepsin B-mediated degradation of X-linked in-
hibitor of apoptosis protein in natural killer/T lymphoma cell apop-
tosis. Cell Death Dis. 2015 Apr;6(4):e1717. doi: 10.1038/cddis.2015.82. 
PMID: 25855965 PMCID: PMC4650549

55.	 Et al. Distinct cathepsins control necrotic cell death mediated by 
pyroptosis inducers and lysosome-destabilizing agents. Cell Cy-
cle. 2015;14(7):964-72. doi: 10.4161/15384101.2014.991194. PMID: 
25830414; PMCID: PMC4614982.

56.	 Legrand AJ, Konstantinou M, Goode EF, Meier P. The Diversifica-
tion of Cell Death and Immunity: Memento Mori. Mol Cell. 2019 Oct 
17;76(2):232-242. doi: 10.1016/j.molcel.2019.09.006. Epub 2019 Oct 2. 
PMID: 31586546.

57.	 Aria H, Rezaei M. Immunogenic cell death inducer peptides: A new 
approach for cancer therapy, current status and future perspectives. 
Biomed Pharmacother. 2023 May; 161:114503. doi: 10.1016/j.bio-
pha.2023.114503. Epub 2023 Mar 13. PMID: 36921539.

58.	 Fucikova J, Kepp O, Kasikova L, Petroni G, Yamazaki T, Liu P, et 
al. Detection of immunogenic cell death and its relevance for can-
cer therapy. Cell Death Dis. 2020 Nov 26;11(11):1013. doi: 10.1038/
s41419-020-03221-2. PMID: 33243969; PMCID: PMC7691519.

59.	 Rodrigues MC, Morais JAV, Ganassin R, Oliveira GRT, Costa FC, 
Morais AAC, et al. An Overview on Immunogenic Cell Death in 
Cancer Biology and Therapy. Pharmaceutics. 2022 Jul 27;14(8):1564. 
doi: 10.3390/pharmaceutics14081564. PMID: 36015189; PMCID: 
PMC9413301.

60.	 Florey O, Kim SE, Overholtzer M. Entosis: Cell-in-Cell Formation 
that Kills Through Entotic Cell Death. Curr Mol Med. 2015;15(9):861-
6. doi: 10.2174/1566524015666151026100042. PMID: 26511711.

61.	 Kianfar M, Balcerak A, Chmielarczyk M, Tarnowski L, Grzybows-
ka EA. Cell Death by Entosis: Triggers, Molecular Mechanisms and 
Clinical Significance. Int J Mol Sci. 2022 Apr 30;23(9):4985. doi: 
10.3390/ijms23094985. PMID: 35563375; PMCID: PMC9102690.

62.	 Durgan J, Tseng YY, Hamann JC, Domart MC, Collinson L, Hall A, 
et al. Mitosis can drive cell cannibalism through entosis. Elife. 2017 
Jul 11;6:e27134. doi: 10.7554/eLife.27134. PMID: 28693721; PMCID: 
PMC5505699.

63.	 Li Y, Sun X, Dey SK. Entosis allows timely elimination of the lumi-
nal epithelial barrier for embryo implantation. Cell Rep. 2015 Apr 
21;11(3):358-65. doi: 10.1016/j.celrep.2015.03.035. Epub 2015 Apr 9. 
PMID: 25865893; PMCID: PMC5089169.

64.	 Ahmed N, Yang P, Huang Y, Chen H, Liu T, Wang L, et al. Entosis 
Acts as a Novel Way within Sertoli Cells to Eliminate Spermatozoa 
in Seminiferous Tubule. Frontiers in Physiology [Internet]. 2017 [cit-
ed 2023 Dec 7];8. Available from: https://www.frontiersin.org/arti-
cles/10.3389/fphys.2017.00361

65.	 Chen Y, Hua Y, Li X, Arslan IM, Zhang W, Meng G. Distinct 
Types of Cell Death and the Implication in Diabetic Cardiomyop-
athy. Frontiers in Pharmacology [Internet]. 2020 [cited 2023 Dec 
7];11. Available from: https://www.frontiersin.org/articles/10.3389/
fphar.2020.00042

66.	 Khalkar P, Díaz-Argelich N, Antonio Palop J, Sanmartín C, Fer-
nandes AP. Novel Methylselenoesters Induce Programed Cell 
Death via Entosis in Pancreatic Cancer Cells. Int J Mol Sci. 2018 Sep 

20;19(10):2849. doi: 10.3390/ijms19102849. PMID: 30241340; PM-
CID: PMC6213452.

67.	 Abramczyk O, Stawieraj S, Mlicka A, Zielińska W, Niewiadomski P, 
Hałas-Wiśniewska M, et al. Effect of combined action of doxorubicin 
and calcifediol on MCF-7 breast cancer cells. Medical Research Jour-
nal. 2023;8(3):242–50.

68.	 Rada B. Neutrophil Extracellular Traps. Methods Mol Biol. 
2019;1982:517-528. doi: 10.1007/978-1-4939-9424-3_31. PMID: 
31172493; PMCID: PMC6874304.

69.	 DeLeo FR, Allen LH. Phagocytosis and neutrophil extracellu-
lar traps. Fac Rev. 2020 Dec 21; 9:25. doi: 10.12703/r/9-25. PMID: 
33659957; PMCID: PMC7886055.

70.	 Pérez-Figueroa E, Álvarez-Carrasco P, Ortega E, Maldonado-Bernal 
C. Neutrophils: Many Ways to Die. Frontiers in Immunology [Inter-
net]. 2021 [cited 2023 Dec 7];12. Available from: https://www.fron-
tiersin.org/articles/10.3389/fimmu.2021.631821

71.	 Mutua V, Gershwin LJ. A Review of Neutrophil Extracellular Traps 
(NETs) in Disease: Potential Anti-NETs Therapeutics. Clin Rev Al-
lergy Immunol. 2021 Oct;61(2):194-211. doi: 10.1007/s12016-020-
08804-7. PMID: 32740860; PMCID: PMC7395212.

72.	 Ronchetti L, Boubaker NS, Barba M, Vici P, Gurtner A, Piaggio G. 
Neutrophil extracellular traps in cancer: not only catching microbes. 
J Exp Clin Cancer Res. 2021 Jul 14;40(1):231. doi: 10.1186/s13046-
021-02036-z. PMID: 34261496; PMCID: PMC8281578.

73.	 Jaboury S, Wang K, O’Sullivan KM, Ooi JD, Ho GY. NETosis as an 
oncologic therapeutic target: a mini review. Frontiers in Immunol-
ogy [Internet]. 2023 [cited 2023 Dec 8];14. Available from: https://
www.frontiersin.org/articles/10.3389/fimmu.2023.1170603

74.	 Snoderly HT, Boone BA, Bennewitz MF. Neutrophil extracellular 
traps in breast cancer and beyond: current perspectives on NET 
stimuli, thrombosis and metastasis, and clinical utility for diagnosis 
and treatment. Breast Cancer Res. 2019 Dec 18;21(1):145. doi: 10.1186/
s13058-019-1237-6. PMID: 31852512; PMCID: PMC6921561..

75.	 Liu Y, Pan R, Ouyang Y, Gu W, Xiao T, Yang H, et al. Pyroptosis in 
health and disease: mechanisms, regulation and clinical perspective. 
Signal Transduct Target Ther. 2024 Sep 20;9(1):245. doi: 10.1038/
s41392-024-01958-2. PMID: 39300122; PMCID: PMC11413206.

76.	 Kayagaki N, Webster JD, Newton K. Control of Cell Death in Health 
and Disease. Annu Rev Pathol. 2024 Jan 24; 19:157-180. doi: 10.1146/
annurev-pathmechdis-051022-014433. Epub 2023 Oct 3. PMID: 
37788577.

77.	 Brokatzky D, Mostowy S. Pyroptosis in host defence against bacte-
rial infection. Dis Model Mech. 2022 Jul 1;15(7):dmm049414. doi: 
10.1242/dmm.049414. Epub 2022 Jul 8. PMID: 35801644; PMCID: 
PMC10623139.

78.	 Morgan MJ, Kim YS. Roles of RIPK3 in necroptosis, cell signaling, 
and disease. Exp Mol Med. 2022 Oct;54(10):1695-1704. doi: 10.1038/
s12276-022-00868-z. Epub 2022 Oct 12. PMID: 36224345; PMCID: 
PMC9636380.

79.	 Townsend PA, Kozhevnikova MV, Cexus ONF, Zamyatnin AA Jr, 
Soond SM. BH3-mimetics: recent developments in cancer therapy. J 
Exp Clin Cancer Res. 2021 Nov 9;40(1):355. doi: 10.1186/s13046-021-
02157-5. PMID: 34753495; PMCID: PMC8576916.



| 73

Life of the cell: is it important how cells die?

ŽIVOT ĆELIJE: DA LI JE VAŽNO KAKO ĆELIJE UMIRU? 
Tamara Kravić-Stevović1, Tamara Martinović1, Darko Ćirić1, Jelena Rakočević1, Ivana Paunković1, Ivan Zaletel1,  
Sanja Despotović1, Mila Ćetković-Milisavljević1, Vladimir Bumbaširević1,2

Sažetak

Ćelijska smrt je prisutna tokom embrionalnog razvoja, i 
posle rođenja kao važan proces, neophodan za održa-
vanje homeostaze, kojim se uklanjaju ostarele i ošteće-
ne ćelije. Postoje dva tipa ćelijske smrti: akcidentalna i 
regulisana ćelijska smrt. Nekroza je akcidentalna, nere-
gulisana, pasivna forma ćelijske smrti koja nastaje usled 
kolapsa homeostatskih mehanizama u ekstremnim ne-
fiziološkim uslovima. Regulisana ćelijska smrt je aktivan, 
energetski zavistan proces, koji nastaje u fiziološkim 
uslovima, tokom održavanja homeostaze organizma i u 
brojnim patološkim stanjima kada obezbeđuje selektiv-
nu eliminaciju potencijalno opasnih ili inficiranih ćelija. 
Brojni su tipovi regulisane ćelijske smrti: unutrašnji i spo-
ljašnji tip apoptoze, ćelijska smrt zavisna od autofagije, 
nekroptoza, piroptoza, feroptoza, partanatos i MPT ne-
kroza, ćelijska smrt zavisna od lizozoma, imunogena će-

lijska smrt, entoza i NET-oza. Različiti tipovi ćelijske smrti 
su međusobno povezani. Abnormalna aktivnost različi-
tih formi ćelijske smrti može dovesti do razvoja brojnih 
bolesti. Poremećaj regulacije apoptoze može dovesti do 
hiperplazije, razvoja autoimunskih oboljenja i tumora. 
Poznavanje regulacionih mehanizama apoptoze dove-
lo je do otkrića BH3 mimetika, lekova koji se koriste u 
terapiji nekih tipova malignih tumora B limfocita. U sa-
vremenim naučnim istraživanjima ispituju se lekovi koji 
utiču na nekroptozu, piroptozu i autofagiju koji mogu u 
budućnosti biti terapija za različite bolesti, uključujući i 
maligne tumore. Cilj ovog revijskog rada je da rezimira 
nova saznanja u vezi sa procesima ćelijske smrti i ukaže 
na značaj novootkrivenih molekularnih puteva regulaci-
je različitih tipova ćelijske smrti u cilju boljeg razumeva-
nja zdravlja i bolesti. 
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