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Abstract 

Apoptosis is the process of programmed cell death. It is a physiological process needed and necessary 

for the maintenance of proper cellular homeostasis. Its involvement in the physiological process of 

morphogenesis is well known and documented. Also well documented are the pathologies (e.g. 

Alzheimer disease) that may arise as a result of any aberration of this process. This review gives an 

outlook of the essential biochemistry of apoptosis.  
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Introduction 

Apoptosis, or programmed cell death, is a crucial biological process essential for maintaining 

cellular homeostasis and organismal development. The delicate balance between cellular survival 

and death governs tissue homeostasis, immune system function, and the prevention of diseases such 

as cancer. Understanding apoptosis involves delving into a myriad of cellular mechanisms, including 

intrinsic and extrinsic pathways, the role of various proteins, and the impact of genetic and 

environmental factors. 

The review article titled "Apoptosis: To Die or Live? A Holistic Review" provides a basic 

overview of the currently known apoptosis transduction pathways and their various interplays at 

the molecular and cellular levels and how these are regulated. This review is designed as notes for 

students, researchers and clinicians, who are looking to understand at first-hand the multifaceted 

nature of apoptosis in receptor and transduction. 

Morphological Hallmarks of Apoptosis 

A classical paper (Kerr et al., 1972) described a house keeping process of cell deletion whose 

morphology differs distinctly from the already well-known process of necrosis.  The term apoptosis 

was coined to describe this process. The characteristic morphological hallmarks differentiating 

apoptosis from necrosis include intracellular shrinkage, extensive blebbing resulting in the formation 

of apoptotic body and final subsequent destruction of dying cells by phagocytosis (Saraste and 

Pulkki, 2000). A principal denominator differentiating apoptosis from necrosis is that the whole 

process does not involve inflammation and through it a dying cell remains physiologically functional 

to its last moment. This would not be the case in necrosis which involves swelling up of a dying cell 

followed by membrane rupturing and subsequent release of intracellular content of the cell into the 

extracellular milieu thus eliciting inflammatory stimuli. 

Molecular Pathways of Apoptosis 

Three models of apoptosis have been characterized. A pathway that follows transduction from 

intracellular signaling originated within the mitochondria is called the intrinsic pathway. Another 

pathway that is elicited extracellularly by the action of ligand binding to specific cell receptors 
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localized on cell surfaces is called the extrinsic pathway. There is also the granzyme-perforin pathway 

that is orchestrated via the activities of certain death molecules. 

Extrinsic Pathway 

Two molecular mechanisms of receptor/ligand caspase dependent initiation of apoptosis have 

been characterized. In these mechanisms apoptosis is initiated by the binding of a ligand to its specific 

cell surface receptor. Apoptotic receptors are protein macromolecules consisting of characteristic DD 

(death domains) which serves as recognition and attachment site for specific ligand (Ashkenazi and 

Dixit, 1998). 

FasL AND TRAIL Signaling 

FasL (Fatty acid synthetase ligand) and TRAIL (TNF-related apoptosis inducing ligand) ligates 

their respective receptors FasR (Fas receptor) and DR5 (death receptor 5) respectively by first 

recruiting an adaptor protein called FADD (Fas-associated death domain) to the cell’s surface (Boldin 

et al., 1995; Chinnaiyan et al., 1995; Elmore, 2007, Ricci and El-Deiry, 2007). FADD carries a DD similar 

to that found on the receptor. Also present on FADD is another domain called the DED (death effector 

domain). 

FADD facilitate death signaling by binding both the receptor and CP8 (caspase 8) which at this 

stage is present in its inactive form. CP8 belongs to a family of cysteinyl aspartate-specific proteinases 

which mediates apoptosis (Alnemri et al, 1996). These protein family of proteolytic enzymes are 

distinct by having a common cysteine motif and function by cleaving their substrates after specific 

aspartic residues. CP8 (synthesized as the inactive zymogen proCP8), also has a death effector 

domain, DED (Hsu et al., 1996), which is similar to the one present on FADD.  

FADD and the cell receptor associate through their DD domains. A similar association is formed 

between FADD and proCP8 through their DED domains. Therefore, a stable constitution of a DD-

DD and DED-DED interaction is formed on the cell surface (Salvesen and Riedl., 2009; Scott et al., 

2009). This assembly of ligand, receptor, FADD and proCP8 forms a structural organization called 

DISC (death inducing signaling complex). Subsequent aggregation of multiple procaspases through 

DISC formation leads to proximal auto-proteolysis of proCP8 and its activation. Activated CP8 

cleaves and activate other downstream executioner caspases 3, 6 and 7 triggering the death signaling 

cascade (Muzio et al., 1996; Zhuang et al., 1999; Volpe et al., 2016) 

TNF Signaling 

TNF (tumour necrotic factor) is a pro-inflammatory cytokine which is also involved in the 

maintenance of cell survival and cell death (Kaltschmidt et al., 2002; Wang et al., 2005; Zhao et al., 

2020; Webster and Vucic, 2020). There are two TNF-inducing apoptotic signaling complexes. 

A well know mechanism of TNF induced apoptotic signaling involves the formation of a DISC-

like complex consisting alpha chain of the TNF ligand TNF-α, its receptor TNFR1 and TRADD, (TNF 

receptor associated death domain). TRADD function as the primary adaptor protein by recruiting 

FADD as the secondary adaptor protein through a DD-DD interaction. CP8 is also recruited and 

activated in a similar manner leading to the activation of executional caspases 3, 6, and 7 (Micheau 

and Tschopp, 2003; Eum et al., 2011; Pobezinskaya and Liu, 2012; Dostert et al., 2019).  

A new mechanism of TNF induced apoptosis which does not lead to activation of CP8 but rather 

leading to the activation of transcription factor NF-KB (nuclear factor light chain kappa B) had also 

been described. This pathway proceeds through the proteolytic breakdown (ubiquitination) of IKB 

(inhibitor of KB), the protein responsible for the sequestration of KB within the cell. TRAF2 (TNFR-

associated factor-2), as well as RIP (receptor interacting protein) binds directly to TNFR1 or indirectly 

through TRADD. This complex activates NIK (NF-KB inducing kinase) which in turn activates IKK 

(inhibitor of KB kinase). IKK releases NF-KB by phosphorylating IKB.  NF-KB once freed translocate 
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into the nucleus of the cell where it transduces apoptosis (Rothe et al., 1995; Baichwal and Baeuerle, 

1997; Baeuerle, 1998; Kuwano and Hara, 2000; Israël, 2010).        

Intrinsic Pathway 

Stimuli which may include but not limited to irradiation, hypoxia, toxins, depletion of growth 

factors, starvation, hyperthermia, viral infections and free radical generation may impact immense 

mechanical injury on a cell severe enough to compromise the mitochondrial membrane potential. The 

depolarization of mitochondria membrane potential results in the stimulation of the so-called 

mitochondria permeability transition, MPT (Lamaster et al., 1998; Zorova et al., 2018; Webster, 2002). 

MPT are channels-like structures that cuts through the mitochondrial membrane and facilitates the 

inward and outward movement of molecules. It has been suggested that the MPT is constructed from 

two proteins i.e. VDAC (voltage dependent anion channel) and ANT (adenine nucleotide 

translocator), both molecules are membrane bound proteins of the mitochondria (Baines et al., 2007; 

Baines, 2009; Tsujimoto et al., 2006) though ANT is suggested as the major protein of the inner 

mitochondrial membrane, VDAC on the other hand is the major protein of the outer membrane.                                                   

A plausible viewpoint for the formation of MPT is obtained from studies on the activities of the 

pro-apoptotic members of the Bcl2 (B-cell lymphoma 2) family i.e.  Bax (Bcl2-associated X protein) 

and Bak (Bcl2-antagonist killer). These proteins have been reported to stimulate MPT formation either 

directly or in association with other proapoptotic proteins (Nutt et al., 2005; Jurečeková et al., 2011; 

Wolf et al., 2022). Most prominent of these proteins include Cyt C (cytochrome c) as well as other pro-

apoptotic proteins such as SMAC (second mitochondria derived activator of caspases), DIABLO 

(direct inhibitor of apoptosis binding protein with low pI), HtrA2/Omi (high temperature 

requirement A2) are released by this event (Wang and Youle, 2009; Rehm et al., 2003; Maas et al., 

2010). Cyt C binds with cytosolic pro-apoptotic adaptor protein Apaf-1 (apoptosis activating factor-

1) to form a macromolecular structure referred to as the apoptosome which recruits and activate 

procaspase 9 which then recruits executioner caspases 3, 7 (Shi, 2002; Bratton and Salvesen, 2010; 

Shakeri et al., 2010).  

Pro-apoptotic proteins SMAC/DIABLO and HtrA2/Omi function as antagonists and inhibitors 

of anti-apoptotic proteins including inhibitor of apoptosis protein, IAP and X-chromosome-linked 

inhibitor of apoptosis protein, XIAP (Martins et al., 2002; Hedge et al., 2002; Martinez-Ruiz et al., 2008) 

Other pro-apoptotic proteins are also released during terminal stages of a cell that has already 

committed to die through apoptosis. This will be looked into in more detail in later section in this 

review.  

Perforin/Granzyme Pathway 

Granzymes are proteolytic granule enzymes produced by certain death cells i.e. CTL (cytotoxic 

T lymphocytes) and NK (the natural killer) cells. There are two types of granzymes i.e. granzymes A 

and B. Scientific investigations had revealed how CTL and NK cells transduces apoptosis in a caspase 

dependent and independent manner via the production of granzymes and perforin respectively 

(Goping et al., 2003; Froelich et al., 2004; Rousalova and Krepela, 2010; Martinvalet, 2019). CTL and 

NK cells are members of CD8 (cluster of differentiation 8) family of immunologic killer cells sensitive 

to cells expressing MHC class I (major histocompatibility complex) peptides sequence on their surface 

membrane (Sutton et al., 2000; Stadnisky et al, 201; Rosenberg and Huang, 2018; Nutt and Huntington, 

2019). CTL and NK cells scan for changes in this signature protein on T-cell receptors (TCR) present 

on target cells.  

Mechanistically, the formation of MTOC (microtubule organizing center), similar to the spindle 

structure formed in mitosis has been described in facilitating CTL and NK cells degranulation and 

prevent bystander killing (Topham and Hewitt, 2009; Mentlik et al., 2010; 2012; Hsu et al., 2016). Lytic 

granules enclosed in vesicles converged and arranged themselves like tiny beads on MTOC inside 

mature killer cells. Cells flagged for apoptosis are approximated by killer cells followed by release of 
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lytic granules initially into the IS (immunological synapse) i.e. space between killer cell and target 

cell (Krzewski, and Coligan, 2012; Ham et al., 2022). Internalization of lytic granules of lytic granules 

into a target cell is by passage through porins or intramembrane channels that are formed across the 

plasma membrane (Voskoboinik et al., 2015). 

A different model for perforin action was also described which suggests its involvement in the 

movement Ca2+ from its external stores into the cytoplasm of a target cell. Increase in the intracellular 

concentration of this ubiquitous second messenger leads to the depolarization of the plasma 

membrane of the cell and subsequent influx of lytic granules possibly facilitated by passive diffusion 

(Takayama et al., 1987; Lancki et al., 1987; Maul-Pavicic et al., 2011). 

Granzymes are serine proteases that cleave their substrates at specific aspartate residues in the 

same manner as the caspases and as such elicit similar apoptotic signaling cascade as the caspases. 

Once delivered, granzyme translocate into the nucleus of the target cell where it initiates apoptosis 

through pathways that involve both caspase activation and cleavage of BH3 (Bcl2 homology 3) only 

protein Bid (BH3 interacting domain death agonist) (Goping et al., 2003; Froelich et al., 2004; 

Rousalova and Krepela, 2010). 

Execution Phase of Apoptosis 

The execution pathway in apoptosis describes the series of biochemical and morphological 

events occurring during the terminal stages of a dying cell. All known caspase dependent pathways 

of apoptosis including extrinsic, intrinsic and perforin/granzyme converge at the execution phase. 

The key players in the execution phase are the executioner caspases 3 and 7 (Elmore, 2007). Once 

activated caspase 3 launched the execution phase of apoptosis by the proteolysis of a number of other 

pro-apoptotic proteins. For example, ICAD (inhibitor of caspase activated DNase) and DFF (DNA 

fragmentation factor) are key caspase 3 substrates involved in the nuclear chromatin condensation 

and disintegration (Wilson, 1998; Tang and Kidd, 1998; McIlroy et al., 1999). ICAD is a constitutively 

expressed inhibitor of CAD (caspase activated DNase). It inactivates CAD and prevents its 

translocation into the nucleus of a target cell. Cleavage of ICAD by caspase 3 activates CAD which 

then translocate into the nucleus. Hematopoietic cell divalent cation dependent neutral endonuclease 

(NUC70) and other members of the NUC family of endonucleases have also been reported to be 

caspase 3 substrates (Urbano et al., 1998; Robertson et al., 2000). 

Apart from the DNA, the cytoskeletal structure of the cell consisting of an array of fine protein 

filaments responsible for maintaining native architecture of the cell is also disrupted. These 

intracellular and nuclear proteins including PARP (poly-ADP-ribose polymerase), α-fodrin, and 

NUMA (nuclear mitotic apparatus) are all cleaved by caspase 3 to provoke the morphology observed 

in apoptotic cells during the execution phase. Equally important is gelsolin which after its activation 

by caspase 3, cleaves actin; the principal cellular cytoskeletal protein (Kothakota et al., 1997; Sakahira 

et al., 1998).  

Granzymes once delivered into the cell initiate cell execution in a caspase dependent or 

independent manner. In caspase dependent, the activation of CP3 as well as other proapoptotic 

proteins by granzyme leads to cell dissolution resulting in the activation of execution phase already 

described. In caspase independent, granzyme B transduces apoptosis through the cleavage of Bid to 

tBid (truncated form of Bid). tBid associates with and activates important pro-apoptotic members of 

Bcl2 family, Bax and Bak. The subsequently translocation of these two proapoptotic proteins into the 

nucleus initiates the execution phase (Barry and Bleackley, 2002; Russell and Ley, 2002). 

Evidence from various studies have provided insights on the crucial role of mitochondrial 

generated reactive oxygen species, (ROS) in connection to granzyme induced execution phase of 

apoptosis in a caspase independent manner (Fulda et al., 2010; Schenk et al., 2015; Martinvalet., 2019). 

ROS are generated by the mitochondria during electron transport chain by the incomplete reduction 

of molecular oxygen (Sisein, 2014; Ifeanyi, 2018; Alkadi, 2020). ROS consists of free radicals and non-

radicals having unpaired electrons. Radical members of ROS include hydroxyl radical (.OH), nitric 

oxide, and peroxynitrite, (ONOO-). Non-radical members are singlet oxygen, (.O) and super oxide 
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anion, (.O2). Other ROS members having no unpaired electron are hydrogen peroxide, (H2O2), and 

hypochlorous acid (HOCl). 

Granzyme B induces apoptosis in a ROS dependent manner by which it targets the enzyme of 

complex I electron transport chain, NADH ubiquinone oxidoreductase and also various other 

proteins of complex I such as NDUFS1-3 (NADH dehydrogenase [ubiquinone] iron-sulfur protein 1, 

2 and 3). Cleavage of these enzymes results in the generation and accumulation of ROS within the 

cell leading to undesirable effects such as lipid peroxidation and protein oxidation (Martinvalet, et 

al., 2015; Jacquemin et al; 2015; Cigalotto and Martinvalet, 2024). 

Final House Keeping 

Overall, the interplay of CP3 activities and other executioner caspases in the breakdown and 

rearrangement of the cell cytoskeleton coupled to the actions of ROS resulting in the fragmentation 

of nuclear chromatin and degradation of the nucleus culminate concomitantly into the manifestations 

of apoptotic morphology and the formation of apoptotic bodies called apoptosomes (Porcuna et al., 

2016; Doncel et al., 2017; Povea-Cabello et al., 2017). These apoptotic bodies are rapidly taken up 

(phagocytosed) and destroyed by neighbouring house keeper cells i.e. phagocytes and macrophages.  

This engulfment of apoptotic fragments is facilitated by the externalization of phosphatidylserine on 

membrane surface of targets cells and serves as a “eat me” beacon to nearby house keeper cells (Fadok 

et al., 1998, 2001; Balasubramanian and Schroit, 2003; Nagata et al., 2016) 

Apoptosis of Type I And Type II Cells: A Mechanistic Crossover 

Cells have been categorized as type I or II in relation to their response to the apoptotic stimuli. 

Type I are cells that adhere to the typical ligand-receptor induced signaling cascade leading to 

characterized structural and biochemical events of apoptosis. In type II cells, death signals are weak; 

failure of DISC formation occurs and consequently termination of the apoptotic process. This debacle 

is circumvented in type II cells by amplification of death signals through the mitochondria pathway 

(Özören and El-Deiry, 2002; Sharon and Finkelshtein, 2009; Hao and Mak, 2010). This is a mechanistic 

crossover between the extrinsic and the intrinsic pathways. It involves cleavage of C-terminal of the 

BH3-only member of Bcl2 family Bid from its inactive form (Bid) to its active form (tBid).  tBID 

translocation into the mitochondria and its subsequent interaction with important pro-death Bcl2 

members Bax and Bak facilitate the release of Cyt C and other pro-death factors including AIF and 

CP9 (caspase 9).  This crossover mechanism ensures that any initiated apoptotic process is driven 

through in type II cells.   

Caspase Independent (AIF) Pathway 

Results obtained from different studies on apoptosis have consistently speculated an alternative 

pathway of apoptosis which was presumed to be independent of caspases. This was evident from the 

observation of apoptosis in both green plants and fungi despite the apparent lack of caspases in these 

species. Also, the appearance of apoptotic phenotype in the nematode Caenorhabditis elegans (C. 

elegans) genetically knocked out for a variety of genes expressing Apaf-1, CP9 and Bcl-xl, proves a 

redundancy in caspase activity with regards to apoptosis. Furthermore, the Fas/TRAIC induced 

apoptosis pathway has also been found not to be perpetually truncated but rather partially retarded 

by blocking caspase activation in some cells (Susin et al., 1999, 2000). These revelations are 

substantiating another pathway of apoptosis distinctive and independent of caspase activity in some 

cells. The involvement of a the flavoprotein (flavin adenine dinucleotide, FAD) in the activation of 

this pathway has been demonstrated (Lorenzo et al., 1999; Candé et al., 2002).  The protein called AIF 

(apoptosis inducing factor) resides within the intermembrane space of the mitochondria where it is 

held by the mitochondrial localization sequence (MLS), a peptide expressed in the mitochondria. 

MLS is responsible for keeping AIF locally inactive until when released into the cytosol (Sevrioukova, 

2011).  
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Delocalization of AIF is said to be triggered by the lysosomal protease, cathepsin D (cath D). 

Once released, AIF translocate into the nucleus where in synergy with endonuclease G, (EndoG) - 

also released by the mitochondria - causes nuclear chromatin condensation and DNA fragmentation. 

In this way AIF serves an oxidoreductase and apoptotic trigger (Daugas et al., 2000; Cande, C., et al., 

2004). 

Apoptosis Control and Regulations: Modulations by BCL2 Family 

Regulation of apoptosis by members of the Bcl2 family of proteins is perhaps the most important 

mechanism of regulation in apoptotic cell death. Bcl-2 was the first member to be discovered as part 

of a family of anti and pro apoptotic proteins sharing unique homology in their peptide sequences. 

Earlier pioneering studies of Tsujimoto and co-workers conducted on human follicular cancer of B 

cell origin originally discovered Bcl-2 as an oncogene involved in the regulation apoptosis (Bakhshi 

et al. 1985; Cleary and Sklar 1985; Tsujimoto et al. 1985; Tsujimoto and Croce 1986). Also, studies 

carried out on the nematode C. elegans (Caenorhabditis elegans) have indicated that the worm’s pro-

survival gene Ced-9 is a functional homologue of the pro-survival Bcl-2 gene found in mammals 

(Hengartner, 1992; Conradt and Horvitz, 1998). Indeed, other studies have demonstrated that Bcl-2 is 

in fact an inner mitochondrial membrane protein that blocks programmed cell death (Hockenbery et 

al., 1990; Hengartner and Horvitz, 1994; Chao and Korsmeyer, 1998).   

Members of the Bcl2 proteins have been categorized into three groups bearing four different 

conserved Bcl2 homology (BH) domains i.e. BH1, BH2, BH3 and BH4 (Adams and Cory, 1998; 

Burlacu, 2003).  

Group 1 members – Bcl-2, Bcl-XL, Bcl-W, Mcl1, A1 and DIVA are collectively regarded as the 

anti-apoptotic members of the Bcl2 family. These group 1 members have synonymous anti-apoptotic 

action and also bear the four homology domains BH1-BH4.  

Group 2 members including Bax, Bak and Bok lack BH4 homology domain but bear the three 

domains, BH1-BH3. They are generally referred to as pro-apoptotic or pro-death members of Bcl2 

family.  

Group 3 members are also pro-apoptotic members of the Bcl2 family but are generally 

designated as BH3-only members differentiating them from their group 2 counterparts. This group 

is also so-named because they bear only the BH3 homology domain. Members in this group of 

regulatory proteins include Bid, Bim, Bik, Bad, Noxa and PUMA (p53 upregulated modulator of 

apoptosis). 

Pro-survival members of Bcl2 family, Bcl2 and Bcl-XL interact antagonistically with cytosolic pro-

death members Bax and Bak repressing their activity. This restriction on the activity of the 

proapoptotic proteins is relieved by the binding of BH3-only members resulting in the release of Bax 

and Bak, both of which oligomerizes and inserts into the mitochondrial membrane. Subsequent 

translocation of these proteins into the mitochondria culminates in the eventual release of Cyt C 

(Gross et al., 1999; Emily et al., 2001). BH3-only members are believed to be activated by a variety of 

stimuli, for example DNA damage induced by p53 in the case of Noxa and PUMA (Aubrey et al., 

2018; Roufayel et al., 2022), and growth factor deprivation in the case of Hrk and Bim (Sanz et al., 2000; 

Biswas and Greene, 2002). 

Bid, another pro-death of Bcl2 family member is activated via CP8 cleavage into its active form, 

tBid which associate in a similar manner with other members of the family causing the release of Cyt 

C and activation of CP9 (Brunelle and Letai, 2009; Burlacu, 2003; Hardwick and Soane 2013; Czabotar 

et al., 2014) 
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Regulation of Apoptosis by IAP 

IAP (Inhibitors of apoptotic proteins) are a group of anti-apoptotic molecules which function by 

blocking the activation of effector caspase 9 and executioner caspases 3 and 7. This group of proteins 

are characterized as consisting of a unique baculovirus inhibitor repeat (BIR) domain at their N-

termini, caspase recruitment domain (CARD) and a RING-finger-like domain at their C-termini 

(Deveraux and Reed, 1999). Members of this inhibitory proteins includes X- chromosome linked IAP 

(XIAP), cellular IAP (CIAP1 and CIAP2) and melanoma associated IAP (ML-IAP). All the IAP bears 

at least one out of three known BIR domains. For instance, XIAP, CIAP1 and CIAP2 have the BIR1, 

BIR2 and BIR3 domains while ML-IAP have only one BIR domain.  

IAP inhibit caspase activation by binding them through the BIR domains. XIAP for example, 

inhibit CP9 activation by associating with it through its BIR3 domain. Similarly, CP3 and CP7 are 

inhibited by XIAP through its BIR2 domain. In addition to inactivation of caspases, IAPs also 

possesses a ubiquitin ligase activity also mediated through the BIR domains. By self-ubiquitination, 

via ubiquitin ligase, IAP target themselves and other proteins including caspases for proteolytic 

degradation. 

IAP restriction on caspase activation and repression of apoptosis is however regulated by other 

regulatory proteins such as Smac/DIABLO and HtmrA2/Omi. These regulatory proteins bind to and 

effectively reverse the restriction imposed by IAP on caspases thereby releasing for subsequent 

activation (Martins et al., 2002; Jin et al., 2003; Martinez-Ruiz et al., 2008). It has also been demonstrated 

that certain IAP are capable of blocking the activity of other IAP. For instance, CIAP was observed to 

exert an inhibitory effect on XIAP by binding the latter through its RING-finger domain. Binding of 

both IAP in this way, target them for proteolytic degradation leading to a significant reduction in IAP 

accumulated activity (Silke et al., 2005; Cheung et al., 2008). 

Regulation by Death and Decoy Receptors 

As already mentioned in earlier sessions of this review, tumor necrotic factor, TNF forms a 

family of ligand-binding death receptors found on cells surface membrane. The unique structural 

property of this family of membrane receptor is the possession of a death domain, DD, an intracellular 

region consisting of amino acid sequences which bears varying degree of homology. There are six 

members of the TNF receptor family including TNF-R1, FasR, DR3, DR4, DR5, and DR6. The ligands 

that bind these receptor molecules also form a family of related cytokines which include TNFα, FasL, 

Apol3L, LTα and TRAIL. The binding of a ligand to its death receptor transduces apoptotic signal 

which is executed downstream caspase cascade leading to cell demise. However, a subgroup of TNF-

ligand binding receptors also exist which function as inhibitor rather than transducers of apoptosis. 

DCR1 and DCR2 are membrane bound protein receptors that actively bind TRAIL1 and TRAIL2 

respectively. The interaction of TRAIL1/DCR1 and TRAIL2/DCR2 are unable to transduce apoptosis 

signal as DCR1 lacks the death domain DD and DCR2 only bears a truncated one. In this way these 

decoy receptors function as inhibitors of apoptosis by competing for ligand binding with death 

receptors. In a similar manner DCR3, a soluble protein receptor block FasR mediated apoptosis by 

competing for FasL (Ashkenazi and Dixit, 1999; Sheikh and Fornace, 2000). 

Other Control Mechanisms of Apoptosis 

SODD (silencer of death domains) are inhibitory proteins that attenuate apoptosis by preventing 

DD aggregation of both TNFR1 and DR3 (Tschopp et al., 1999; Takada et al., 2003). 

c-FLIP (cellular FLICE [FADD-like IL-1β-converting enzyme] inhibitory protein) prevent the 

activation of CP8 and CP10 or by binding to FADD or TRAIL receptor 5 (DR5) prevents the cellular 

formation of DISC and so inhibits the extrinsic pathway of apoptosis (Day et al., 2008). 

p53 has been demonstrated to transcriptionally regulate the expression of a variety of apoptotic 

genes including Fas, FasL, and DR5 (Maecker et al., 2000; Wu et al., 2002). 
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Calcium in Homeostasis and Apoptosis 

Principal regulators of apoptosis, the Bcl2 proteins have long been found to be localized within 

organelles (mitochondria and endoplasmic reticulum ER) responsible for calcium ion (Ca2+) 

homeostasis. Therefore, an intricate connection between the concentration of Ca2+ in the ER and the 

mitochondrial has been speculated. The existence of this connection became apparently substantive 

when it was proven that cytosolic Ca2+ increases during early and late stages of apoptosis (Pinton et 

al., 2008). This Ca2+ mediated apoptosis transduction is suggested to proceed either by the activation 

of a number of Ca2+ dependent enzymes such as Calpains, Calmodulins, Nitric oxide synthase and 

DAP kinase. These enzymes in turn advance the progression of apoptosis by activating other 

downstream proteins (Timmins et al., 2009). Another Ca2+ transduction pathway that was proposed 

involves the deployment of Ca2+ from the ER store and the uptake of the same by the mitochondria 

resulting in mitochondrial polarization and permeabilization and the subsequent release of Cyt C 

(Rasola and Bernardi, 2011; Giorgi et al., 2012). 

The actual definitive mechanism through which Ca2+ is released from the ER is still largely 

controversial and elusive. However, several works have reported the involvement of the pro-

apoptotic proteins Bax and Bak in this connection. It is still not clear though if these proteins directly 

mediate MPT pore opening by stimulation of VDAC and ANT as it has been proposed or by 

impinging on ER therefore facilitating Ca2+ release. Research is still needed in this regard to de-

mystify this puzzle as there are many controversial roles of Ca2+ homeostasis in apoptosis 

transduction that has been reported in literatures.  

Conclusions 

Apoptosis is a well-defined cellular phenomenon of programmed cell death (PCD) involved in 

the physiological remodeling of tissues and organs of the body by elimination of cells in the body. 

The derangement of apoptosis may lead to pathological conditions including AIDS, Alzheimer’s 

disease and cancer. Over the past decades, a lot of works have been done to completely elucidate and 

broaden our knowledge about this highly important process and have been learnt in this regard, this 

may not be exhausted. However, future works should be focused on lime lighting the crucial role of 

apoptosis in pathological states. Hence more works are still needed on this topic especially as 

apoptosis present a robust and promising future as a target for cancer therapy. 

Statement of Compliance to Helsinki Declaration: This review article, titled "Apoptosis: To Live or Die - A 

Holistic Review", complies with the ethical standards set forth in the Declaration of Helsinki, as revised in 2013. 

As this is a review of existing literature and does not involve new human or animal subjects research, no direct 

human participant data was collected or analyzed. However, the authors affirm that all studies reviewed, which 

involved human participants, were conducted in accordance with the principles of the Helsinki Declaration. 

Ethical approvals for the original studies were obtained where applicable, and participant confidentiality was 

maintained. The authors have ensured that all research cited adheres to ethical guidelines and that the review 

promotes transparency, integrity, and respect for the rights and dignity of all individuals involved in the original 

research. 

Statement of Consent for Publication: The authors of this review article, titled "Apoptosis: To Die or Live? A 

Holistic Review," hereby grant their consent for the publication of this work. By submitting this manuscript for 

publication, the authors affirm that they have reviewed and approved the final version of the manuscript and 

that it is free from any conflicting interests. The authors acknowledge that the content of the review is based on 

a thorough analysis of existing literature and that all relevant sources have been properly cited. They confirm 

that they have obtained necessary permissions for the use of any proprietary materials or data, where applicable. 

Furthermore, the authors consent to the dissemination of this review article in academic and professional 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2025 doi:10.20944/preprints202510.0405.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0405.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 15 

 

forums, including but not limited to scholarly journals and online databases, for the advancement of scientific 

knowledge and research. They also agree to the potential use of their work for educational and research 

purposes, with appropriate citation and credit given. For any additional questions or requests related to the 

publication, please contact the corresponding author. 

Statement of Conflict Interests: The authors of this review article, titled "Apoptosis: To Die or Live? A Holistic 

Review," declare that there are no competing interests related to the content of this manuscript. The authors have 

no financial, personal, or professional relationships that could be perceived as influencing the objectivity or 

integrity of the review. No conflicts of interest exist with any individuals or organizations that could impact the 

interpretation or presentation of the research findings discussed in the article. All sources of funding and 

support, if any, have been disclosed in the acknowledgments section. For any inquiries regarding potential 

conflicts of interest or for additional information, please contact the corresponding author. 

Statement of Funding: The authors of this review article, titled "Apoptosis: To Die or Live? A Holistic Review," 

declare that no external funding or financial support was received in the preparation of this manuscript. The 

research and writing of this review were conducted entirely using the authors' own resources.  

For any further questions or clarifications regarding the funding of this manuscript, please contact the 

corresponding author. 

Author’s Contributions: First Author – Conception, writing initial and final drafts of the manuscripts. Second 

Author- Supervision and proof reading of manuscripts 

Acknowledgements: The authors confirmed the existence of no third party to be acknowledged in the 

preparation of these manuscripts either financially or intellectually except owners of original works already cited 

and fully referenced. 

References 

1. Adams, J. M., & Cory, S. (1998). The Bcl-2 protein family: arbiters of cell survival. Science, 281(5381), 1322-

1326. 

2. Alkadi, H. (2020). A review on free radicals and antioxidants. Infectious Disorders-Drug Targets (Formerly 

Current Drug Targets-Infectious Disorders), 20(1), 16-26. 

3. Ashkenazi, A., & Dixit, V. M. (1999). Apoptosis control by death and decoy receptors. Current opinion in 

cell biology, 11(2), 255-260. 

4. Aubrey, B. J., Kelly, G. L., Janic, A., Herold, M. J., & Strasser, A. (2018). How does p53 induce apoptosis and 

how does this relate to p53-mediated tumour suppression? Cell death & differentiation, 25(1), 104-113. 

5. Baichwal, V. R., & Baeuerle, P. A. (1997). Apoptosis: activate NF-κB or die? Current Biology, 7(2), R94-R96. 

6. Baines, C. P. (2009). The molecular composition of the mitochondrial permeability transition pore. Journal 

of molecular and cellular cardiology, 46(6), 850-857. 

7. Baines, C. P., Kaiser, R. A., Sheiko, T., Craigen, W. J., & Molkentin, J. D. (2007). Voltage-dependent anion 

channels are dispensable for mitochondrial-dependent cell death. Nature cell biology, 9(5), 550-555. 

8. Balasubramanian, K., & Schroit, A. J. (2003). Aminophospholipid asymmetry: a matter of life and death. 

Annual review of physiology, 65(1), 701-734. 

9. Biswas, S. C., & Greene, L. A. (2002). Nerve growth factor (NGF) down-regulates the Bcl-2 homology 3 

(BH3) domain-only protein Bim and suppresses its proapoptotic activity by phosphorylation. Journal of 

Biological Chemistry, 277(51), 49511-49516. 

10. Bratton, S. B., & Salvesen, G. S. (2010). Regulation of the Apaf-1–caspase-9 apoptosome. Journal of cell 

science, 123(19), 3209-3214. 

11. Brunelle, J. K., & Letai, A. (2009). Control of mitochondrial apoptosis by the Bcl-2 family. Journal of cell 

science, 122(4), 437-441. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2025 doi:10.20944/preprints202510.0405.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0405.v1
http://creativecommons.org/licenses/by/4.0/


 10 of 15 

 

12. Burlacu, A. (2003). Regulation of apoptosis by Bcl-2 family proteins. Journal of cellular and molecular 

medicine, 7(3), 249-257. 

13. Burz, C., Berindan-Neagoe, I., Balacescu, O., & Irimie, A. (2009). Apoptosis in cancer: key molecular 

signaling pathways and therapy targets. Acta oncologica, 48(6), 811-821. 

14. Candé, C., Cecconi, F., Dessen, P., & Kroemer, G. (2002). Apoptosis-inducing factor (AIF): key to the 

conserved caspase-independent pathways of cell death? Journal of cell science, 115(24), 4727-4734. 

15. Cande, C., Vahsen, N., Garrido, C., & Kroemer, G. (2004). Apoptosis-inducing factor (AIF): caspase-

independent after all. Cell death & differentiation, 11(6). 

16. Carneiro, B. A., & El-Deiry, W. S. (2020). Targeting apoptosis in cancer therapy. Nature reviews Clinical 

oncology, 17(7), 395-417. 

17. Chacon-Cruz, E., Oelberg, D. G., Davis, P., & Buescher, E. S. (1998). Membrane depolarization and 

depletion of intracellular calcium stores are associated with delay of apoptosis in human 

neutrophils. Journal of leukocyte biology, 64(6), 759-766. 

18. Chao, D. T., & Korsmeyer, S. J. (1998). BCL-2 family: regulators of cell death. Annual review of 

immunology, 16(1), 395-419. 

19. Cheung, H. H., Plenchette, S., Kern, C. J., Mahoney, D. J., & Korneluk, R. G. (2008). The RING domain of 

cIAP1 mediates the degradation of RING-bearing inhibitor of apoptosis proteins by distinct pathways. 

Molecular biology of the cell, 19(7), 2729-2740. 

20. Cigalotto, L., & Martinvalet, D. (2024). Granzymes in health and diseases: the good, the bad and the ugly. 

Frontiers in Immunology, 15, 1371743. 

21. Conradt, B., & Horvitz, H. R. (1998). The C. elegans protein EGL-1 is required for programmed cell death 

and interacts with the Bcl-2–like protein CED-9. Cell, 93(4), 519-529. 

22. Czabotar, P. E., Lessene, G., Strasser, A., & Adams, J. M. (2014). Control of apoptosis by the BCL-2 protein 

family: implications for physiology and therapy. Nature reviews Molecular cell biology, 15(1), 49-63. 

23. Daugas, E., Nochy, D., Ravagnan, L., Loeffler, M., Susin, S. A., Zamzami, N., & Kroemer, G. (2000). 

Apoptosis-inducing factor (AIF): a ubiquitous mitochondrial oxidoreductase involved in apoptosis. FEBS 

letters, 476(3), 118-123. 

24. Day, T. W., Huang, S., & Safa, A. R. (2008). c-FLIP knockdown induces ligand-independent DR5, FADD-, 

caspase-8-, and caspase-9-dependent apoptosis in breast cancer cells. Biochemical pharmacology, 76(12), 

1694-1704. 

25. Deveraux, Q. L., & Reed, J. C. (1999). IAP family proteins—suppressors of apoptosis. Genes & development, 

13(3), 239-252. 

26. Doncel, J. P., de la Cruz Ojeda, P., OropesaÁvila, M., Paz, M. V., De Lavera, I., La Mata, M. D., ... & Cotán, 

D. (2017). Cytoskeleton rearrangements during the execution phase of apoptosis. Cytoskelet. Struct. Dyn. 

Funct. Dis, 151-169. 

27. Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicologic pathology, 35(4), 495-516. 

28. Emily, H. Y. C., Wei, M. C., Weiler, S., Flavell, R. A., Mak, T. W., Lindsten, T., & Korsmeyer, S. J. (2001). BCL-

2, BCL-XL sequester BH3 domain-only molecules preventing BAX-and BAK-mediated mitochondrial 

apoptosis. Molecular cell, 8(3), 705-711. 

29. Enari, M., Sakahira, H., Yokoyama, H., Okawa, K., Iwamatsu, A., & Nagata, S. (1998). A caspase-activated 

DNase that degrades DNA during apoptosis, and its inhibitor ICAD. Nature, 391(6662), 43-50. 

30. Fadok, V. A., Bratton, D. L., & Henson, P. M. (2001). Phagocyte receptors for apoptotic cells: recognition, 

uptake, and consequences. The Journal of clinical investigation, 108(7), 957-962. 

31. Fadok, V. A., Bratton, D. L., Frasch, S. C., Warner, M. L., & Henson, P. M. (1998). The role of 

phosphatidylserine in recognition of apoptotic cells by phagocytes. Cell Death & Differentiation, 5(7), 551-

562. 

32. Fadok, V. A., De Cathelineau, A., Daleke, D. L., Henson, P. M., & Bratton, D. L. (2001). Loss of phospholipid 

asymmetry and surface exposure of phosphatidylserine is required for phagocytosis of apoptotic cells by 

macrophages and fibroblasts. Journal of Biological Chemistry, 276(2), 1071-1077. 

33. Froelich, C. J., Metkar, S. S., & Raja, S. M. (2004). Granzyme B-mediated apoptosis-the elephant and the 

blind men? Cell Death & Differentiation, 11(4). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2025 doi:10.20944/preprints202510.0405.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0405.v1
http://creativecommons.org/licenses/by/4.0/


 11 of 15 

 

34. Fulda, S., Gorman, A. M., Hori, O., & Samali, A. (2010). Cellular stress responses: cell survival and cell 

death. International journal of cell biology, 2010(1), 214074. 

35. Giorgi, C., Baldassari, F., Bononi, A., Bonora, M., De Marchi, E., Marchi, S., ... & Pinton, P. (2012). 

Mitochondrial Ca2+ and apoptosis. Cell calcium, 52(1), 36-43. 

36. Goping, S., Barry, M., Liston, P., Sawchuk, T., Constantinescu, G., Michalak, K. M., ... & Bleackley, R. C. 

(2003). Granzyme B-induced apoptosis requires both direct caspase activation and relief of caspase 

inhibition. Immunity, 18(3), 355-365. 

37. Gross, A., Yin, X. M., Wang, K., Wei, M. C., Jockel, J., Milliman, C., ... & Korsmeyer, S. J. (1999). Caspase 

cleaved BID targets mitochondria and is required for cytochrome c release, while BCL-XL prevents this 

release but not tumor necrosis factor-R1/Fas death. Journal of Biological Chemistry, 274(2), 1156-1163. 

38. Ham, H., Medlyn, M., & Billadeau, D. D. (2022). Locked and loaded: mechanisms regulating natural killer 

cell lytic granule biogenesis and release. Frontiers in immunology, 13, 871106. 

39. Hao, Z., & Mak, T. W. (2010). Type I and type II pathways of Fas-mediated apoptosis are differentially 

controlled by XIAP. Journal of molecular cell biology, 2(2), 63-64. 

40. Hardwick, J. M., & Soane, L. (2013). Multiple functions of BCL-2 family proteins. Cold Spring Harbor 

perspectives in biology, 5(2), a008722. 

41. Harr, M. W., & Distelhorst, C. W. (2010). Apoptosis and autophagy: decoding calcium signals that mediate 

life or death. Cold Spring Harbor perspectives in biology, 2(10), a005579. 

42. Hegde, R., Srinivasula, S. M., Zhang, Z., Wassell, R., Mukattash, R., Cilenti, L., ... & Alnemri, E. S. (2002). 

Identification of Omi/HtrA2 as a mitochondrial apoptotic serine protease that disrupts inhibitor of 

apoptosis protein-caspase interaction. Journal of Biological Chemistry, 277(1), 432-438. 

43. Hengartner, M. O., & Horvitz, H. R. (1994). C. elegans cell survival gene ced-9 encodes a functional homolog 

of the mammalian proto-oncogene bcl-2. Cell, 76(4), 665-676. 

44. Hengartner, M. O., Ellis, R., & Horvitz, R. (1992). Caenorhabditis elegans gene ced-9 protects cells from 

programmed cell death. Nature, 356(6369), 494-499. 

45. Hockenbery, D., Nuñez, G., Milliman, C., Schreiber, R. D., & Korsmeyer, S. J. (1990). Bcl-2 is an inner 

mitochondrial membrane protein that blocks programmed cell death. Nature, 348(6299), 334-336. 

46. Hsu, H. T., Mace, E. M., Carisey, A. F., Viswanath, D. I., Christakou, A. E., Wiklund, M., ... & Orange, J. S. 

(2016). NK cells converge lytic granules to promote cytotoxicity and prevent bystander killing. Journal of 

Cell Biology, 215(6), 875-889. 

47. Ifeanyi, O. E. (2018). A review on free radicals and antioxidants. Int. J. Curr. Res. Med. Sci, 4(2), 123-133.  

48. Investigations conducted into apoptosis using animal models as earlier revealed that a protein coded by 

the Bcl-2 gene is capable to effectively reverse both the onset and progression of apoptosis (Hockenbery et 

al., 1990; Chao and Korsmeyer, 1998). 

49. Jacquemin, G., Margiotta, D., Kasahara, A., Bassoy, E. Y., Walch, M., Thiery, J., ... & Martinvalet, D. (2015). 

Granzyme B-induced mitochondrial ROS are required for apoptosis. Cell Death & Differentiation, 22(5), 

862-874. 

50. Jin, J., Dai, J., Zhao, J., & Guo, Y. (2003). The mechanism of apoptosis regulation by IAP antagonist 

Smac/DIABLO. Molecular Mechanisms of Programmed Cell Death, 195-211. 

51. Jurečeková, J., Hatok, J., Stefanikova, A., Dobrota, D., & Račay, P. (2011). Targeting of Bcl-2 family proteins 

for treatment of acute leukaemia. Gen Physiol Biophys, 30, S3-12. 

52. Kim, D. Y. (2024). Changing etiology and epidemiology of hepatocellular carcinoma: Asia and 

worldwide. Journal of liver cancer, 24(1), 62-70. 

53. . 

54. Kothakota, S., Azuma, T., Reinhard, C., Klippel, A., Tang, J., Chu, K., ... & Williams, L. T. (1997). Caspase-3-

generated fragment of gelsolin: effector of morphological change in apoptosis. Science, 278(5336), 294-298. 

55. Krzewski, K., & Coligan, J. E. (2012). Human NK cell lytic granules and regulation of their exocytosis. 

Frontiers in immunology, 3, 335. 

56. Kühn, K., D’lima, D. D., Hashimoto, S., & Lotz, M. (2004). Cell death in cartilage. Osteoarthritis and 

cartilage, 12(1), 1-16. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2025 doi:10.20944/preprints202510.0405.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0405.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 15 

 

57. Lancki, D. W., Weiss, A., & Fitch, F. W. (1987). Requirements for triggering of lysis by cytolytic T 

lymphocyte clones. Journal of immunology (Baltimore, Md.: 1950), 138(11), 3646-3653. 

58. Lemasters, J. J., Nieminen, A. L., Qian, T., Trost, L. C., Elmore, S. P., Nishimura, Y., ... & Herman, B. (1998). 

The mitochondrial permeability transition in cell death: a common mechanism in necrosis, apoptosis and 

autophagy. Biochimica et Biophysica Acta (BBA)-Bioenergetics, 1366(1-2), 177-196. 

59. Lorenzo, H. K., Susin, S. A., Penninger, J., & Kroemer, G. (1999). Apoptosis inducing factor (AIF): a 

phylogenetically old, caspase-independent effector of cell death. Cell Death & Differentiation, 6(6), 516-524. 

60. Maas, C., Verbrugge, I., de Vries, E., Savich, G., Van de Kooij, L. W., Tait, S. W. G., & Borst, J. (2010). 

Smac/DIABLO release from mitochondria and XIAP inhibition are essential to limit clonogenicity of Type 

I tumor cells after TRAIL receptor stimulation. Cell Death & Differentiation, 17(10), 1613-1623. 

61. Maecker, H. L., Koumenis, C., & Giaccia, A. J. (2000). p53 promotes selection for Fas-mediated apoptotic 

resistance. Cancer research, 60(16), 4638-4644. 

62. Mak, L. Y., Cruz-Ramón, V., Chinchilla-López, P., Torres, H. A., LoConte, N. K., Rice, J. P., ... & Hwang, J. 

P. (2018). Global epidemiology, prevention, and management of hepatocellular carcinoma. American Society 

of Clinical Oncology Educational Book, 38, 262-279. 

63. Martinez-Ruiz, G., Maldonado, V., Ceballos-Cancino, G., Grajeda, J. P. R., & Melendez-Zajgla, J. (2008). 

Role of Smac/DIABLO in cancer progression. Journal of experimental & clinical cancer research, 27, 1-7. 

64. Martins, L. M., Iaccarino, I., Tenev, T., Gschmeissner, S., Totty, N. F., Lemoine, N. R., ... & Downward, J. 

(2002). The serine protease Omi/HtrA2 regulates apoptosis by binding XIAP through a reaper-like 

motif. Journal of Biological Chemistry, 277(1), 439-444. 

65. Martins, L. M., Iaccarino, I., Tenev, T., Gschmeissner, S., Totty, N. F., Lemoine, N. R., ... & Downward, J. 

(2002). The serine protease Omi/HtrA2 regulates apoptosis by binding XIAP through a reaper-like 

motif. Journal of Biological Chemistry, 277(1), 439-444. 

66. Martinvalet, D. (2015). ROS signaling during granzyme B-mediated apoptosis. Molecular & cellular 

oncology, 2(3), e992639. 

67. Martinvalet, D. (2019). Mitochondrial entry of cytotoxic proteases: a new insight into the granzyme B cell 

death pathway. Oxidative medicine and cellular longevity, 2019(1), 9165214. 

68. Maul-Pavicic, A., Chiang, S. C., Rensing-Ehl, A., Jessen, B., Fauriat, C., Wood, S. M., ... & Ehl, S. (2011). 

ORAI1-mediated calcium influx is required for human cytotoxic lymphocyte degranulation and target cell 

lysis. Proceedings of the National Academy of Sciences, 108(8), 3324-3329. 

69. McGlynn, K. A., Petrick, J. L., & El-Serag, H. B. (2021). Epidemiology of hepatocellular 

carcinoma. Hepatology, 73, 4-13. 

70. McIlroy, D., Sakahira, H., Talanian, R. V., & Nagata, S. (1999). Involvement of caspase 3-activated DNase in 

internucleosomal DNA cleavage induced by diverse apoptotic stimuli. Oncogene, 18(31), 4401-4408. 

71. Mentlik, A. N., Sanborn, K. B., Holzbaur, E. L., & Orange, J. S. (2010). Rapid lytic granule convergence to 

the MTOC in natural killer cells is dependent on dynein but not cytolytic commitment. Molecular biology of 

the cell, 21(13), 2241-2256. 

72. Micheau, O., & Tschopp, J. (2003). Induction of TNF receptor I-mediated apoptosis via two sequential 

signaling complexes. Cell, 114(2), 181-190. 

73. Moffitt, K. L., Martin, S. L., & Walker, B. (2010). From sentencing to execution–the processes of apoptosis. 

Journal of Pharmacy and Pharmacology, 62(5), 547-562. 

74. Nagata, S., Suzuki, J., Segawa, K., & Fujii, T. (2016). Exposure of phosphatidylserine on the cell surface. Cell 

Death & Differentiation, 23(6), 952-961. 

75. Nutt, L. K., Gogvadze, V., Uthaisang, W., Mirnikjoo, B., McConkey, D. J., & Orrenius, S. (2005). Research 

paper indirect effects of Bax and Bak initiate the mitochondrial alterations that lead to cytochrome c release 

during arsenic trioxide-induced apoptosis. Cancer Biol Ther, 4, 459-467. 

76. Nutt, S. L., & Huntington, N. D. (2019). Cytotoxic T lymphocytes and natural killer cells. In Clinical 

Immunology (pp. 247-259). Elsevier. 

77. Ocker, M., & Höpfner, M. (2012). Apoptosis-modulating drugs for improved cancer therapy. European 

surgical research, 48(3), 111-120. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2025 doi:10.20944/preprints202510.0405.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0405.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 15 

 

78. Özören, N., & El-Deiry, W. S. (2002). Defining characteristics of Types I and II apoptotic cells in response 

to TRAIL. Neoplasia, 4(6), 551-557. 

79. Pinton, P., Giorgi, C., Siviero, R., Zecchini, E., & Rizzuto, R. (2008). Calcium and apoptosis: ER-

mitochondria Ca2+ transfer in the control of apoptosis. Oncogene, 27(50), 6407-6418. 

80. Poling, W. S. (2001). Vasoactive intestinal peptide decreases lipopolysaccharide (LPS)-induced cell death in 

rat alveolar macrophages. West Virginia University. 

81. Porcuna, J., Cruz, P. D. L., Oropesa-Ávila, M., Villanueva Paz, M., Lavera, I. D., Mata, M. D. L., ... & Sánchez-

Alcázar, J. A. (2016). Cytoskeleton rearrangements during the execution phase of apoptosis. 

82. Povea-Cabello, S., Oropesa-Ávila, M., de la Cruz-Ojeda, P., Villanueva-Paz, M., De la Mata, M., Suárez-

Rivero, J. M., ... & Sánchez-Alcázar, J. A. (2017). Dynamic reorganization of the cytoskeleton during 

apoptosis: the two coffins hypothesis. International journal of molecular sciences, 18(11), 2393. 

83. Rasola, A., & Bernardi, P. (2011). Mitochondrial permeability transition in Ca2+-dependent apoptosis and 

necrosis. Cell calcium, 50(3), 222-233. 

84. Rehm, M., Düßmann, H., & Prehn, J. H. (2003). Real-time single cell analysis of Smac/DIABLO release 

during apoptosis. The Journal of cell biology, 162(6), 1031-1043. 

85. Ricci, M. S., & El-Deiry, W. S. (2007). The extrinsic pathway of apoptosis. Apoptosis, senescence, and cancer, 

31-54. 

86. Ricci, M. S., & Zong, W. X. (2006). Chemotherapeutic approaches for targeting cell death pathways. The 

oncologist, 11(4), 342-357. 

87. Ritter, A. T., & Mellman, I. (2016). Natural killer cell granules converge to avoid collateral damage. The 

Journal of Cell Biology, 215(6), 765. 

88. Robertson, J. D., Orrenius, S., & Zhivotovsky, B. (2000). Nuclear events in apoptosis. Journal of structural 

biology, 129(2-3), 346-358. 

89. Rosenberg, J., & Huang, J. (2018). CD8+ T cells and NK cells: parallel and complementary soldiers of 

immunotherapy. Current opinion in chemical engineering, 19, 9-20. 

90. Roufayel, R., Younes, K., Al-Sabi, A., & Murshid, N. (2022). BH3-only proteins Noxa and Puma are key 

regulators of induced apoptosis. Life, 12(2), 256. 

91. Rousalova, I., & Krepela, E. (2010). Granzyme B-induced apoptosis in cancer cells and its 

regulation. International journal of oncology, 37(6), 1361-1378. 

92. Sanz, C., Benito, A., Inohara, N., Ekhterae, D., Nunez, G., & Fernandez-Luna, J. L. (2000). Specific and rapid 

induction of the proapoptotic protein Hrk after growth factor withdrawal in hematopoietic progenitor cells. 

Blood, The Journal of the American Society of Hematology, 95(9), 2742-2747. 

93. Schenk, B., & Fulda, S. (2015). Reactive oxygen species regulate Smac mimetic/TNFα-induced necroptotic 

signaling and cell death. Oncogene, 34(47), 5796-5806. 

94. Sevrioukova, I. F. (2011). Apoptosis-inducing factor: structure, function, and redox regulation. Antioxidants 

& redox signaling, 14(12), 2545-2579. 

95. Shakeri, R., Kheirollahi, A., & Davoodi, J. (2017). Apaf-1: Regulation and function in cell 

death. Biochimie, 135, 111-125. 

96. Sharon, A., & Finkelshtein, A. (2009). 12 Programmed Cell Death in Fungus–Plant Interactions. The mycota, 

221. 

97. Sheikh, M. S., & Fornace, A. J. (2000). Death and decoy receptors and p53-mediated apoptosis. Leukemia, 

14(8), 1509-1513. 

98. Shi, Y. (2002). Apoptosome: the cellular engine for the activation of caspase-9. Structure, 10(3), 285-288. 

99. Silke, J., Kratina, T., Chu, D., Ekert, P. G., Day, C. L., Pakusch, M., ... & Vaux, D. L. (2005). Determination of 

cell survival by RING-mediated regulation of inhibitor of apoptosis (IAP) protein abundance. Proceedings 

of the National Academy of Sciences, 102(45), 16182-16187. 

100. Sisein, E. A. (2014). Biochemistry of free radicals and antioxidants. Scholars Academic Journal of 

Biosciences, 2(2), 110-118. 

101. Solary, E., Droin, N., Sordet, O., Rebe, C., Filomenko, R., Wotawa, A., ... & Ducoroy, P. (2002). Cell death 

pathways as targets for anticancer drugs (pp. 55-76). Academic Press: San Diego. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2025 doi:10.20944/preprints202510.0405.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0405.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 15 

 

102. Stadnisky, M. D., Xie, X., Coats, E. R., Bullock, T. N., & Brown, M. G. (2011). Self MHC class I–licensed NK 

cells enhance adaptive CD8 T-cell viral immunity. Blood, The Journal of the American Society of 

Hematology, 117(19), 5133-5141. 

103. Susin, S. A., Daugas, E., Ravagnan, L., Samejima, K., Zamzami, N., Loeffler, M., ... & Kroemer, G. (2000). 

Two distinct pathways leading to nuclear apoptosis. The Journal of experimental medicine, 192(4), 571. 

104. Susin, S. A., Lorenzo, H. K., Zamzami, N., Marzo, I., Snow, B. E., Brothers, G. M., ... & Kroemer, G. (1999). 

Molecular characterization of mitochondrial apoptosis-inducing factor. Nature, 397(6718), 441-446. 

105. Sutton, V. R., Davis, J. E., Cancilla, M., Johnstone, R. W., Ruefli, A. A., Sedelies, K., ... & Trapani, J. A. (2000). 

Initiation of apoptosis by granzyme B requires direct cleavage of bid, but not direct granzyme B–mediated 

caspase activation. The Journal of experimental medicine, 192(10), 1403-1414. 

106. Takada, H., Chen, N. J., Mirtsos, C., Suzuki, S., Suzuki, N., Wakeham, A., ... & Yeh, W. C. (2003). Role of 

SODD in regulation of tumor necrosis factor responses. Molecular and cellular biology. 

107. Takayama, H. A. J. I. M. E., & Sitkovsky, M. V. (1987). Antigen receptor-regulated exocytosis in cytotoxic T 

lymphocytes. The Journal of experimental medicine, 166(3), 725-743. 

108. Tang, D., & Kidd, V. J. (1998). Cleavage of DFF-45/ICAD by multiple caspases is essential for its function 

during apoptosis. Journal of Biological Chemistry, 273(44), 28549-28552. 

109. Timmins, J. M., Ozcan, L., Seimon, T. A., Li, G., Malagelada, C., Backs, J., ... & Tabas, I. (2009). 

Calcium/calmodulin-dependent protein kinase II links ER stress with Fas and mitochondrial apoptosis 

pathways. The Journal of clinical investigation, 119(10), 2925-2941. 

110. Topham, N. J., & Hewitt, E. W. (2009). Natural killer cell cytotoxicity: how do they pull the 

trigger? Immunology, 128(1), 7-15. 

111. Tschopp, J., Martinon, F., & Hofmann, K. (1999). Apoptosis: silencing the death receptors. Current Biology, 

9(10), R381-R384. 

112. Tsujimoto, Y. (1998). Role of Bcl-2 family proteins in apoptosis: apoptosomes or mitochondria? Genes to 

cells, 3(11), 697-707. 

113. Tsujimoto, Y., Nakagawa, T., & Shimizu, S. (2006). Mitochondrial membrane permeability transition and 

cell death. Biochimica et Biophysica Acta (BBA)-Bioenergetics, 1757(9-10), 1297-1300. 

114. Urbano, A., McCaffrey, R., & Foss, F. (1998). Isolation and characterization of NUC70, a cytoplasmic, 

hematopoietic apoptotic endonuclease. Journal of Biological Chemistry, 273(52), 34820-34827. 

115. Voskoboinik, I., Whisstock, J. C., & Trapani, J. A. (2015). Perforin and granzymes: function, dysfunction and 

human pathology. Nature Reviews Immunology, 15(6), 388-400. 

116. Wang, C., & Youle, R. J. (2009). The role of mitochondria in apoptosis. Annual review of genetics, 43(1), 95-

118. 

117. Webster, K. A. (2002). Mitochondrial membrane permeabilization and cell death during myocardial 

infarction: roles of calcium and reactive oxygen species. Future Cardiol. 2012; 8: 863–84. J Biochem, 277, 

27385-92. 

118. Wilson, M. R. (1998). Apoptosis: unmasking the executioner. Cell Death & Differentiation, 5(8), 646-652. 

119. Wolf, P., Schoeniger, A., & Edlich, F. (2022). Pro-apoptotic complexes of BAX and BAK on the outer 

mitochondrial membrane. Biochimica et Biophysica Acta (BBA)-Molecular Cell Research, 1869(10), 119317. 

120. Woo, M., Hakem, R., & Mak, T. W. (2000). Executionary pathway for apoptosis: lessons from mutant mice. 

Cell Research, 10(4), 267-278. 

121. Wu, G. S., Kim, K., & El-Deiry, W. S. (2002). KILLER/DR5, a novel DNA-damage inducible death receptor 

gene, links the p53-tumor suppressor to caspase activation and apoptotic death. Cancer Gene Therapy: Past 

Achievements and Future Challenges, 143-151. 

122. Xu, G., & Shi, Y. (2007). Apoptosis signaling pathways and lymphocyte homeostasis. Cell research, 17(9), 

759-771. 

123. Zorova, L. D., Popkov, V. A., Plotnikov, E. Y., Silachev, D. N., Pevzner, I. B., Jankauskas, S. S., ... & Zorov, 

D. B. (2018). Mitochondrial membrane potential. Analytical biochemistry, 552, 50-59. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2025 doi:10.20944/preprints202510.0405.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0405.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 15 

 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2025 doi:10.20944/preprints202510.0405.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0405.v1
http://creativecommons.org/licenses/by/4.0/

