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Inflammation and free radicals can stimulate cell self-destruction. Inflammation and cell death are vital aspects of

most diseases. Accumulation of cell damage leads to the impairment and dysregulation of the cell function. Thus,

understanding the pathomechanism and molecular signaling pathways involved in cell death is necessary.

programmed cell death  uncontrolled cell death  molecular pathways

1. Introduction

Over the course of the past ten years, the nomenclature committee on cell death has dedicated its efforts to the

establishment of criteria for the systematic classification and analysis of cell death, encompassing morphological,

biochemical, and functional aspects . Srinivasan et al. presented a comprehensive analysis of the

advancements achieved by computational and systems biologists in elucidating the many regulatory mechanisms

involved in cell death. These mechanisms together form the intricate network responsible for controlling cell death

processes. The cell death network is characterized as an all-encompassing decision-making process that regulates

many biochemical circuits responsible for executing cell death . This network incorporates a variety of feedback

and feed-forward loops, as well as the crosstalk across several pathways involved in the regulation of cell death.

Indeed, comprehending the intricate dynamics of these intricate regulatory processes necessitates the use of

mathematical modeling and system-oriented methodologies . Mathematical modeling functions as a potent

instrument for establishing a connection between molecular biology and cell physiology. It achieves this by linking

the qualitative and quantitative characteristics of dynamic molecular networks with signal-response curves that are

recorded by cell biologists . The dynamics of complex molecular networks that regulate the cell cycle ,

nutritional signaling , checkpoints , signaling dysregulation in cancer , and cell death  have been

effectively described using mathematical and systems-oriented methodologies. Without a doubt, the control of cell

death is a molecular process that needs mathematical modeling in order to attain a comprehensive understanding

of the process. In a cell’s lifetime, there are four main biological processes: survival, cell division, differentiation,

and cell death . Eliminating damaged cells and maintaining the organism’s homeostasis are two of the primary

functions of cell death during embryonic development . A cell dies when it stops dividing and functioning as a

part of a living organism. This phenomenon may occur because of the body’s normal cellular turnover rate, as a

consequence of disorders or localized damage, or as a result of the organism’s death, from which the cells

originate . There were initially three types of cell death  (Figure 1):

[1][2]

[3]

[3]

[4] [5][6]

[7] [8] [9] [10][11][12][13]

[2]

[14]

[15][16] [1]



Types of Cell Death | Encyclopedia.pub

https://encyclopedia.pub/entry/52285 2/15

Figure 1. Systematic classification and analysis of cell death, encompassing morphological, biochemical, and

functional aspects. Atg: autophagy-related gene.

Type I cell death (apoptosis);

Type II cell death (autophagy);

Type III cell death (necrosis).

Although regulated cell death (RCD) is commonly associated with maintaining organismal homeostasis in both

physiological and pathological contexts, it is worth noting that RCD is not exclusive to multicellular organisms.

Unicellular eukaryotes, such as Dictyostelium discoideum, and prokaryotic organisms, such as Escherichia coli,

also exhibit regulated cell death . Moreover, there is instantaneous and catastrophic cell death in contrast to

regulated cell death. The cell death category occurs by an exposure to severe physical, chemical, or mechanical

attacks . It is worth noting that RCD requires a specialized regulatory network, implying that it can be modulated

(accelerated or delayed) by pharmacological intermediation or genetic modification. RCD is implicated in two very

different scenarios, despite the underlying molecular pathways showing substantial similarities . RCD may occur

without any direct environmental disruption, acting as an established trigger of physiological systems for

proliferation or tissue regeneration. RCD may originate from extracellular or intracellular microenvironmental

effectors and is disturbed in a way considered as an acute adaptive mechanism for homeostasis offset and stress

suppression.

Adaptive stress responses are similar to stress-driven RCD since both aim to maintain a state of biological

homeostasis. Despite cellular homeostasis, which controls adaptative stress responses at the cellular level, RCD

contributes directly to organism or colony levels. This homeostatic mechanism not only involves the removal of
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dysfunctional or harmful cells but also allows for the release of chemicals component from dying cells that serve as

an early warning system for the other neighboring cells. Common names for these warning signals include

damage-associated molecular patterns (DAMPs), pathogen-associated molecular patterns (PAMPs), and alarmins

.

Cell death strategies may be divided into two groups, programmed and non-programmed cell death, depending on

whether they rely on a signal to initiate death . Intracellular signal transduction pathways are the systems that

commit cells to programmed cell death (PCD) mechanisms . PCD can be subdivided into non-apoptotic and

apoptotic cell death based on morphological properties and molecular interactions . The membrane of the dying

cell is conserved during the caspase-dependent process of apoptosis. However, evidence shows that caspases

trigger the activation of gasdermin proteins whose N-terminus fragments create pores within the membrane which,

upon accumulation, end up causing plasma membrane rupture. For example, caspase-dependent cell death (such

as pyroptosis) can cause membrane rupturing as an exception to this classification. In contrast, in scientific terms

and based on previous studies, caspase-independent cell death and membrane rupturing are considered non-

apoptotic cell death signs .

When it comes to maintaining a homoeostatic balance in multicellular organisms, the body of an organism

continuously attempts to keep the number of new cells formed during mitosis equal to the number of damaged or

unnecessarily destroyed cells . Large numbers of regulatory genes are required for controlling cell cycling

processes that identify cellular abnormalities and trigger apoptosis, a kind of programmed cell death . Many of

these regulatory genes either promote or suppress mitosis, as well as begin apoptosis, autophagy, pyroptosis, and

another type of programmed cell death. Diseases like cancer, which may spread throughout an organism and

eventually kill it, result from uncontrolled cell division . In contrast, degenerative statuses such as rheumatoid

arthritis, Parkinson’s, and Alzheimer’s result from excessive cell death rates . In light of the extensive and

complex interplay of RNAs and proteins inside the cellular processes of the cell cycle and cell death, some

regulatory proteins, receptors, and enzymes have been identified as key regulators. Mutations or aberrant

expression of these regulators may directly affect the cell cycle machinery .

Distinct macroscopic morphological changes accompany the death of cells. The utilization of morphotypes has

been employed to categorize cell death into three distinct categories, predicated with the methodologies employed

for the elimination of diseased cells and their fragments .

2. Types of Cell Death

2.1. Apoptosis

Apoptosis or Type I cell death is associated with the following cellular events:

Cytoplasmic shrinkage;
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The irreversible condensation of chromatin in the nucleus (pyknosis);

The destructive fragmentation of the nucleus (karyorrhexis);

The formation of apoptotic bodies based on the establishment of intact small vesicles;

The phagocytosis and decomposition of apoptotic bodies in neighboring cells’ lysosomes .

In a publication in 1972, Kerr, Wyllie, and Currie proposed the word “Apoptosis” to characterize a specific form of

cell death . Initiating the apoptosis process is associated with the stopping of the proliferation and division of the

cell. In contrast, the cellular entity undergoes a regulated mechanism resulting in its demise, while the intracellular

contents remain contained within the confines of the cellular milieu. Apoptosis is recognized as a cellular suicide

process that is established by triggering a series of cysteine-aspartic proteases that is term as the caspases

activation cascade. Caspases may be divided into two classes: those that act as “Initiators Caspase” and those

that act as “Executioners Caspase”  (Figure 2).

Figure 2. The molecular mechanism of apoptotic cell death. TNF: tumor necrosis factor, TNFR1: tumor necrosis

factor receptor 1, FADD: FAS-associated death domain, Bid: BH3 interacting domain death agonist, Bad: BCL2-

associated agonist of cell death, Bax: Bcl-2-associated X protein, Apaf1: apoptotic protease activating factor-1, IL-

10: interleukin 10, Jak2: janus kinase 2, and STAT3: signal transducer and activator of transcription 3. ↑ Indicated

increasing of the factor. ↓ Indicated reducing of the factor.

At the time cell damage is sensed, initiator procaspases 8 and 9 are converted into active initiator caspases, and

consequently, they induce the executioner caspases’ activation (caspases 3, 6, and 7). An array of processes occur

in apoptotic bodies’ production and destruction of damaged cells, including DNA fragmentation, telomeres’

shortening, the degradation of proteins/cytoskeleton/crosslinking of a protein, phagocytic cell ligands’ expression,

and apoptotic body formation . As a genetically conserved mechanism, apoptosis is highly regulated in

multicellular organisms. There are two pathways for the apoptosis process:

The intrinsic pathway based on intracellular damage sensors’ detection.
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The extrinsic pathway based on immune cell and damaged cell attachment.

The apoptotic cell death rate in humans is around 1 × 10  cells/day .

The intrinsic pathway of apoptosis

The intrinsic route of apoptosis, also referred to as the mitochondrial pathway, involves the interaction of many

stimuli with diverse cellular targets. . This kind of apoptosis is triggered by either a positive and/or negative

pathway and relies on substances produced by the mitochondria . A deficiency of growth factors, cytokines, and

hormones in the cellular microenvironment might trigger a negative signal to initiate the apoptosis process .

Apoptosis is triggered by activating pro-apoptotic molecules like p53 upregulated modulator of apoptosis (Puma),

Noxa, and Bcl-2-associated X (Bax) without pro-survival signals . Apoptosis may also be triggered by an

exposure to positive variables such as hypoxia, poisons, radiation, reactive oxygen species (ROS), viruses, and

other hazardous agents, yet in the case of certain cells, like neutrophils, hypoxia can enhance cell survival .

Mitochondrial outer membrane permeabilization (MOMP) is a pivotal stage in this process. The modulation of

MOMP is influenced by the activity of several pro-apoptotic and anti-apoptotic members belonging to the BCL2

protein family, which serves as an apoptosis regulator. Upon exposure to an apoptotic stimuli, the mitochondrial

outer membrane permeabilization process is triggered, resulting in the sequential activation of the initiator caspase

9 (CASP9) followed by the executioner caspases CASP3 and CASP7 . Researchers have successfully

discovered two separate classes of pro-apoptotic BCL2 proteins that exhibit different functional characteristics. The

first category comprises the apoptotic activators BAX, BAK1, and BOK. Upon being triggered by apoptotic signals,

BAX, BAK1, and BOK initiate MOMP by creating holes in the outer mitochondrial membrane (OMM). These pro-

apoptotic factors stimulate the release of many apoptogenic substances such as Cytochrome-C and diablo IAP-

binding mitochondrial protein (DIABLO; also known as second mitochondrial activator of caspases, SMAC) into the

cytoplasm. The apoptogenic activity of Cytochrome-C is manifested by its interaction with apoptotic peptidase

activating factor 1 (APAF1) and pro-CASP9, resulting in the formation of a complex referred to as the apoptosome.

This complex then triggers the sequential activation of CASP9, as well as of the executioner caspases CASP3 and

CASP7. The activation of CASP3 and CASP7 is facilitated by the interaction of DIABLO/SMAC with X-linked

inhibitor of apoptosis (XIAP) and other members that are inhibitors of the apoptosis (IAP) protein family . The

second category of pro-apoptotic BCL2 proteins, referred to as BH3-only proteins, encompasses a group of

molecules including BAD, PUMA, BIK, BIM, BMF, BID, HRK, and NOXA. Direct interaction between caspase-

cleaved BID (tBID), BIM, PUMA, and NOXA in the mitochondria has the capability to facilitate the activation of BAX

and BAK1. On the other hand, indirect activation of BAX and BAK1 occurs when BH3-only proteins including BAD,

BIK, BMF, and HRK bind to and inhibit the activity of anti-apoptotic BCL2 family members . Caspase-9 is the

initiator caspase that regulates the intrinsic mechanism of apoptosis by binding to the apoptotic protease activating

factor-1 (APAF1) once its caspase recruitment domains (CARD) have been exposed . In nonactive apoptotic

cells, APAF1 is often folded to prevent its CARD domain from binding to procaspase-9 . The interaction between

Cytochrome-C and the tryptophan-aspartic acid (WD) domain of APAF1 monomers induces a structural change in

APAF1, leading to the exposure of a region responsible for nucleotide binding and oligomerization. This region

specifically binds to deoxyadenosine triphosphate (dATP), hence triggering the initiation of apoptosis . Due to
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the extra conformational shift induced by this interaction, the CARD and oligomerization domains of APAF1 are

exposed, allowing for the assembly of several APAF1s into an apoptosome . Many procaspase-9 proteins are

recruited and activated by the apoptosome’s exposed CARD domains, which are located in the open core of the

cell death complex . When the caspase 9 is activated, it triggers the executioner procasp-3, which, once

converted to active caspase-3, causes the complete induction of apoptosis. However, gasdermin E, a substrate of

active caspase-3, induces pyroptosis, rather than apoptosis. While apoptosis may be triggered by the actions of

Smac/Diablo and HtrA2/Omi, the inhibition of inhibitors of apoptosis proteins (IAPs) is inadequate without the

release of Cytochrome-C .

Extrinsic pathway of apoptosis

Extrinsic apoptosis, also called the death receptor (DR) pathway, is triggered when death ligands are released by

patrolling NK-cells or macrophages and bind with DRs on the target cell membrane . This triggers the extrinsic

route, which in turn activates caspase 8 from pro-caspase-8. The DRs are proteins with structural and functional

similarities with the tumor necrosis factor (TNF) superfamily . When a death ligand binds to a DR, the DR’s

cytoplasmic domain becomes a death-inducting signaling complex (DISC), where monomeric pro-caspase-8 is

recruited through its death effector domain (DED) . The adaptor protein known as the TNFR-associated death

domain (TRADD), or the FAS-associated death domain (FADD), is also part of the DISC. It aids in the binding of

pro-caspase-8 . Multiple pro-caspase-8 monomers are recruited to the DISC, where they undergo dimerization

and trigger to become caspase-8. Caspase-8 may initiate an apoptosis mechanism by any of two sub-pathways 

.

Whether the cells are type I or type II determines which sub-pathway gets activated . Caspase-8 directly cleaves

executioner caspases, triggering apoptosis in type I cells . Unless blocked by proteins secreted from the

mitochondria, IAPs prevent the direct activation of the executioner caspases by caspase-8. Mice lacking caspase-

8, who normally respond to DR ligands, reveal the crucial function that caspase-8 plays in the regulation of the

apoptosis extrinsic cascade . Whether apoptosis is initiated by the intrinsic or extrinsic routes, it must be tightly

regulated to avoid the disastrous outcomes that might result from insufficient control. Mutations in the multiple

apoptosis initiation systems are a common cause of cancer . The creation of a benign tumor or cancer results

from this phenomenon when it happens in conjunction with a failure to react to external cues that would ordinarily

trigger the extrinsic route or prevent proliferation .

2.2. Anoikis

For the first time, Frisch described the “Anoikis” concept in 1994 . The loss of integrin-dependent anchoring is

considered to be the trigger for the anoikis subtype of intrinsic apoptosis . Anoikis, a Greek word meaning

“homelessness” or “loss of home,” describes the one type of apoptosis that occurs when cells lose their connection

to the extracellular matrix (ECM) and adhere to an unsuitable site . Integrin receptors are mediators of ECM

interaction and are essential for migration, proliferation, and survival because they not only establish physical

linkages with the cytoskeleton but also transduce signals from the ECM to the cell . By preventing cells from
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A.

B.

C.

detaching and re-adhering to inappropriate matrices, as well as by inhibiting dysplastic development, anoikis

serves as a vital defensive mechanism for an organism . Because of this, adherent cells may be able to

survive in a suspension or proliferate in ectopic places where the ECM proteins are different if the anoikis program

is not well executed . Emerging evidence suggests that cancer cells’ aberrant execution of anoikis is a

characteristic of the disease that promotes metastasis to distant organs . Anoikis is a kind of apoptosis that is

produced by insufficient or incorrect ECM connections but otherwise follows the same mechanisms as apoptosis

.

The induction and execution of anoikis include many routes that converge on the activation of caspases and

subsequent molecular processes. This activation triggers the activation of endonucleases, resulting in DNA

fragmentation and ultimately leading to cell death. . Two apoptotic routes, the intrinsic pathway involving

mitochondrial dysfunction and the extrinsic pathway involving the activation of cell surface death receptors, work

together to initiate the anoikis program (the extrinsic pathway) . Proteins belonging to the B cell lymphoma-2

(Bcl-2) family play important roles in both of these processes. Three subfamilies exist within the Bcl-2 family, and

they are as follows :

Myeloid cell leukemia sequence 1, as well as the anti-apoptotic proteins Bcl-2 and B-cell lymphoma-extra large,

Bcl-XL (Mcl-1).

Pro-apoptotic proteins Bax, Bcl-2 homologous antagonist/killer (Bak), and Bcl-2 related ovarian killer (Bok), all

with several domains.

BH3 interacting domain death agonist (Bid), BCL2-associated agonist of cell death (Bad), Bcl-2 interacting

mediator of cell death (Bim), BCL-2 interacting killer (Bik), BCL-2 modifying factor (Bmf), Noxa, Puma, and

Harakiri (Hrk) are all pro-apoptotic BH3-only proteins .

The intrinsic pathway of Anoikis

DNA damage and endoplasmic reticulum stress are two intracellular cues that initiate the intrinsic pathway of

apoptosis. In this process, mitochondria play a crucial role in regulating apoptosis . In response to death signals,

the pro-apoptotic proteins Bax and Bak undergo translocation from the cytosol to the outer mitochondrial

membrane (OMM). The oligomerization of these proteins leads to the formation of a channel through the OMM,

which in turn causes mitochondrial permeabilization. This permeabilization event subsequently triggers the release

of Cytochrome-C . In addition to the Bax proteins’ inherent pore-generating activity, their interaction with

mitochondrial channel proteins, such as the voltage-dependent anion channels, may also contribute to membrane

permeabilization . The activation of the effector caspase-3 occurs subsequent to the release of Cytochrome-C.

Apoptosis is initiated by assembling the apoptosome complex, which then triggers the activation of caspase-9 and

the cofactor APAF . The BH3-only pro-apoptotic proteins are known to have significant functions in the intrinsic

pathway of the anoikis cell death mechanism. Bid and Bim are proteins from this biological family that become

active upon cellular detachment from the ECM, hence enhancing the production of Bax-Bak oligomers within the
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OMM . “Activators” refers to this class of BH3-only proteins . Specifically, Bim is confined to the dynein

cytoskeletal complexes until cell separation triggers its release and translocation to the mitochondria .

The process of Bim phosphorylation by extracellular signal-regulated kinase and phosphatidylinositol 3-kinase

(PI3K)/protein kinase B (Akt) is initiated during integrin contact. This phosphorylation event serves to impede the

proteasomal degradation of Bim, resulting in its accumulation subsequent to the loss of cell adhesion . Bik, Bmf,

Bad, Puma, Hrk, and Noxa are all examples of so-called “Sensitizers”, another class of BH3-only proteins . The

inhibitory impact of Bcl-2 on apoptosis is impeded when sensitizer BH3-only proteins engage in a competition for

its BH3 binding domain. This competition enables activator BH3-only proteins to initiate the development of Bax-

Bak oligomers, hence facilitating cellular demise . The Bmf functions as a surveillance mechanism in epithelial

cells, detecting disruptions in the cytoskeleton structure and transmitting signals that initiate cell death .

Following the process of cell separation, Bmf becomes dissociated from the myosin V motor complex and

subsequently accumulates within the mitochondria. Within this organelle, Bmf acts to counteract the effects of Bcl-

2, thus initiating the release of Cytochrome-C and ultimately leading to the execution of anoikis .

The extrinsic pathway of Anoikis

The execution of anoikis involves the activation of both the intrinsic and extrinsic pathways. The initiation of the

DISC occurs in the extrinsic route when a ligand binds to death receptors belonging to the TNFR superfamily.

These death receptors include the Fas receptor, TNF receptor superfamily 1 (TNFR1) receptor, and the TNF-

related apoptosis-inducing ligand (TRAIL) receptors-1 and TRAIL receptors-2. DISC, by means of engaging with

adaptor proteins such as FADD, facilitates the aggregation of numerous caspase-8 molecules and triggers their

subsequent activation . Substrate proteolysis and cell death result from the active caspase-8 being secreted

into the cytoplasm, where it cleaves and activates the effector caspases, caspases-3, caspases-6, and caspases-7

. An alternative mechanism that connects the extrinsic and intrinsic pathways is the cleavage and activation

of Bid upon Caspase-8 activation . This t-Bid version can induce mitochondrial Cytochrome-C release and

apoptosome assembly. Detachment of cells from the ECM has been shown to trigger the release of a mitochondrial

protein called Bit1 into the cytoplasm, where it functions as a pro-apoptotic mediator and induces a caspase-

independent type of apoptosis . Mitochondrial damage in certain cases is a subsequent effect of the occurrence

of death receptor activation, which may be created as a feedback loop between extrinsic death signals and the

intrinsic route. Prior studies have demonstrated the significance of the extrinsic pathway in the occurrence of

anoikis, wherein the detachment from the ECM triggers the increased expression of Fas and Fas ligand, while

simultaneously reducing the levels of FADD-like interleukin-1β-converting enzyme-like inhibitory protein (FLIP), an

inherent inhibitor of Fas-mediated signaling . Morphological alterations in cells are another interesting trigger for

the extrinsic apoptosis pathway. The rounded shape of a cell, after its detachment has occurred, may cause

“induced proximity” of Fas receptors, triggering their activation . Cell death occurs through the convergence of

both the extrinsic and intrinsic apoptotic pathways, which are dependent on the activation of the effector caspase-

3. The activation of caspase-3 triggers a subsequent proteolytic cascade and exerts an influence on the cellular

apoptosis pathway. The cleavage of signaling molecules, such as focal adhesion kinase (FAK) and protein 130 kDa

Crk-associated substrate (p130Cas), is of utmost importance for the effective implementation of apoptosis .
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When FAK is cleaved by caspases, it interferes with the structure of focal adhesions and dampens the survival

signal they provide. A caspase-mediated cleavage disrupts the localization and interactions of p130Cas with

paxillin as an SH2/SH3 adaptor protein that binds to FAK and transmits integrin signals . On the other hand, the

C-terminal inhibitory fragment generated by p130Cas cleavage hinders the transcription of p21 . Hence, this

inhibitory fragment triggers an apoptotic response and also a cell cycle arrest .
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