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Abstract: Cell survival and death are intricately governed by apoptosis, a meticulously controlled
programmed cell death. Apoptosis is vital in facilitating embryonic development and maintaining
tissue homeostasis and immunological functioning. It is a complex interplay of intrinsic and extrinsic
signaling pathways that ultimately converges on executing the apoptotic program. The extrinsic
pathway is initiated by the binding of death ligands such as TNF-α and Fas to their respective recep-
tors on the cell surface. In contrast, the intrinsic pathway leads to increased permeability of the outer
mitochondrial membrane and the release of apoptogenic factors like cytochrome c, which is regulated
by the Bcl-2 family of proteins. Once activated, these pathways lead to a cascade of biochemical
events, including caspase activation, DNA fragmentation, and the dismantling of cellular components.
Dysregulation of apoptosis is implicated in various disorders, such as cancer, autoimmune diseases,
neurodegenerative disorders, and cardiovascular diseases. This article focuses on elucidating the
molecular mechanisms underlying apoptosis regulation, to develop targeted therapeutic strategies.
Modulating apoptotic pathways holds immense potential in cancer treatment, where promoting
apoptosis in malignant cells could lead to tumor regression. This article demonstrates the therapeutic
potential of targeting apoptosis, providing options for treating cancer and neurological illnesses. The
safety and effectiveness of apoptosis-targeting drugs are being assessed in ongoing preclinical and
clinical trials (phase I–III), opening the door for more effective therapeutic approaches and better
patient outcomes.

Keywords: apoptosis; signaling pathways; morphological changes; physiological significance;
therapeutic strategies

1. Introduction

The formation and maintenance of tissues, as well as the general health of multicel-
lular organisms, depend on the essential and highly regulated process of cell death. It
orchestrates both cell proliferation and elimination, ensuring a physiological balance in
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adult organisms. This intricate mechanism operates during critical stages such as metamor-
phosis, embryogenesis, and tissue turnover and in response to pathogenic threats [1]. The
two primary cell death mechanisms are programmed cell death (apoptosis) and necrosis.
Apoptosis, governed by signals, involves self-destruction in response to environmental or
internal cues, playing a pivotal role in maintaining tissue homeostasis by eliminating un-
necessary or damaged cells. While apoptosis is tightly regulated, involving key molecules
such as caspases, Bcl-2, Bax, and Bak, necrosis is a chaotic and uncontrolled form of cell
destruction associated with pathological reactions following severe cellular injury [2]. Au-
tophagic cell death and necroptosis represent additional programmed forms, contributing
to the understanding of these intricate processes [3].

Apoptosis is an essential process regarding tissue homeostasis, and it eliminates
superfluous cells in multicellular organisms. Several signaling pathways contribute to
apoptosis, with the intrinsic (mitochondrial) and extrinsic (death receptor) pathways being
the main ones. Initiator caspases (caspase-8 and -9) and executioner caspases (caspase-3, -6,
and -7) play pivotal roles in apoptotic signaling cascades. The extrinsic pathway is initiated
by ligands like tumor necrosis factor (TNF), forming a death-inducing signaling complex
(DISC) that activates caspase-8 and downstream caspases [4,5].

The activation of intrinsic pathways in responding to various stress signals trig-
gers mitochondrial outer membrane permeabilization (MOMP). This critical event re-
leases various proteins into the cytosol like cytochrome c, apoptosis-inducing factor (AIF),
and Smac/DIABLO. Cytochrome c activates caspase-9, while AIF contributes to caspase-
independent cell death. Smac/DIABLO enhances caspase activity by blocking inhibitor
of apoptosis proteins (IAPs) [6]. Understanding MOMP is crucial for unraveling disease
pathogenesis and developing targeted interventions. The intrinsic pathway’s delicate
balance involves pro-apoptotic and anti-apoptotic members of the Bcl-2 family. Genes
such as Fas, TNF Receptor 1, Bcl-2, Bid, Caspase-3, p53, and Cytochrome c code for crucial
proteins regulating apoptosis. Caspases, a family of proteases, play a central role in apop-
tosis. These proteases are categorized into initiator (caspase-8 and -9) and executioner
caspases (caspase-3, -6, and -7). The Bcl-2 family of proteins, with its anti- and pro-apoptotic
members, plays a crucial role in regulating apoptosis [7]. The structural arrangement of
Bcl-2 with its BH domains mediates interactions between anti- and pro-apoptotic proteins,
ultimately determining cell fate. The dysregulation of Bcl-2 family proteins is implicated in
various diseases, making them a target for therapeutic research.

The tumor suppressor protein p53 is a crucial regulator of apoptosis and other cellular
processes. Activated in response to DNA damage, p53 functions as a transcription factor,
inducing pro-apoptotic genes and promoting apoptosis or cell cycle arrest. Dysfunctional
or mutated p53 is common in cancers, underscoring its significance as a tumor suppressor.
Cytochrome c, a heme protein essential for cellular respiration, plays a pivotal role in
apoptosis by activating caspases through the formation of the apoptosome. CD95 (Fas)
and TNFR1 are death receptors involved in apoptosis regulation, with CD95 promoting
programmed cell death exclusively and TNFR1 having a broader role in regulating various
cellular responses [8]. IAPs, a family of proteins, inhibit caspase activity, promoting cell
survival by preventing caspase activation.

Apoptosis maintains overall health by eliminating cells not fit for specific functions.
Understanding apoptosis’s molecular mechanisms has illuminated fundamental biological
processes, paving the way for novel therapeutic strategies. Targeting apoptotic pathways
is actively explored for treating diseases like cancer, neurodegenerative disorders, and
autoimmune diseases [9]. Modulating apoptosis-related molecules and pathways holds
potential for innovative therapies.

Efforts are required which are focused on developing anticancer agents targeting
apoptotic pathways. Targeting the anti-apoptotic Bcl-2 family is a key strategy, with small
interfering RNAs and microRNAs showing promise. Drugs inhibiting anti-apoptotic
Bcl-2 proteins are in clinical phases, offering the potential for more effective and less toxic
cancer treatments [10].
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Research into apoptosis has unraveled the sophisticated molecular processes govern-
ing cell survival and death. Caspases, the chief players in apoptosis, have unveiled complex
signaling pathways. Manipulating apoptosis shows promise but requires fine-tuning for
specificity. Advancements in understanding apoptosis pave the way for targeted therapies,
offering hope for diseases where apoptosis plays a crucial role. The prospects of apoptosis
research hold promise, potentially revolutionizing health interventions. Advanced tech-
niques in apoptosis research continue to provide insights, ensuring ongoing progress in
understanding cellular biology and its implications in health and disease.

Furthermore, this comprehensive review article explores different kinds of cell death,
highlighting significant targets within the apoptotic pathway for possible therapeutic
interventions in human disorders. This article gives useful insights by compiling data from
clinical and preclinical medical trials, paving the way for expanding our understanding of
cellular death processes and their significance for medical advancements.

2. Primary Cell Death

Cell death is a fundamental process crucial for the development, tissue maintenance,
and overall health of multicellular organisms. It involves both cell proliferation and
elimination to maintain physiological balance in adult organisms [11]. This process serves
to remove unwanted cells during metamorphosis, embryogenesis, and tissue turnover
and in response to pathogenic threats [12,13]. Two primary cell death mechanisms exist:
programmed cell death and necrosis (Figure 1).
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Figure 1. The common types of cell death: programmed cell death and necrosis. Programmed
cell death includes mainly apoptosis and non-apoptotic forms of cell death, such as autophagy,
necroptosis, and apoptosis-like programmed cell death. Abbreviations: RIPK1/3: receptor interacting
serine threonine kinase 1/3; MLKL: mixed lineage kinase domain-like.

Programmed cell death, or apoptosis, is a genetically regulated process where cells
undergo self-destruction in response to specific signals. These signals can be either ex-
tracellular or intracellular, directed by the cell’s environment or internal factors which
include Bax, Bak, and cytochrome c [14,15]. Apoptosis plays a vital role in maintain-
ing tissue homeostasis by eliminating unnecessary or damaged cells and regulating cell
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numbers in multicellular organisms [16,17]. Exogenous agents including radiation, phys-
ical trauma viruses, and bacterial toxins, and endogenous agents like TRAIL-R4 trigger
programmed cell death under physiological conditions. Another group of exogenous
agents are drugs like ABBV-621, MEDI3039, and Hexa-Body DR5/DR5 which are under
clinical trial and can also induce apoptosis [18,19]. Additionally, internal imbalances like
the withdrawal of growth factors (epidermal growth factor, nerve growth factor, etc.),
loss of trophic hormone (e.g., insulin-like growth factor 1 (IGF-1) a growth hormone)
stimulation [20,21], exposure to glucocorticoids, and detachment from the extracellular
matrix can also induce apoptosis [22,23].

While apoptosis is often associated with programmed cell death, recent studies have
shown that non-apoptotic forms of programmed cell death exist, indicating that pro-
grammed cell death and apoptosis are not synonymous [24,25]. The term “apoptosis” was
first proposed by Kerr et al. (1972) to describe a distinct morphological pattern of cell
death [26,27]. Apoptosis is a tightly regulated process where caspase-3, -7 and -9 act as exe-
cutioners while bcl-2, Bax, and Bak play the role of regulatory molecules. The typical charac-
teristics of apoptotic cell death are blebbing of the cell membrane, chromatin condensation,
DNA fragmentation, cell shrinkage, and detachment from extracellular matrices [1,28].
Biochemically, apoptotic cell death involves the inversion of phosphatidylserine and the
activation of caspases that facilitate cell death [7,29].

Apoptosis is tightly regulated while necrosis, on the contrary, is a chaotic and uncon-
trolled form of cell destruction. It usually involves cell enlargement, the breakdown of
membranes, and the spilling of cellular material in the extracellular space. It is generally
a pathological reaction following severe cellular injury. The liberated cellular material
may be recognized as foreign by the immune system, resulting in an inflammatory re-
sponse. Necrosis, traditionally considered a random and uncontrolled process triggered
by specific stimuli like toxic trauma or physical damage, is morphologically characterized
by cytoplasm and organelle swelling, plasma membrane disruption, and cell lysis [30].
Necrosis is not a completely unordered process; factors like TNFα, which are reported to be
potent apoptotic inducers in a variety of cell types, can also potentially induce necrosis in
the L929 murine fibrosarcoma cell line. The pan-caspase inhibitors zVAD-fmk and CrmA
increase the vulnerability of L929 cells to TNFα-induced necrotic cell death. Similarly, Fas
ligand causes necrosis in this cell line when zVAD-fmk is present [31]. Necrosis can lead
to chronic inflammation, which may promote tumor proliferation [32]. However, recent
research suggests that necrosis can also be programmed in nature. Programmed necrosis
has been observed under specific conditions where apoptosis is chemically or genetically
blocked or repressed [33]. Some anti-apoptotic proteins of the Bcl-2 family have been
shown to inhibit both apoptotic and necrotic pathways [34]. Additionally, the depletion of
ATP levels intracellularly can cause the opening of mitochondrial membrane pores, known
as mitochondrial transition pores (MPTPs), which can transform an apoptotic event into
a necrotic event, indicating possible interactions between these pathways [35]. However,
interest in non-apoptotic forms of programmed cell death, such as autophagy, necroptosis,
and apoptosis-like programmed cell death, is increasing due to the growing understanding
of these processes [36–39].

Autophagic cell death, also known as type II cell death, is a self-degradative process
that plays a significant role in degrading cellular components within dying cells. It is
prevalent in invertebrate tissues. Necroptosis, on the other hand, is a programmed form
of necrotic death, initiated by the same death signals that induce apoptosis. It occurs
in response to physical traumas, infections, and various forms of neurodegeneration. It
is believed that apoptosis and necroptosis share several vital processes, as certain death
receptors can induce both types of cell death [40,41]. Necroptosis has characteristics of both
apoptosis and necrosis. Necroptosis requires the protein RIPK3 (Receptor-interacting pro-
tein kinase-3), which was formerly known as a regulator of inflammation, cell survival, and
illness, and its substrate MLKL (mixed lineage kinase domain-like pseudokinase), which is
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an essential participant in this process. Toll-like receptors, death receptors, interferon, etc.,
contribute to necroptosis [42].

3. Signaling Pathways of Apoptosis

Apoptosis is a highly regulated process that is essential for tissue homeostasis and
eliminating unwanted or damaged cells in multicellular organisms [12]. Several signaling
pathways are involved in apoptosis, with the two main pathways being the intrinsic
(mitochondrial) pathway and the extrinsic (death receptor) pathway. Understanding
apoptotic mechanisms is essential in comprehending the development of diseases caused
by impaired apoptosis, thereby aiding the development of targeted drugs for specific
apoptotic pathways or genes [43].

3.1. Intrinsic Pathway of Apoptosis

Intrinsic apoptosis, mediated by the mitochondrial pathway, works in a tightly reg-
ulated manner, responding to various cellular stresses that result in the release of pro-
apoptotic factors. Maintaining a delicate balance between pro- and anti-apoptotic Bcl-2
family members is critical for regulating mitochondrial integrity and determining cell
fate. The intrinsic pathway culminates in the dismantling of the cell, with apoptotic
cells undergoing changes in their cell surface, facilitating recognition and engulfment
by phagocytes [44].

3.1.1. Mitogen-Activated Protein Kinase (MAPK) Signaling

Mitogen-activated protein kinase (MAPK) signaling plays a complex and context-
dependent role in the regulation of apoptosis, influencing both pro-apoptotic and anti-
apoptotic processes. The MAPK pathway is a conserved intracellular signaling cascade
that responds to various extracellular stimuli, including growth factors, stress signals,
and cytokines. Three major MAPK subfamilies involved in apoptosis regulation are the
Extracellular Signal-Regulated Kinases (ERKs), c-Jun N-terminal Kinases (JNKs), and p38
MAPK [45]. In certain contexts, the activation of ERKs promotes cell survival and inhibits
apoptosis [45]. This can occur through the upregulation of anti-apoptotic proteins, such as
members of the Bcl-2 family, or the inhibition of pro-apoptotic factors. JNK signaling can
either promote cell survival or induce apoptosis, depending on the cellular context and
stimuli. Activation of JNKs is often associated with stress-induced apoptosis. JNKs can
phosphorylate and activate pro-apoptotic Bcl-2 family members, disrupt mitochondrial
membrane integrity, and stimulate the release of pro-apoptotic factors [45,46].

Stress Response: Similar to JNKs, p38 MAPK is activated by cellular stress and plays
a role in stress-induced apoptosis. It can modulate apoptosis by influencing the expres-
sion of pro-apoptotic and anti-apoptotic proteins, as well as by regulating the activity of
transcription factors involved in apoptosis [47].

The MAPK pathways are interconnected, and cross-talk between them adds an-
other layer of complexity to apoptosis regulation. For example, ERK activation may
inhibit JNK-induced apoptosis, highlighting the intricate balance between survival and
death signals [47].

Regulation of MAPK Activity: Feedback mechanisms exist to regulate the duration
and amplitude of MAPK signaling [48]. These mechanisms involve phosphatases and
negative regulators that ensure a controlled response to stimuli, preventing excessive or
prolonged activation that could lead to apoptosis. MAPKs are involved in the transduction
of signals from death receptors, such as Fas and TNF receptors, leading to apoptosis. This
involves the activation of downstream caspases and the regulation of pro-apoptotic Bcl-2
family members (Figure 2). The role of MAPK signaling in apoptosis is highly nuanced,
with context-dependent effects influenced by the specific stimuli, cellular conditions, and
the intricate interplay with other signaling pathways. While MAPKs can promote cell
survival, they also contribute to apoptotic processes, reflecting the complex regulatory
networks that govern cellular fate decisions [49].
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Figure 2. The intrinsic and extrinsic pathways of apoptosis. Intrinsic pathway is activated by various
intracellular signals, like hypoxia, DNA damage, oxidative stress, etc., leading to mitochondrial
dysfunction and release of pro-apoptotic factors like cytochrome c leading to activation of initiator
caspase 9. The extrinsic pathway is activated by TNFα/Fas ligands which bind to their respective
receptors on the cell membrane, leading to activation of initiator caspase 8. Initiator caspases (caspase
8, 9, 10) are pivotal in both pathways and catalyze the proteolytic maturation of effector caspases
(such as caspase 3, 6, 7), leading to the initiation of a caspase cascade, ultimately resulting in cell
demolition. The p53 tumor suppressor protein induces transcription of various pro-apoptotic genes
like BAX, BAK, DR-5, NOXA, and PUMA and inhibits transcription of the anti-apoptotic gene BCL-2.
This intricate network of interactions eventually triggers the apoptotic process. Abbreviations: BAX:
Bcl-2-associated protein x; BAK: Bcl-2 homologs antagonist/killer; DR-5: death receptor 5; NOXA:
pro-apoptotic member of BH3 only protein; PUMA: p53 upregulated modulator of apoptosis; p53:
tumor protein P53.

3.1.2. JAK-STAT Signaling

The activation of the JAK-STAT pathway occurs upon ligand binding, which includes
cytokines, growth factors, or hormones, to cell surface receptors. These receptors are
associated with Janus kinases (JAKs), which become active upon ligand binding. This
activation leads to conformational changes in the receptor, subsequently activating JAKs
associated with it. Phosphorylation of tyrosine residues on the receptor creates docking sites
for Signal Transducer and Activator of Transcription (STAT) proteins. Once recruited, STAT
proteins undergo phosphorylation by JAKs, forming dimers that translocate to the nucleus.
Within the nucleus, STAT dimers bind specific DNA sequences, regulating the transcription
of target genes involved in cell survival, proliferation, differentiation, and apoptosis [50].

The JAK-STAT pathway exhibits dual effects on apoptosis, with some STAT-regulated
genes, including Bcl-2 family members, inhibiting apoptosis by preventing the release
of mitochondrial cytochrome c. Conversely, other target genes may promote apopto-
sis by activating pro-apoptotic pathways. The delicate balance between anti-apoptotic
and pro-apoptotic signals is pivotal in determining cell fate. Dysregulation of the JAK-
STAT pathway is implicated in diseases like cancer, where aberrant survival signaling can
hinder apoptosis [51].
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STAT3 is a transcription factor crucial in the JAK-STAT pathway, participating in
cellular processes like survival, proliferation, and differentiation. STAT3 primarily exerts
an anti-apoptotic function by upregulating anti-apoptotic genes, such as Bcl-2 and Bcl-
xL. These proteins inhibit the intrinsic apoptotic pathway by preventing the release of
cytochrome c from mitochondria. Moreover, STAT3 can directly or indirectly inhibit pro-
apoptotic factors, suppressing the transcription of pro-apoptotic Bcl-2 family members or
inhibiting caspase activation [52].

STAT3 also contributes to mitochondrial protection, crucial in averting apoptosis initi-
ation. It interacts with various signaling pathways, such as PI3K-Akt, indirectly influencing
apoptosis. Aberrant activation of STAT3 is common in cancer, promoting cell survival and
resistance to apoptosis. The role of STAT3 in apoptosis is context-dependent, as it can either
promote cell survival or contribute to pro-apoptotic signals based on specific conditions or
cell types [53].

As STAT3 is recognized as a potential therapeutic target in cancer, the inhibition of its
signaling is explored to induce apoptosis and overcome resistance to cell death. However,
the multifunctional nature of STAT3, its context-dependent effects, and its interactions
with other pathways highlight the complexity of its role in apoptosis. Understanding
these mechanisms is crucial for developing targeted therapies, particularly in diseases
characterized by disrupted cell survival like cancer [54]. Moreover, the STAT pathway
contributes to the induction of NF-κB [55]. Activation of the tripartite IKK complex induces
phosphorylation-mediated degradation of IκB, primarily relying on IKKβ activity [56].
This pathway governs both cell survival and death, with the anti-apoptotic role of the
IKKβ-driven classical pathway being crucial, especially in the modulation of various
immunoreceptors [57].

Apart from extrinsic and intrinsic pathways, there are less well-known pathways
of caspase activation, including the involvement of caspase-12 or caspase-2, which is an
enzyme that participates in the stress-induced apoptosis pathway of the endoplasmic
reticulum (ER). Caspase-12 is found in rodents (and its human counterpart caspase-4 in
ER-stress-induced apoptosis), and its principal function is to mediate apoptosis in response
to stress conditions within the ER. The endoplasmic reticulum is essential in protein folding
and processing, and an accumulation of unfolded or misfolded proteins (ER stress) causes
a cellular reaction known as the unfolded protein response (UPR). This can promote the
release of pro-inflammatory cytokines, therefore coupling ER-stress-induced apoptosis to
inflammatory reactions. Dysregulation of caspase-12 has been linked to chronic illnesses
such as cancer [31]. The other less known pathway is the perforin/granzyme pathway,
which induces apoptosis through granzyme A or granzyme B. Granzyme A and granzyme
B both trigger apoptosis in target cells, although by distinct mechanisms. GrB promotes
caspase-dependent apoptosis, whereas GrA triggers apoptosis via caspase-independent
pathways. Depending on the environment and the kind of target cells confronted by
cytotoxic lymphocytes, the specific granzyme(s) engaged in the immune response may
differ [58,59]. Granzyme A cleaves and activates specific substrates, such as nucleoplasmin,
resulting in chromatin condensation and death outside the normal caspase-dependent
mechanism. GrB, on the other hand, largely promotes the caspase-dependent apoptotic
pathway by cleaving cellular substrates such as caspase-3, caspase-7, and the pro-apoptotic
protein Bid [60]. These apoptotic pathways ultimately converge on the same terminal or
execution pathway [61]. Key regulatory proteins in both intrinsic and extrinsic pathways
are the caspases. Mammalian caspases are categorized into three groups based on their
specific functions: developmental, inflammatory, and apoptotic pathways [62,63]. Caspases
can be classified as initiator (caspase-8 and -9) and effector or executioner caspases (caspase-
3, -6, and -7), depending on their position in apoptotic signaling cascades [64–66]. Initiator
caspases are activated by auto-cleavage and subsequently cleave and activate downstream
“executioner” caspases, leading to the proteolytic dismantling of the cell [67–69].

BH3-only proteins (BAX and BAK) become activated following apoptotic stimuli
and trigger the release of cytochrome c and Smac/DIABLO, forming the apoptosome
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complex [70–73]. The apoptosome activates the initiator caspase-9, which, in turn, triggers
the caspase-3 cascade, eventually causing cell demolition [74].

AIF also plays a role in cell survival. Smac/DIABLO and Omi/HtrA2, other released
mitochondrial proteins, interact with inhibitor of apoptosis (IAP) proteins, promoting
caspase activation [75–77]. In summary, understanding apoptotic pathways is vital for
unraveling disease pathogenesis and advancing drug development targeting specific apop-
totic mechanisms.

3.1.3. Mitochondria-Dependent Cell Death: The Role of MOMPs

The intrinsic (mitochondrial) pathway is activated by various stress signals, such as
reactive oxygen species (ROS), DNA damage, endoplasmic reticulum stress, damaged
cytoskeleton, loss of cell adhesion, withdrawal of growth factors, and macromolecular
synthesis inhibition, among others [78–82]. Key features of apoptosis, such as fragmentation
of DNA, condensation of chromatin, loss of plasma membrane asymmetry, and blebbing
of cells, rely on the activation of caspases [83–86]. These caspases play a critical role in
cleaving specific cellular substrates [87].

In the mitochondrial pathway, the activation of caspases hinges on MOMP, a crucial
event often referred to as the ‘point of no return’ during apoptosis [87]. This event releases
various proteins into the cytosol (Figure 3a). One such protein is cytochrome c, which binds
to apoptotic protease-activating factor-1 (APAF-1), triggering the formation of the apopto-
some [88]. Subsequently, this leads to the activation of initiator caspase-9 and executioner
caspase-3, ultimately culminating in cell death. Apoptosis-inducing factor (AIF) is another
example of a protein that is released by the mitochondria [89]. In contrast to cytochrome c,
AIF migrates into the nucleus, where it contributes to chromatin condensation and DNA
breakage, hence facilitating caspase-independent cell death mechanisms. Smac/DIABLO,
another protein generated during MOMP, is a pro-apoptotic protein that works by block-
ing inhibitor of apoptosis proteins (IAPs), enabling caspases to become more efficient in
promoting apoptosis [90]. Smac interacts with IAPs, specifically targeting their baculovirus
IAP repeat (BIR) domains. IAPs, which include proteins like XIAP (X-linked inhibitor of
apoptosis protein), inhibit caspase activity by binding to IAPs [91].
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resulting in the activation of caspases and finally culminating in apoptosis or cell death through a
caspase-independent manner (CICD); (b) cellular stress activates BH3 proteins (Bim, Bid) and p53
which either directly activate BAX or BAK to form pores in the OMM and finally result in apoptosis
or inhibit anti-apoptotic proteins (BCL-2, BCL-xL and MCL-1) by de-repressor BH3-only proteins
(like Bik, Noxa, Puma, etc.). Abbreviations: BCL-2: B-cell leukemia/lymphoma 2 protein; BCL-Xl:
B-cell lymphoma extra-large; BAX: Bcl-2-associated protein x; BAK: Bcl-2 homologs antagonist/killer;
Bid: BH3-interacting domain death agonist; Bim: Bcl-2-interacting mediator of cell death; Bik: BCL-2-
interacting killer; MCL-1: myeloid cell leukemia sequence 1; NOXA: pro-apoptotic member of BH3
only protein; OMM: outer mitochondrial membrane; IMM: inner mitochondrial membrane; IMS:
intermembrane space; PUMA: p53 upregulated modulator of apoptosis; p53: tumor protein P53.

Besides cytochrome c, AIF, and Smac/DIABLO, mitochondria also release endonucle-
ase G and Omi/HtrA2. Endonuclease G participates in DNA fragmentation during apopto-
sis. Omi/HtrA2 is also a pro-apoptotic molecule that works similarly to Smac/DIABLO.
Figure 3b describes the role of cellular stress that initiates the activation of pro-apoptotic
BH-3 proteins. Bax, Bid, and various other proteins govern cellular fate via regulating apop-
tosis, which is required for the health of tissue. The dynamic interaction of pro-apoptotic
and anti-apoptotic components of the Bcl-2 family determines whether cells survive or die,
which has implications for cancer research and therapeutic therapies targeting apoptotic
pathways. This topic is explained in detail under “The Bcl-2 family of proteins”.

3.1.4. Cytosolic Cytochrome c: A Potent Pro-Apoptotic Protein

The mitochondrial intermembrane space (IMS) houses a diverse group of proteins
that play a critical role in promoting cell death upon their release. Among these pro-
apoptotic proteins, Cytochrome c (Cyt c) stands out as the first identified component at the
molecular level. These events are meticulously regulated by various heat shock proteins
(HSPs) (Figure 4) and eventually enable the catalytic maturation of caspase-3 and other
caspases, ultimately orchestrating the biochemical and morphological characteristics of
apoptosis [92–94]. Furthermore, other soluble proteins released from mitochondria during
apoptosis induction contribute to the caspase cascade by counteracting caspase-inhibitory
proteins, IAPs [95]. One notable example is the Second mitochondria-derived activator
of caspases/Direct Inhibitor of Apoptosis-Binding protein with a low isoelectric point
(Smac/DIABLO), which exposes its N-terminus through proteolytic maturation when the
precursor polypeptide is imported into the mitochondria [96]. This exposed N-terminus can
interact with and neutralize IAPs when the protein is released into the cytosol. Similarly, the
high-temperature requirement protein A2 (HtrA2, also known as Omi), a serine protease,
contains an IAP-binding N-terminus, contributing to the regulation of apoptosis [97].

Apoptosome formation is a crucial step in the intrinsic or mitochondrial pathway of
apoptosis, which is a programmed cell death process. A more detailed explanation of the
process is provided as follows:

In response to various cellular stress signals, such as DNA damage or cellular in-
jury, mitochondria release cytochrome c into the cytoplasm [98]. Once in the cytoplasm,
cytochrome c binds to Apaf-1, which is a cytosolic protein known as apoptotic protease-
activating factor 1 [99]. The binding of cytochrome c induces a conformational change
in Apaf-1, allowing it to form a large oligomeric structure called the apoptosome [100].
Apaf-1 oligomerization leads to the recruitment and activation of procaspase-9 molecules.
Procaspase-9 is an inactive form of caspase-9, which is a key enzyme involved in initi-
ating the apoptotic cascade [101]. Within the apoptosome, the procaspase-9 molecules
undergo auto-activation, where one procaspase-9 molecule cleaves another to generate
active caspase-9 [102]. This active caspase-9 then triggers a cascade of downstream events
by activating other caspases, such as caspase-3 and caspase-7, which ultimately lead to
the execution of apoptosis [103]. The formation of the apoptosome is a critical event in
the intrinsic pathway of apoptosis, which is regulated by the balance of pro-apoptotic
and anti-apoptotic proteins, particularly in the mitochondria. This pathway plays a cru-
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cial role in normal development, tissue homeostasis, and the elimination of damaged or
unwanted cells [104].
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Figure 4. Apoptotic stimuli activate mitochondria to release Cyt c into the cytoplasm. Cyt c, once
in the cytoplasm, binds with Apaf-1 and procaspase-9 to form a complex called the apoptosome.
The apoptosome leads to the activation of procaspase-9 to caspase-9 which leads to activation of
executioner caspase-3 which favors apoptotic cell death. HSP at different levels controls the apoptotic
cascade right from Cyt c to caspase-3. Smac/Diablo and HtrA2 negatively regulate XIAP. AIF
and Endo-G, once released, cause chromatin condensation and DNA fragmentation (hallmarks of
apoptosis) in a caspase-independent fashion. Abbreviations: AIF: apoptosis-inducing factor; Apaf:
apoptotic protein-activating factor; casp-9, caspase-9; Cyt.c, cytochrome c; Endo-G: endonuclease-G;
HSP: heat shock protein; HtrA2/Omi: high-temperature requirement protein A2; Smac/DIABLO:
Second mitochondria-derived activator of caspases/Direct Inhibitor of Apoptosis-Binding protein
with a low isoelectric point; XIAP: X-linked inhibitor of apoptosis protein.

3.2. Extrinsic (Death Receptor) Pathway

The extrinsic pathway is initiated by extracellular death ligands binding to specific
death receptors on the cell surface. The binding of ligands, such as tumor necrosis factor
(TNF) and Fas ligand (FasL), to their respective receptors triggers the following steps:

3.2.1. Death Receptor Activation

Death receptor activation is a key process in the initiation of apoptosis, or programmed
cell death. Death receptors are a class of cell surface receptors that include TNF receptor 1
(TNFR1) and Fas (CD95) [8,105–107]. When a ligand, such as tumor necrosis factor (TNF) or
Fas ligand (FasL), binds to the death receptor on the cell surface, it induces the trimerization
of the death receptor. The trimerization of death receptors enables the recruitment of
adaptor proteins to the intracellular side of the receptor. Two important adaptor proteins
involved in death receptor signaling are the Fas-associated death domain (FADD) and TNF
receptor-associated death domain (TRADD) [108]. FADD contains a death domain that
interacts with the death domain of the death receptor. TRADD also contains a death domain
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and can be associated with the death receptor of TNF through this domain [109,110]. These
interactions between the adaptor proteins and death receptors are crucial for transmitting
apoptotic signals. Once FADD or TRADD is recruited to the death receptor complex,
it can further recruit and activate downstream signaling molecules, forming a complex
called the death-inducing signaling complex (DISC). The DISC activation leads to the
activation of caspases, which are enzymes that play a central role in the execution of
apoptosis [4,111–114]. Overall, death receptor activation triggers a series of molecular
events that ultimately result in programmed cell death. This process is important for
regulating various physiological and pathological processes, including immune response,
tissue homeostasis, and elimination of damaged or infected cells [115–118].

3.2.2. Caspase-8 Activation

The attachment of FADD to the death receptor recruits procaspase-8, resulting in its
activation and the formation of the death-inducing signaling complex (DISC). Alternatively,
TRADD can recruit receptor-interacting protein kinase 1 (RIPK1), leading to the formation
of the ripoptosome complex. Cross-talk between RIPK1 and TRADD is required for TNF
signal transmission [119]. The ripoptosome is a signaling complex that plays a role in
necroptosis. This activates caspase 8, which is generally linked with apoptosis, but in the
setting of ripoptosome stimulation, it helps facilitate cell death pathways, connecting the
necroptosis-apoptosis pathways. Activated caspase-8 then directly activates downstream
effector caspases, such as caspase-3 and caspase-7 [120–122].

3.3. The Regulatory Role of Genes and Their Protein Products, and the Convergence of Intrinsic
and Extrinsic Pathways

Caspase-8 can also cleave and activate the Bid, which is a member of the pro-apoptotic
Bcl-2 family, leading to the generation of its truncated form known as tBid. This tBid can
translocate to the mitochondria and induce MOMP, initiating the intrinsic pathway [123]. It
is important to note that the intrinsic and extrinsic pathways are interconnected and can
cross-regulate each other at various points, amplifying the apoptotic signal. Additionally,
other pathways, such as the endoplasmic reticulum stress pathway, can also contribute to
apoptosis under specific conditions [124,125].

3.3.1. Genes and the Translation Products Involved in Apoptosis

The intrinsic pathway is regulated by a delicate balance between pro-apoptotic and
anti-apoptotic members of the Bcl-2 family of proteins; it is a highly regulated process
essential for maintaining tissue homeostasis, eliminating damaged or infected cells, and
preventing the proliferation of potentially harmful cells. A few genes that code for such
proteins are Fas (FAS), TNF Receptor 1 (TNFRSF1A), Bcl-2 (BCL2), Bid (BID), Caspase-3
(CASP3), p53 (TP53), Cytochrome c (CYCS), etc. Several molecules and proteins play crucial
roles in orchestrating the apoptotic process. In this review, we discuss some of the key
players in detail:

3.3.2. Caspases

Caspases are a family of proteases (enzymes that cleave proteins) that play a central
role in apoptosis. They exist in an inactive form and are activated during apoptosis to
execute the dismantling of the cell. There are two main types of caspases in apoptosis:
initiator caspases (e.g., caspase-8 and caspase-9) and executioner caspases (e.g., caspase-3
and caspase-7). Initiator caspases activate executioner caspases, leading to the degradation
of cellular components and eventual cell death [126–129].

3.3.3. Bcl-2 Family of Proteins

The Bcl-2 family of proteins plays a crucial role in regulating apoptosis. The Bcl-2
homology (BH) domains are an essential component of the conserved structure seen in
the Bcl-2 protein family. This family comprises both anti- and pro-apoptotic proteins. The
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anti-apoptotic members, such as Bcl-2, have four BH domains (BH1 to BH4) that result in
the formation of a globular structure. Contacts with pro-apoptotic proteins are mediated
by BH1 to BH3 domains, and membrane adherence is regulated by BH4. This structural
arrangement regulates apoptosis [130]. This family includes both pro- and anti-apoptotic
members, and their interactions ultimately determine cells’ fate. Pro-apoptotic members,
such as Bax and Bak, promote apoptosis by inducing the release of cytochrome c from
the mitochondria, which triggers a cascade of events leading to cell death. These proteins
form pores in the outer mitochondrial membrane, facilitating the release of pro-apoptotic
factors into the cytosol. On the other hand, anti-apoptotic members, like Bcl-2 and Bcl-xL,
function to prevent apoptosis and promote cell survival [131]. They do so by binding and
sequestering the pro-apoptotic Bax and Bak proteins, preventing them from forming pores
in the mitochondrial membrane and inhibiting the release of cytochrome c. The balance
between pro- and anti-apoptotic is crucial. When the pro-apoptotic signals outweigh the
anti-apoptotic signals, the cell is more likely to undergo apoptosis. Conversely, when
the anti-apoptotic signals dominate, the cell is more likely to survive and continue its
normal functions. Dysregulation of Bcl-2 family proteins can have significant implications
in various diseases, including cancer and neurodegenerative disorders, where an abnormal
balance between pro- and anti-apoptotic factors can contribute to uncontrolled cell growth
or cell death [132,133]. As a result, Bcl-2 family proteins have been a target of intense
research, to develop therapies that can selectively modulate apoptosis to treat different
types of malignancies [134].

3.3.4. Tumor Suppressor Protein p53

The tumor suppressor protein p53 is indeed a crucial regulator of apoptosis, as well as
other cellular processes [135]. It plays a central role in maintaining genomic stability and
preventing the formation of cancer. When a cell undergoes DNA damage or other cellular
stresses, p53 is activated and accumulates in the nucleus [136]. This activation can occur
through various mechanisms, such as post-translational modifications or stabilization of
the protein. Once activated, p53 functions as a transcription factor, binding to specific
DNA sequences near target genes and promoting their transcription [137,138]. One of the
main outcomes of p53 activation is the induction of pro-apoptotic genes [139]. These genes
encode proteins that promote cell death, triggering the process of apoptosis. By promoting
apoptosis in damaged or stressed cells, p53 helps eliminate potentially harmful cells from
the body, reducing the risk of cancer development [139,140]. Additionally, p53 can also
induce cell cycle arrest, allowing time for DNA repair before the cell proceeds through
the cell cycle. p53 is a critical guardian of the genome, responding to cellular stress by
either promoting apoptosis or halting the cell cycle for repair [141,142]. Dysfunctional or
mutated p53 is commonly found in various cancers, highlighting its significance as a tumor
suppressor [143–145]. Understanding the mechanisms of p53 regulation and function is
essential for developing targeted cancer therapies and advancing our knowledge of cell
biology and cancer biology [146–148].

The p53 protein, often referred to as the “guardian of the genome”, is a tumor sup-
pressor protein that plays a crucial role in cell division regulation and preventing tumor
formation. It is encoded by the TP53 gene and is one of the most important tumor suppres-
sors in the human body [149]. The mechanism of p53 involves its activation, DNA binding,
and subsequent regulation of target genes [150]. The activity of p53 is tightly regulated
under normal conditions. It is mainly regulated by its interaction with a negative regulator
called MDM2 (Mouse Double Minute 2). MDM2 binds to p53 and marks it for degradation,
keeping its levels low in the cell [151]. However, various cellular stresses such as DNA dam-
age, hypoxia, or oncogene activation can lead to the activation of p53 [3]. Upon activation,
p53 undergoes a series of modifications, including phosphorylation, acetylation, and other
post-translational modifications, which stabilize and activate the protein. Once activated,
p53 acts as a transcription factor, meaning it can bind directly to specific DNA sequences in
the promoter regions of its target genes. Once bound to DNA, p53 regulates the expression
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of a wide array of target genes involved in various cellular processes, including DNA repair,
cell cycle arrest, apoptosis, and senescence (cellular aging). The specific response triggered
by p53 depends on the nature and extent of cellular damage [152].

In response to DNA damage, p53 induces the expression of genes like p21 (CDKN1A),
which halts the cell cycle at the G1/S or G2/M checkpoints. This arrest provides time
for DNA repair before cell division. p53 activates the expression of genes involved in
DNA repair mechanisms, enhancing the cell’s ability to fix damaged DNA and maintain
genomic stability [153]. If the DNA damage is extensive and irreparable, p53 promotes the
expression of pro-apoptotic genes like BAX, PUMA, and NOXA, leading to programmed
cell death. This prevents the propagation of cells with severe DNA damage that could
potentially develop into cancer. In certain circumstances, p53 induces cellular senescence, a
state of irreversible growth arrest that prevents damaged cells from proliferating. Overall,
the proper functioning of p53 is vital for maintaining genome stability and preventing the
development of cancer. Mutations in the TP53 gene can lead to dysfunctional p53, which
compromises its tumor-suppressing capabilities, contributing to the uncontrolled growth
of cancer cells [154,155].

3.3.5. Calpains and Calcium Signaling by IP3 Receptor

Calcium-independent proteases, known as caspases, have an established role in apop-
tosis. Apart from this, non-caspase proteases like calpains, cathepsins, granzymes, and
the proteasome also execute apoptosis [156]. The calpains are broadly classified as tissue-
specific calpains and ubiquitous calpains. The tissue-specific group includes skeletal-
muscle-specific calpain-3 and stomach-specific calpain-9, for example. Calpain I and
calpain II are among the ubiquitous calpains. They are identified by their requirement
for different in vitro concentrations of Ca2+ for activation. A concentration of 2–80 µM is
required for calpain I, and a concentration of 0.2–0.8 mM of Ca2+ for calpain II [157,158].
The calpain family is conserved from fungi to humans [159]. Typical calpains (1, 2, 3, 8, 9,
11, 12, and 14) contain a penta-EF hand Ca2+ in domain IV that can bind the calpain small
subunit (only calpains 1, 2, and 9 have been shown to dimerize) or calpastatin [160,161].
Atypical calpains (5, 6, 7, 10, 13, and 15) lack a penta-EF hand in domain IV and are unable
to bind the calpain small subunit or calpastatin. The cytosolic Ca2+ concentration in resting
cells is ~100 nM and is maintained by enzymes that translocate Ca2+ ions across the plasma
membrane or into intracellular stores. Mitochondria can modulate the kinetics and cellular
distribution of Ca2+ ions and signals by sequestering Ca2+ ions. This Ca2+ is utilized for
the activation of matrix enzymes for ATP production [162,163].

Cytosolic Ca2+ levels are increased physiologically when cells are challenged with
fluctuating levels of hormones and growth factors or mechanical deformation. The Ca2+

ions can be released from intracellular stores and then enter the cell across the plasma
membrane. For mobilizing Ca2+ stores, inositol 1,4,5-trisphosphate (IP3) receptors are a
principal route in most of the cells. The release of Ca2+ via IP3 receptors stimulates diverse
cellular activities that are vital and critical for life, such as post-fertilization Ca2+ oscillations.
However, under some conditions, IP3-receptor-mediated Ca2+ signals destabilize the cell,
resulting in cellular demise [164–166].

IP3 receptors are large (~1200 kDa) tetrameric proteins. The subunit of each projects
an amino-terminal domain into the cytoplasm. Membrane-spanning carboxy-terminal
regions form an integral Ca2+ channel [167]. IP3 binding by the amino-terminal domains
causes a conformational change that promotes channel opening. The IP3 binding site and
transmembrane regions contain a regulatory area. Although IP3 is necessary to activate IP3
receptors, the activation of these channels also depends on the ambient Ca2+ concentration.
At a concentration of approximately 500 nM, Ca2+ works synergistically with IP3 to activate
IP3 receptors. However, at higher concentrations, cytosolic Ca2+ inhibits IP3 receptor
regulatory and activity sites. The inhibition of IP3 receptors by Ca2+ is thought to be
a crucial mechanism and a druggable target for terminating channel activity and thus
preventing pathological Ca2+ rises [168,169].
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3.3.6. Cytochrome c

Cytochrome c is a heme protein that is essential for cellular respiration. It is located in
the IMM and is involved in electron transfer between the ETC complexes III and IV—the
heme group is a prosthetic group comprising a Ferrous atom coordinated with a porphyrin
ring. The heme group is buried inside protein and is involved in accepting and transferring
electrons because iron can exist in different oxidation states. The general structure of
cytochrome c is conserved across species, indicating its importance in cellular respiration.
Upon binding to the Apaf-1 protein in the cytoplasm, it forms the apoptosome, which
activates initiator caspases, resulting in the activation of an apoptotic cascade [170,171].

3.3.7. Death Receptors

Although both the CD95 (Fas) receptor and the TNFR1 (Tumor Necrosis Factor Re-
ceptor 1) are involved in regulation through apoptosis, they differ in their functionality.
CD95 possesses an internal death domain that is essential for apoptosis signaling, whereas
TNFR1 comprises extracellular cysteine-rich regions for ligand binding and a death domain
that regulates a variety of cellular responses, including inflammation and apoptosis. CD95
promotes programmed cell death (apoptosis) exclusively, whereas TNFR1 has a broader
role, regulating inflammation and immunological responses in addition to apoptosis [171].

3.4. Inhibitor of Apoptosis Proteins (IAPs)

IAPs are a family of proteins that can inhibit caspase activity and promote cell survival.
They can block apoptosis by binding to and inhibiting caspases, thus preventing their
activation [172–174]. These players form a complex network of interactions and cross-talk
to determine whether a cell will undergo apoptosis or evade its fate. Apoptosis can lead
to severe consequences if it becomes out of control (dysregulated) and can contribute
to various diseases, like cancer, neurodegenerative disorders, and autoimmune diseases.
Researchers continue to study these key players and their regulatory networks to gain a
deeper understanding of apoptosis and develop potential therapeutic interventions.

4. Role in Health and Disease

Apoptosis balances the overall health of an individual by eliminating cells that are
not in a condition to perform their specific function. Dysregulation of apoptosis has been
implicated in a wide range of diseases, including cancer, neurodegenerative disorders,
autoimmune diseases, and cardiovascular diseases [175–180]. Understanding the molecular
mechanisms underlying apoptosis has not only shed light on fundamental biological pro-
cesses but also paved the way for the development of novel therapeutic strategies [181]. The
intricate understanding of apoptosis has opened new avenues for therapeutic interventions.
Targeting apoptotic pathways holds immense potential for the treatment of various diseases.
Strategies aimed at inducing apoptosis in cancer cells or preventing excessive cell death
in neurodegenerative disorders are actively being explored. Furthermore, modulation of
apoptosis-related molecules and pathways may lead to the development of innovative
therapies for conditions where apoptosis dysregulation plays a vital role [182,183].

4.1. Targeting Apoptosis for Enhanced Cancer Treatment

Significant efforts have been dedicated to the development of diverse and promising
experimental anticancer drugs that can influence apoptotic pathways [184,185]. Given
that apoptosis plays a dual role, researchers aim to target any defects or abnormalities
along these pathways to restore apoptotic signaling and eradicate cancer cells. One key
target for intervention is the anti-apoptotic Bcl-2 family of proteins. The overexpression
of these pro-survival members is associated with aggressive cancer and chemoresistance,
making them highly attractive therapeutic targets for pharmacological manipulation of
cell death [186]. Studies have demonstrated that using small interfering RNAs (siRNAs)
to inhibit these pro-survival Bcl-2 family members can induce apoptosis and lead to a
reduction in tumor growth [187,188]. For example, specific downregulation of Mcl-1
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through siRNA resulted in significant apoptosis of the leukemia cells (HL-60) in vitro [189].
Additionally, certain microRNAs, such as miR-195, miR-24-2, miR-365-2, miRNA-15a, and
miRNA-16-1, have been found to regulate Bcl-2 expression, highlighting their therapeutic
potential in this context [10,190–192]. Multiple drugs that are designed to target key
components of apoptosis are in development phases, with some showing promising results
in clinical phases [193], as shown in Table 1.

4.2. Strategies for Inducing Apoptosis
4.2.1. Bcl2 Antisense

This approach involves downregulating Bcl-2 proteins by targeting their correspond-
ing mRNA [194]. For instance, Oblimersen sodium (G3139, Genasense), an 18-antisense
oligonucleotide, was the first agent targeting Bcl-2 mRNA to enter clinical trials [195–197].
Preclinical studies have shown that Oblimersen sodium reduces Bcl-2 expression, leading
to cytotoxic and cytostatic effects in various cancer cells, including breast, ovarian, prostate,
melanoma, non-small-cell lung carcinoma (NSCLC), bladder, and gastric cancers [198–204].
Clinical trials combining the antisense agent with cytotoxic anticancer drugs have also been
pursued to enhance drug sensitivity in different cancer cells.

4.2.2. Small Molecule Inhibitors of BCL-2 Proteins: These Inhibitors Can Be Classified into
Two Groups

(a) Molecules affecting gene or protein expression

Certain components, such as members of the steroid/retinoid superfamily of ligand-
activated transcription factors (SRTFs), offer potential targets for modulating Bcl-2 and
Bcl-xL genes [205,206]. Small molecule drugs that modulate the activity of retinoic acid
receptors (RARs), retinoid X receptors (RXRs), PPAR, and vitamin D receptors (VDRs) have
shown promise in downregulating Bcl-2 or Bcl-xL expression in various cell lines including
IEC-6, K562, etc. [207–211]. For example, Troglitazone or ∆2-TG, a potent PPAR agonist, has
been found to inhibit the anti-apoptotic functions of Bcl-xL and Bcl-2, triggering caspase-
dependent apoptosis [212,213]. Other molecules, such as histone deacetylase inhibitors,
synthetic cytotoxic retinoids, cyclin-dependent kinase inhibitors, and deubiquitinase in-
hibitors, downregulate RNA expression in human T lymphoma (DHL-4 and DHL-6) and
hepatic (HCC) cell lines [214–218].

(b) Molecules targeting proteins

These small molecules directly bind to anti-apoptotic Bcl-2 proteins at their BH3-
binding groove, mimicking the action of BH3 proteins [219]. Examples of such agents
include gossypol, Obatoclax (GX15-070), ABT-737, and ABT-263 or navitoclax, which target
different anti-apoptotic members of the Bcl-2 family, such as Bcl-2, Bcl-xL, Bcl-W, Mcl-1,
Bcl-B, and Bfl-1, thereby exhibiting potential antitumor efficacy [220] Table 1.

Table 1. Trials (clinical and preclinical) of drugs targeted for cancer cells through apoptotic pathways.

Drugs Mechanism/Target Trial Phase Type of Cancer Trial ID and References

1. Targeting Anti-Apoptotic Bcl-2 Family Members Using Bcl-2 Antisense *

Oblimersen Sodium
(G3139, Genasense

(trial name))
Inhibitor Bcl-2

Phase I NTC00039117/(NCI)

Phase I/II
Acute myeloid leukemia

(combined with cytarabine and
Daunorubicin)

NTC00055822/(NTC)

Phase I/II Advanced colorectal cancer
(combined with chemotherapy) NTC00064259/(NTC)

Phase I/II

Advanced esophageal,
gastroesophageal junction, and
gastric cancer (combined with

Cisplatin and Fluorouracil)

NCT00063934/(NTC)
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Table 1. Cont.

Drugs Mechanism/Target Trial Phase Type of Cancer Trial ID and References

Oblimersen Sodium
(G3139, Genasense

(trial name))
Inhibitor Bcl-2

Phase II Advanced breast cancer (combined
with Doxorubicin and Docetaxel) NCT00079131/(NCT)

Phase II Merkel cell carcinoma NCT00049192/(NCT)

Chronic myelogenous leukemia
(combined with Imatinib Mesylate)

Phase II
B-cell Hodgkin

lymphoma(combined with
cisplatin and 5-fluorouracil)

NCT00054639/(NCT)

Phase II Chronic myelogenous leukemia
(combined with Imatinib Mesylate) NCT00049192/(NTC)

Phase II Small-cell lung cancer (combined
with carboplatin/etoposide) NCT00042978/(NTC)

Phase III
Multiple myeloma and plasma cell

neoplasms (with or without
dexamethasone)

NCT00017602/(Genta
Incorporated, Berkeley

Heights, NJ, USA)

Phase III

Chronic lymphocytic leukemia
(CLL) (combined with Fludarabine

and Cyclophosphamide) and
myeloma (plus dacarbazine)

NCT00024440/(Genta
Incorporated)

Phase III
NCT00016263

and NCT00518895/
(Genta Incorporated)

2. Strategy for p53 Activation Apoptosis

(a) Small Molecule MDM2 Inhibitors **

R7112 (Nultlin-3
analogs of cis
imidazoline)

Preventing
MDM2-P53
interaction

Phase I Advanced solid tumors NTC00559533 (Hoffmann-La
Roche, Basel, Switzerland)

JNJ-26854165
(tryptamine
derivative)

Preventing
MDM2-P53
interaction

Phase I Advanced-stage or refractory
solid tumors

NTC00676910
(Johnson & Johnson

Pharmaceutical Research &
Development, L.L.C,

Raritan, NJ, USA)

(b) Small Molecules Restoring Mutated p53 to Wild-Type p53 ***

SCH529074

Reactivates mutant
P53 and inhibits

ubiquitination of P53
by MDM2

Preclinical
WiDr, DLD-1, KLE, H322, MCF7,

SJSA, WS-1, and MB-468
cancer cells

[221]

MIRA-3 Reactivates
mutant p53 Preclinical Tumor cells [222]

PK083 Reactivation of Y220C
mutant p53 Preclinical Tumor cells [223]

PRIMA-1 Reactivates
mutant p53 Preclinical Tumor cells (combined treatment

with Cisplatin) [224]

APR-246 Reactivates
mutant p53 Phase I

Malignancies or
hormone-refractory

prostate cancer
[225]

475P–A (ALRN-6924
and palbociclib) Reactivate p53 Phase IIa Inhibits AML cell growth and

clonogenic capacity [226]

(c) p53 Vaccines #

Adjuvant dendritic
cell (DC)

Modified/optimized
HLA class I binding

peptides for CTL
Phase I Head and neck squamous

cell carcinoma [227]
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Table 1. Cont.

Drugs Mechanism/Target Trial Phase Type of Cancer Trial ID and References

Peptide-based
vaccines

Facilitate the
induction of

antitumor immune
responses, particularly

antitumor CTL

Phase I/II - Colorectal cancer [228]

Phase II - Ovarian cancer [229]

Dendritic-cell-based
vaccine Phase II

- Advanced (breast, cervical,
colorectal, lung,

ovarian, pancreatic)
NCT00019084

Recombinant virus

Phase I/II - Breast cancer [230]

Phase I/II - Colorectal cancer [231]

Phase I/II - Small cell lung cancer [232]

Phase I - Brain and central nervous
system tumors

NCT00004080
(NCI, Bethesda, MD, USA)

3. Antibodies Targeting TRAIL Receptors ##

Dulanermin Targets TRAIL-R1 and
TRAIL-R2 Phase I/II - Non-Hodgkin’s lymphoma

(combined with Rituximab)

NCT00400764
(Genetech, Inc., San Francisco,

CA, USA)

Mepatumumab (HGS
ETR1, TRM-1) Targets TRAIL-R1 Phase II Multiple myeloma

(combined with Bortezomib)

NCT00315757 (Human
Genome Science Inc.,
Rockville, MD, USA)

Lexatumumab
(AMG 655) Targets TRAIL-R2 Phase I - Metastatic tumors NCT00428272

(NCI)

Conatummab
(HGS-ETR2) Targets TRAIL-R2 Phase I/II

- Colon cancer, colorectal cancer,
rectal cancer, metastatic colorectal
cancer oncology (combined with

panitumumab)

NCT00630786
(Agmen, Thousand Oaks,

CA, USA)

Drozitumab Targets TRAIL-R2 Phase Ib

- Metastatic colorectal cancer
(mCRC) (combined with

cetuximab + irinotecan or FOLFIRI
± bevacizumab)

[233]

Tigatuzumab Targets TRAIL-R2 Phase II - Breast cancer (combined with
Abraxane)

NCT01307891 (University of
Alabama at Birmingham,
Birmingham, AL, USA)

LBY135 Targets TRAIL-R2 Phase I/II - Solid tumor (with or
without capecitabine) [234]

4. Dual Bcl-2 and Bcl-xl Inhibitor ###

Navitoclax
Inhibits BIM and

anti-apoptotic protein
interactions

Phase I/II
CLL

Advanced solid tumors
Melanoma NSCLC

NCT02079740 NCT02520778
NCT01989585 NCT02143401

APG-1252
Binds specifically to
BCL-2 or BCL-XL’s

hydrophobic pocket
Phase I/II SCLC

Advanced solid tumors NCT03387332

5. Selective BCl-2 Inhibitor †

Venetoclax
Selectively binds to
BCL-2, displacing

pro-apoptotic
Phase I-III

CLL
FDA approvedNHL

AML

S55746 (BCL201)
Externalization of

phosphatidylserine,
caspase-3 activation,
and PARP cleavage

Phase I
CLL

NCT02920697 NCT02603445NHL

Multiple myeloma

APG-2575 Activate the
mitochondrial

apoptotic pathway

Phase I
CLL

NCT03913949 NCT03537482
NHL

6. BCl-xl Inhibitor ††

Mirzo-C
Conjugate of three;

specifically the target
of BCL-XL

Phase I Solid tumors NCT03595059
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Table 1. Cont.

Drugs Mechanism/Target Trial Phase Type of Cancer Trial ID and References

7. MCL1 Inhibitor †††

AMG176
Binds to the

BH3-binding groove
of MCL-1

Phase I
AML NHL

NCT03797261 NCT02675452Multiple
Myeloma

MIK665 (S64315) Through induced loss
of NOXA Phase I

AML
NCT02992483 NCT02979366

NCT03672695
NHL

Multiple myeloma

AZD5991 Direct inhibitor of
MCL-1 Phase I

NHL

NCT03218683
AML
ALL

Multiple myeloma

8. Inhibitor of Apoptosis (IAP) and SMAC Mimetics ‡

LCL161

Activation of
non-canonical NF-κB

pathways and
production of TNF-α

Phase I/II

Advanced solid tumors

NCT02649673 NCT03111992
NCT02098161

Breast cancer
Colorectal

NSCLC
SCLC

Multiple myeloma
Polycythemia Vera

Myelofibrosis

Birinapant (TL32711) Binds IAPs, promotes
their degradation Phase I/II

Advanced solid tumors
NCT02587962 NCT03803774NHL

* A dose of 3–7 mg/kg/day given as a continuous intravenous infusion; side effects mainly include neutropenia,
hypokalemia, mucositis, fatigue, dizziness, thrombosis, and dehydration. ** A single oral dose of the compound at
200 mg/kg, toxic to normal tissues also. *** Dose depends on the stage and size of the tumor, mostly well tolerated.
# Three to four doses at 3-week intervals, multiple routes, reported to be safe, yet survival needs to be analyzed.
## The dose depends on the type of cancer, given as intravenous/intradermal infusion, which causes infusion
reactions as they are proteins. ### Given as a single intravenous agent or combination depending on the type and
stage of cancer. Side effects include thrombocytopenia and gastrointestinal and hematological toxicities. † Same as
above with neurotoxicity. †† Orally bioavailable, 150–325 mg/day, intermittently or continuously; common toxic
effects included grade 1 or 2 anemia, infection, diarrhea, nausea, fatigue, thrombocytopenia, lymphocytopenia,
and neutropenia. ††† Variable doses or can be given as a single drug, disrupt mitochondrial homeostasis, and
potential cardiac toxicity. ‡ A dose of 45 mg weekly or depending on the type or stage of cancer, intravenous
infusion, and manageable safety profile.

5. Some Potential Future Therapeutic Perspectives and Directions for Apoptosis

Apoptosis plays a crucial role in maintaining cellular integrity and eliminating dam-
aged or abnormal cells, including cancer cells. Research is likely to continue in exploring
ways to manipulate apoptosis for targeted cancer therapies. Understanding the intricate
signaling pathways involved in apoptosis could lead to the development of drugs that
specifically induce apoptosis in cancer cells while sparing healthy ones, resulting in more
effective and less toxic treatments [235]. Neurodegenerative disorders, such as Alzheimer’s
and Parkinson’s diseases, are characterized by the progressive loss of functional neurons.
The dysregulation of apoptosis has been implicated in these conditions. Future research
may focus on identifying ways to modulate apoptosis in the brain to prevent neuronal loss
and potentially slow down the progression of these devastating diseases [236].

Apoptosis is also involved in the regulation of immune responses, including the elimi-
nation of self-reactive immune cells during development and the resolution of immune
reactions. Further research into the apoptotic pathways in immune cells could lead to the
development of therapies for autoimmune diseases by selectively inducing or inhibiting
apoptosis in specific immune cell types [9,237]. The role of apoptosis in various cardiovas-
cular diseases, including heart failure and atherosclerosis is also established. Future studies
may explore the potential of apoptosis modulation to prevent cell death in cardiac tissues
or to target specific cells involved in the progression of cardiovascular diseases [238,239].
Understanding apoptosis is crucial in the context of tissue regeneration and wound healing.
Future research might focus on how apoptosis influences tissue remodeling and regen-
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eration, to enhance regenerative approaches for various injuries and diseases [240–243].
Aging is associated with an imbalance between cell death and cell renewal processes, and
apoptosis is a key component. Investigating the role of apoptosis in aging may lead to
potential interventions to promote healthy aging and reduce age-related diseases [244].

6. Advanced Techniques in Apoptosis Research

As technology continues to advance, the development of innovative tools and tech-
niques to study apoptosis at the molecular level with higher precision and resolution is
ongoing. This could lead to new insights into the regulation and dysregulation of apoptosis
in various contexts. Overall, the study of apoptosis holds immense promise for advancing
our understanding of cellular biology and its implications in health and disease. Continued
research in this field has the potential to pave the way for novel therapeutic strategies
aimed at maintaining cellular equilibrium and promoting human health [245]. Regenerative
medicine is an advanced technique for the regeneration of tissues and organs. Bone marrow
mesenchymal stem cells (BMSCs) are one of the most common stem cells used for this
therapy, with a promise to show good outcomes in degenerative diseases in humans and
animals. BMSC transplantation is a promising regenerative therapy with a dismal survival
rate due to the build-up of oxidative stress. Understanding the in-depth mechanism of
apoptosis and its rate in BMSCs will pave the way for better therapeutic outcomes. Along
with this, vascular smooth muscle cells are present in blood vessels and are responsible
for the remodeling of blood vessels following injury. One recent therapeutic approach is
the activation of intracellular signaling cascades governing cell proliferation and apoptosis.
Exploring the intricate molecular mechanisms may amplify the effects of vessel remodeling
and disease.

Treatment modalities targeting P53 and the pro-apoptotic BCL-2 homology 3 family
elicit mitochondrial apoptosis when a patient is treated with radiation and chemotherapy.
They have been reported to induce excessive apoptosis in cardiovascular and neurodegen-
erative diseases and ovarian cancer treatments [246–248].

Fluorescence resonance energy transfer (FRET) is used to detect apoptosis in single
cells in real time in live animal models. Bioluminescent probes and nanoparticle-based
assays like carbon dots (CDs) can be used for apoptosis detection in vitro. Other approaches
include luminol electrochemiluminescence and immunolabeling technology using fluo-
rescein, radioisotopes, and electron-dense substances. These innovative approaches have
great potential for both in vitro and in vivo studies due to their increased sensitivity, time
efficiency, specificity, and negligible cytotoxicity. Unfortunately, they still are less used
in real applications as their optimization and improvement are still being performed in
research studies [249,250].

7. Conclusions and Prospects

Research into apoptosis, an essential cellular activity, has discovered sophisticated
molecular processes governing cell survival and death. Over the years, our understanding
of apoptosis has grown substantially, embracing many types and pathways that coordinate
a finely tuned equilibrium in multicellular organisms. A key role in interpreting the
intricate signaling that controls apoptosis has been played by caspases, the proteolytic
enzymes essential to the process. Apoptosis events are highly organized and entail a
succession of synchronized processes, beginning with initiation signals and ending with
the execution phase, in which the cell undergoes regulated breakdown. This planned
cell death is required not just for normal growth and tissue homeostasis, but also for the
elimination of damaged or possibly harmful cells. However, apoptotic dysregulation has
been linked to a variety of diseases. In medical research, the ability to target apoptosis for
the treatment of diseases linked to it has been identified as a potential target. Manipulation
of apoptotic pathways has the potential to lead to the development of novel therapeutics
for diseases characterized by either excessive or inadequate cell death. Dysregulation
of apoptosis in diseases emphasizes the necessity of identifying key molecular factors
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that can be addressed for therapeutic intervention. Advancement in biological science
is continuously investigating ways to manage apoptosis, either by promoting cell death
in diseases with uncontrolled cell division or by blocking excessive apoptosis in cells
that cannot be regenerated. This focused strategy tries to restore apoptosis’s delicate
equilibrium, providing new hope for patients suffering from diseases in which apoptosis is
a crucial component in pathogenesis. Apoptosis manipulation shows immense promise,
but problems remain. It is critical to fine-tune treatment interventions to achieve specificity
and minimal off-target effects. Understanding the interaction between distinct cell death
pathways and developing more accurate molecular tools will help to refine apoptosis-
targeted medicines. To conclude, the study of apoptosis has provided significant new
understandings of the intricate workings of biological life and mortality. There is hope
for alternative and successful treatments for a variety of illnesses as scientists continue to
pore over the molecular details of apoptotic pathways and explore potential therapeutic
applications and apoptosis manipulation. Unquestionably intriguing, the field of apoptosis
study has enormous potential to transform medical problems in the future.

The discipline of apoptosis has broadened in knowledge and covers all the areas of
life. Apoptosis has been researched in almost every area of biology. Despite the detailed
understanding and an in-depth understanding of apoptosis at the molecular level, some
areas remain unexplored, specifically in relation to the development of novel therapies.
Understanding and revisiting the mechanisms of apoptotic signals and their transductions
will pave the way for better therapeutic outcomes. This will help specifically eliminate the
altered, transformed, and damaged cells while sparing the healthy lot. Also, this will protect
and minimize the risk of damage to healthy tissues and prevent progressive degeneration
and associated disorders. Further research is necessary to decipher the interconnectivity
between signaling, cell cycle, and controlled proliferation for better drug targeting toward
cancers and various pathogen-associated diseases to identify and correlate the intricate
balance between cell survival and death.
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Petriczko, E.; et al. The Impact of Growth Hormone Therapy on the Apoptosis Assessment in CD34+ Hematopoietic Cells from
Children with Growth Hormone Deficiency. Int. J. Mol. Sci. 2017, 18, 111. [CrossRef]

21. Zhang, M.; Liu, J.; Li, M.; Zhang, S.; Lu, Y.; Liang, Y.; Zhao, K.; Li, Y. Insulin-Like Growth Factor 1/Insulin-Like Growth Factor 1
Receptor Signaling Protects Against Cell Apoptosis Through the PI3K/AKT Pathway in Glioblastoma Cells. Exp. Ther. Med. 2018,
16, 1477. [CrossRef]

22. Gruver-Yates, A.L.; Cidlowski, J.A. Tissue-Specific Actions of Glucocorticoids on Apoptosis: A Double-Edged Sword. Cells 2013,
2, 202–223. [CrossRef]

23. Letai, A. Growth Factor Withdrawal and Apoptosis: The Middle Game. Mol. Cell 2006, 21, 728–730. [CrossRef] [PubMed]
24. Sperandio, S.; De Belle, I.; Bredesen, D.E. An Alternative, Nonapoptotic Form of Programmed Cell Death. Proc. Natl. Acad. Sci.

USA 2000, 97, 14376. [CrossRef] [PubMed]
25. Minina, E.A.; Dauphinee, A.N.; Ballhaus, F.; Gogvadze, V.; Smertenko, A.P.; Bozhkov, P.V. Apoptosis Is Not Conserved in Plants

as Revealed by Critical Examination of a Model for Plant Apoptosis-like Cell Death. BMC Biol. 2021, 19, 100. [CrossRef] [PubMed]
26. Fink, S.L.; Cookson, B.T. Apoptosis, pyroptosis, and necrosis: Mechanistic description of dead and dying eukaryotic cells. Infect.

Immun. 2005, 73, 1907–1916. [CrossRef]
27. Kerr, J.F.; Wyllie, A.H.; Currie, A.R. Apoptosis: A Basic Biological Phenomenon with Wide-Ranging Implications in Tissue

Kinetics. Br. J. Cancer 1972, 26, 239–257. [CrossRef]
28. Apoptosis and Beyond: Cytometry in Studies of Programmed Cell Death—PMC. Available online: https://www.ncbi.nlm.nih.

gov/pmc/articles/PMC3263828/ (accessed on 12 August 2023).
29. Balasubramanian, K.; Mirnikjoo, B.; Schroit, A.J. Regulated Externalization of Phosphatidylserine at the Cell Surface: Implications

for Apoptosis. J. Biol. Chem. 2007, 282, 18357–18364. [CrossRef]
30. Shield, M.A.; Mirkes, P.E. Apoptosis. In Handbook of Developmental Neurotoxicology; Academic Press: Cambridge, MA, USA, 1998;

pp. 159–188. [CrossRef]
31. Festjens, N.; Vanden Berghe, T.; Vandenabeele, P. Necrosis, a Well-Orchestrated Form of Cell Demise: Signalling Cascades,

Important Mediators and Concomitant Immune Response. Biochim. Biophys. Acta 2006, 1757, 1371–1387. [CrossRef]
32. Liu, Z.G.; Jiao, D. Necroptosis, Tumor Necrosis and Tumorigenesis. Cell Stress 2020, 4, 1. [CrossRef]
33. Kim, E.H.; Wong, S.W.; Martinez, J. Programmed Necrosis and Disease: We Interrupt Your Regular Programming to Bring You

Necroinflammation. Cell Death Differ. 2018, 26, 25–40. [CrossRef]
34. Mustafa, M.; Abbas, K.; Alam, M.; Ahmad, W.; Moinuddin; Usmani, N.; Siddiqui, S.A.; Habib, S. Molecular Pathways and

Therapeutic Targets Linked to Triple-Negative Breast Cancer (TNBC). Mol. Cell. Biochem. 2023, 479, 895–913. [CrossRef]
35. Nikoletopoulou, V.; Markaki, M.; Palikaras, K.; Tavernarakis, N. Crosstalk Between Apoptosis, Necrosis, and Autophagy. Biochim.

Biophys. Acta Mol. Cell Res. 2013, 1833, 3448–3459. [CrossRef] [PubMed]
36. Khalid, N.; Azimpouran, M. Necrosis. Lancet 2023, 80, 547–548. [CrossRef]
37. Glick, D.; Barth, S.; Macleod, K.F. Autophagy: Cellular and Molecular Mechanisms. J. Pathol. 2010, 221, 3. [CrossRef] [PubMed]
38. Dhuriya, Y.K.; Sharma, D. Necroptosis: A Regulated Inflammatory Mode of Cell Death. J. Neuroinflamm. 2018, 15, 199. [CrossRef]

https://doi.org/10.3389/fimmu.2018.02521
https://doi.org/10.1016/B978-0-12-815762-6.00009-3
https://doi.org/10.3390/ijms20194940
https://doi.org/10.1080/01926230701320337
https://www.ncbi.nlm.nih.gov/pubmed/17562483
https://doi.org/10.1016/B0-08-045044-X/00202-9
https://doi.org/10.1038/sj.cdd.4400950
https://www.ncbi.nlm.nih.gov/pubmed/11965491
https://doi.org/10.1101/cshperspect.a006080
https://www.ncbi.nlm.nih.gov/pubmed/26626938
https://doi.org/10.1007/978-90-481-3471-7_16
https://doi.org/10.1128/IAI.71.11.6109-6115.2003
https://doi.org/10.1186/s13058-019-1116-1
https://doi.org/10.7554/eLife.30224
https://doi.org/10.3390/ijms18010111
https://doi.org/10.3892/etm.2018.6336
https://doi.org/10.3390/cells2020202
https://doi.org/10.1016/j.molcel.2006.03.005
https://www.ncbi.nlm.nih.gov/pubmed/16543140
https://doi.org/10.1073/pnas.97.26.14376
https://www.ncbi.nlm.nih.gov/pubmed/11121041
https://doi.org/10.1186/s12915-021-01018-z
https://www.ncbi.nlm.nih.gov/pubmed/33980238
https://doi.org/10.1128/IAI.73.4.1907-1916.2005
https://doi.org/10.1038/bjc.1972.33
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3263828/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3263828/
https://doi.org/10.1074/jbc.M700202200
https://doi.org/10.1016/B978-012648860-9.50012-1
https://doi.org/10.1016/j.bbabio.2006.06.014
https://doi.org/10.15698/cst2020.01.208
https://doi.org/10.1038/s41418-018-0179-3
https://doi.org/10.1007/s11010-023-04772-6
https://doi.org/10.1016/j.bbamcr.2013.06.001
https://www.ncbi.nlm.nih.gov/pubmed/23770045
https://doi.org/10.1016/S0140-6736(02)41872-7
https://doi.org/10.1002/path.2697
https://www.ncbi.nlm.nih.gov/pubmed/20225336
https://doi.org/10.1186/s12974-018-1235-0


Cells 2024, 13, 1838 22 of 29

39. Reape, T.J.; McCabe, P.F. Apoptotic-like Programmed Cell Death in Plants. New Phytol. 2008, 180, 13–26. [CrossRef]
40. Vanden Berghe, T.; Kaiser, W.J.; Bertrand, M.J.M.; Vandenabeele, P. Molecular Crosstalk Between Apoptosis, Necroptosis, and

Survival Signaling. Mol. Cell. Oncol. 2015, 2, e975093. [CrossRef]
41. Zhang, S.; Tang, M.-B.; Luo, H.-Y.; Shi, C.-H.; Xu, Y.-M. Necroptosis in Neurodegenerative Diseases: A Potential Therapeutic

Target. Cell Death Dis. 2017, 8, e2905. [CrossRef]
42. Weinlich, R.; Oberst, A.; Beere, H.M.; Green, D.R. Necroptosis in development, inflammation and disease. Nat. Rev. Mol. Cell Biol.

2017, 18, 127–136. [CrossRef]
43. Baig, S.; Seevasant, I.; Mohamad, J.; Mukheem, A.; Huri, H.Z.; Kamarul, T. Potential of Apoptotic Pathway-Targeted Cancer

Therapeutic Research: Where Do We Stand? Cell Death Dis. 2016, 7, e2058. [CrossRef]
44. Jan, R.; Chaudhry, G.e.S. Understanding Apoptosis and Apoptotic Pathways Targeted Cancer Therapeutics. Adv. Pharm. Bull.

2019, 9, 205. [CrossRef]
45. Morrison, D.K. MAP Kinase Pathways. Cold Spring Harb. Perspect. Biol. 2012, 4, a011254. [CrossRef]
46. Dhanasekaran, D.N.; Reddy, E.P. JNK Signaling in Apoptosis. Oncogene 2008, 27, 6245. [CrossRef] [PubMed]
47. Li, H.; Liu, Y.; Gu, Z.; Li, L.; Liu, Y.; Wang, L.; Su, L. p38 MAPK-MK2 pathway regulates the heat-stress-induced accumulation of

reactive oxygen species that mediates apoptotic cell death in glial cells. Oncol. Lett. 2017, 15, 775–782. [CrossRef]
48. Kondoh, K.; Nishida, E. Regulation of MAP Kinases by MAP Kinase Phosphatases. Biochim. Biophys. Acta Mol. Cell Res. 2007,

1773, 1227–1237. [CrossRef]
49. Yue, J.; López, J.M. Understanding MAPK Signaling Pathways in Apoptosis. Int. J. Mol. Sci. 2020, 21, 2346. [CrossRef]
50. Mitchell, T.J.; John, S. Signal Transducer and Activator of Transcription (STAT) Signalling and T-Cell Lymphomas. Immunology

2005, 114, 301. [CrossRef]
51. Xue, C.; Yao, Q.; Gu, X.; Shi, Q.; Yuan, X.; Chu, Q.; Bao, Z.; Lu, J.; Li, L. Evolving Cognition of the JAK-STAT Signaling Pathway:

Autoimmune Disorders and Cancer. Signal Transduct. Target. Ther. 2023, 8, 204. [CrossRef]
52. The IL-6/JAK/STAT3 Pathway: Potential Therapeutic Strategies in Treating Colorectal Cancer (Review). Available online:

https://www.spandidos-publications.com/10.3892/ijo.2014.2259 (accessed on 26 December 2023).
53. Hu, X.; Li, J.; Fu, M.; Zhao, X.; Wang, W. The JAK/STAT Signaling Pathway: From Bench to Clinic. Signal Transduct. Target. Ther.

2021, 6, 402. [CrossRef]
54. Dong, Y.; Chen, J.; Chen, Y.; Liu, S. Targeting the STAT3 Oncogenic Pathway: Cancer Immunotherapy and Drug Repurposing.

Biomed. Pharmacother. 2023, 167, 115513. [CrossRef]
55. Qin, J.J.; Yan, L.; Zhang, J.; Zhang, W.D. STAT3 as a Potential Therapeutic Target in Triple Negative Breast Cancer: A Systematic

Review. J. Exp. Clin. Cancer Res. 2019, 38, 195. [CrossRef]
56. Hinz, M.; Scheidereit, C. The IκB Kinase Complex in NF-κB Regulation and Beyond. EMBO Rep. 2014, 15, 46. [CrossRef]

[PubMed]
57. Luo, J.L.; Kamata, H.; Karin, M. IKK/NF-κB Signaling: Balancing Life and Death—A New Approach to Cancer Therapy. J. Clin.

Investig. 2005, 115, 2625. [CrossRef] [PubMed]
58. Morishima, N.; Nakanishi, K.; Takenouchi, H.; Shibata, T.; Yasuhiko, Y. An Endoplasmic Reticulum Stress-Specific Caspase

Cascade in Apoptosis: Cytochrome c-Independent Activation of Caspase-9 by Caspase. J. Biol. Chem. 2002, 277, 34287–34294.
[CrossRef]

59. Trapani, J.A.; Smyth, M.J. Functional Significance of the Perforin/Granzyme Cell Death Pathway. Nat. Rev. Immunol. 2002, 2,
735–747. [CrossRef]

60. Velotti, F.; Barchetta, I.; Cimini, F.A.; Cavallo, M.G. Granzyme B in Inflammatory Diseases: Apoptosis, Inflammation, Extracellular
Matrix Remodeling, Epithelial-to-Mesenchymal Transition and Fibrosis. Front. Immunol. 2020, 11, 587581. [CrossRef]

61. Lesauskaite, V.; Ivanoviene, L. Programuota lasteliu mirtis: Molekuliniai mechanizmai ir ju nustatymo metodai [Programmed
cell death: Molecular mechanisms and detection]. Medicina 2002, 38, 869–875.

62. Van Opdenbosch, N.; Lamkanfi, M. Caspases in Cell Death, Inflammation and Disease. Immunity 2019, 50, 1352. [CrossRef]
63. Nguyen, T.T.M.; Gillet, G.; Popgeorgiev, N. Caspases in the Developing Central Nervous System: Apoptosis and Beyond. Front.

Cell Dev. Biol. 2021, 9, 702404. [CrossRef]
64. Puccini, J.; Kumar, S. Caspases. Encycl. Cell Biol. 2016, 3, 364–373. [CrossRef]
65. Deming, P.; Kurokawa, M. Dismantling the Apoptotic Cell by Caspases. eLS 2017, 1–10. [CrossRef]
66. Dai, X.; Zhang, J.; Arfuso, F.; Chinnathambi, A.; Zayed, M.; Alharbi, S.A.; Kumar, A.P.; Ahn, K.S.; Sethi, G. Targeting TNF-Related

Apoptosis-Inducing Ligand (TRAIL) Receptor by Natural Products as a Potential Therapeutic Approach for Cancer Therapy. Exp.
Biol. Med. 2015, 240, 760. [CrossRef] [PubMed]

67. Mahdizadeh, S.J.; Thomas, M.; Eriksson, L.A. Reconstruction of the Fas-Based Death-Inducing Signaling Complex (DISC) Using a
Protein-Protein Docking Meta-Approach. J. Chem. Inf. Model. 2021, 61, 3543–3558. [CrossRef] [PubMed]

68. Nair, P.; Lu, M.; Petersen, S.; Ashkenazi, A. Apoptosis Initiation Through the Cell-Extrinsic Pathway. Methods Enzymol. 2014, 544,
99–128. [CrossRef] [PubMed]

69. Tummers, B.; Green, D.R. Caspase-8; Regulating Life and Death. Immunol. Rev. 2017, 277, 76. [CrossRef]
70. Kale, J.; Osterlund, E.J.; Andrews, D.W. BCL-2 Family Proteins: Changing Partners in the Dance Towards Death. Cell Death Differ.

2018, 25, 65–80. [CrossRef]

https://doi.org/10.1111/j.1469-8137.2008.02549.x
https://doi.org/10.4161/23723556.2014.975093
https://doi.org/10.1038/cddis.2017.286
https://doi.org/10.1038/nrm.2016.149
https://doi.org/10.1038/cddis.2015.275
https://doi.org/10.15171/apb.2019.024
https://doi.org/10.1101/CSHPERSPECT.A011254
https://doi.org/10.1038/onc.2008.301
https://www.ncbi.nlm.nih.gov/pubmed/18931691
https://doi.org/10.3892/ol.2017.7360
https://doi.org/10.1016/j.bbamcr.2006.12.002
https://doi.org/10.3390/ijms21072346
https://doi.org/10.1111/j.1365-2567.2005.02091.x
https://doi.org/10.1038/s41392-023-01468-7
https://www.spandidos-publications.com/10.3892/ijo.2014.2259
https://doi.org/10.1038/s41392-021-00791-1
https://doi.org/10.1016/j.biopha.2023.115513
https://doi.org/10.1186/s13046-019-1206-z
https://doi.org/10.1002/embr.201337983
https://www.ncbi.nlm.nih.gov/pubmed/24375677
https://doi.org/10.1172/JCI26322
https://www.ncbi.nlm.nih.gov/pubmed/16200195
https://doi.org/10.1074/jbc.M204973200
https://doi.org/10.1038/nri911
https://doi.org/10.3389/fimmu.2020.587581
https://doi.org/10.1016/j.immuni.2019.05.020
https://doi.org/10.3389/fcell.2021.702404
https://doi.org/10.1016/B978-0-12-394447-4.30049-9
https://doi.org/10.1002/9780470015902.A0021564.PUB2
https://doi.org/10.1177/1535370215579167
https://www.ncbi.nlm.nih.gov/pubmed/25854879
https://doi.org/10.1021/acs.jcim.1c00301
https://www.ncbi.nlm.nih.gov/pubmed/34196179
https://doi.org/10.1016/B978-0-12-417158-9.00005-4
https://www.ncbi.nlm.nih.gov/pubmed/24974288
https://doi.org/10.1111/imr.12541
https://doi.org/10.1038/cdd.2017.186


Cells 2024, 13, 1838 23 of 29

71. Shamas-Din, A.; Kale, J.; Leber, B.; Andrews, D.W. Mechanisms of Action of Bcl-2 Family Proteins. Cold Spring Harb. Perspect. Biol.
2013, 5, 1–21. [CrossRef]

72. Dewson, G.; Kluck, R.M. Mechanisms by Which Bak and Bax Permeabilise Mitochondria During Apoptosis. J. Cell Sci. 2009,
122, 2801. [CrossRef]

73. Zhou, L.; Chang, D.C. Dynamics and Structure of the Bax-Bak Complex Responsible for Releasing Mitochondrial Proteins During
Apoptosis. J. Cell Sci. 2008, 121, 2186–2196. [CrossRef]

74. Hu, Q.; Wu, D.; Chen, W.; Yan, Z.; Yan, C.; He, T.; Liang, Q.; Shi, Y. Molecular Determinants of Caspase-9 Activation by the Apaf-1
Apoptosome. Proc. Natl. Acad. Sci. USA 2014, 111, 16254–16261. [CrossRef]

75. Deveraux, Q.L.; Takahashi, R.; Salvesen, G.S.; Reed, J.C. X-Linked IAP Is a Direct Inhibitor of Cell-Death Proteases. Nature 1997,
388, 300–304. [CrossRef]

76. Du, C.; Fang, M.; Li, Y.; Li, L.; Wang, X. Smac, a Mitochondrial Protein That Promotes Cytochrome c-Dependent Caspase
Activation by Eliminating IAP Inhibition. Cell 2000, 102, 33–42. [CrossRef] [PubMed]

77. Verhagen, A.M.; Ekert, P.G.; Pakusch, M.; Silke, J.; Connolly, L.M.; Reid, G.E.; Moritz, R.L.; Simpson, R.J.; Vaux, D.L. Identification
of DIABLO, a Mammalian Protein That Promotes Apoptosis by Binding to and Antagonizing IAP Proteins. Cell 2000, 102, 43–53.
[CrossRef] [PubMed]

78. Gerschenson, L.E.; Rotello, R.J. Apoptosis: A Different Type of Cell Death. FASEB J. 1992, 6, 2450–2455. [CrossRef] [PubMed]
79. Pereira, W.O.; Amarante-Mendes, G.P. Apoptosis: A Programme of Cell Death or Cell Disposal? Scand. J. Immunol. 2011, 73,

401–407. [CrossRef]
80. Scheller, C.; Knöferle, J.; Ullrich, A.; Prottengeier, J.; Racek, T.; Sopper, S.; Jassoy, C.; Rethwilm, A.; Koutsilieri, E. Caspase

Inhibition in Apoptotic T Cells Triggers Necrotic Cell Death Depending on the Cell Type and the Proapoptotic Stimulus. J. Cell
Biochem. 2006, 97, 1350–1361. [CrossRef]

81. Muppidi, J.; Porter, M.; Siegel, R.M. Measurement of Apoptosis and Other Forms of Cell Death. Curr. Protoc. Immunol. 2004, 59,
3–17. [CrossRef]

82. D’Arcy, M.S. Cell Death: A Review of the Major Forms of Apoptosis, Necrosis, and Autophagy. Cell Biol. Int. 2019, 43, 582–592.
[CrossRef]

83. O’Callaghan, P.; Engberg, A.; Eriksson, O.; Fatsis-Kavalopoulos, N.; Stelzl, C.; Sanchez, G.; Idevall-Hagren, O.; Kreuger, J. Piezo1
activation attenuates thrombin-induced blebbing in breast cancer cells. J. Cell Sci. 2022, 135, jcs258809. [CrossRef]

84. Lu, C.; Zhu, F.; Cho, Y.Y.; Tang, F.; Zykova, T.; Ma, W.Y.; Bode, A.M.; Dong, Z. Cell apoptosis: Requirement of H2AX in DNA
ladder formation, but not for the activation of caspase-3. Mol. Cell 2006, 23, 121–132. [CrossRef]

85. Rose, R.; Peschke, N.; Nigi, E.; Gelléri, M.; Ritz, S.; Cremer, C.; Luhmann, H.J.; Sinning, A. Chromatin compaction precedes
apoptosis in developing neurons. Commun. Biol. 2022, 5, 797. [CrossRef]

86. Kadian, L.K.; Gulshan, G.; Ahuja, P.; Singhal, G.; Sharma, S.; Nanda, S.; Yadav, R. Aberrant promoter methylation of NOTCH1 and
NOTCH3 and its association with cervical cancer risk factors in North Indian population. Am. J. Transl. Res. 2020, 12, 2814–2826.
[PubMed]

87. Julien, O.; Wells, J.A. Caspases and Their Substrates. Cell Death Differ. 2017, 24, 1380–1389. [CrossRef] [PubMed]
88. Ow, Y.L.P.; Green, D.R.; Hao, Z.; Mak, T.W. Cytochrome c: Functions Beyond Respiration. Nat. Rev. Mol. Cell Biol. 2008, 9, 532–542.

[CrossRef] [PubMed]
89. Sevrioukova, I.F. Apoptosis-inducing factor: Structure, function, and redox regulation. Antioxid. Redox Signal. 2011, 14, 2545–2579.

[CrossRef]
90. Zhao, X.-Y.; Wang, X.-Y.; Wei, Q.-Y.; Xu, Y.-M.; Lau, A.T.Y. Potency and Selectivity of SMAC/DIABLO Mimetics in Solid Tumor

Therapy. Cells 2020, 9, 1012. [CrossRef]
91. Cossu, F.; Milani, M.; Mastrangelo, E.; Lecis, D. Targeting the BIR Domains of Inhibitor of Apoptosis (IAP) Proteins in Cancer

Treatment. Comput. Struct. Biotechnol. J. 2019, 17, 142–150. [CrossRef]
92. Garrido, C.; Galluzzi, L.; Brunet, M.; Puig, P.E.; Didelot, C.; Kroemer, G. Mechanisms of Cytochrome c Release from Mitochondria.

Cell Death Differ. 2006, 13, 1423–1433. [CrossRef]
93. Eleftheriadis, T.; Pissas, G.; Liakopoulos, V.; Stefanidis, I. Cytochrome c as a Potentially Clinically Useful Marker of Mitochondrial

and Cellular Damage. Front. Immunol. 2016, 7, 211196. [CrossRef]
94. Lanneau, D.; Brunet, M.; Frisan, E.; Solary, E.; Fontenay, M.; Garrido, C. Heat shock proteins: Essential proteins for apoptosis

regulation. J. Cell. Mol. Med. 2008, 12, 743–761. [CrossRef]
95. Silke, J.; Meier, P. Inhibitor of Apoptosis (IAP) Proteins-Modulators of Cell Death and Inflammation. Cold Spring Harb. Perspect.

Biol. 2013, 5, a008730. [CrossRef]
96. Adrain, C.; Creagh, E.M.; Martin, S.J. Apoptosis-Associated Release of Smac/DIABLO from Mitochondria Requires Active

Caspases and Is Blocked by Bcl-2. EMBO J. 2001, 20, 6627–6636. [CrossRef] [PubMed]
97. Yang, Q.H.; Church-Hajduk, R.; Ren, J.; Newton, M.L.; Du, C. Omi/HtrA2 Catalytic Cleavage of Inhibitor of Apoptosis (IAP)

Irreversibly Inactivates IAPs and Facilitates Caspase Activity in Apoptosis. Genes Dev. 2003, 17, 1487. [CrossRef] [PubMed]
98. Martinou, J.C.; Desagher, S.; Antonsson, B. Cytochrome c Release from Mitochondria: All or Nothing. Nat. Cell Biol. 2000, 2,

E41–E43. [CrossRef] [PubMed]
99. Purring-Koch, C.; McLendon, G. Cytochrome c Binding to Apaf-1: The Effects of dATP and Ionic Strength. Proc. Natl. Acad. Sci.

USA 2000, 97, 11928. [CrossRef]

https://doi.org/10.1101/cshperspect.a008714
https://doi.org/10.1242/jcs.038166
https://doi.org/10.1242/jcs.024703
https://doi.org/10.1073/pnas.1418000111
https://doi.org/10.1038/40901
https://doi.org/10.1016/S0092-8674(00)00008-8
https://www.ncbi.nlm.nih.gov/pubmed/10929711
https://doi.org/10.1016/S0092-8674(00)00009-X
https://www.ncbi.nlm.nih.gov/pubmed/10929712
https://doi.org/10.1096/fasebj.6.7.1563596
https://www.ncbi.nlm.nih.gov/pubmed/1563596
https://doi.org/10.1111/j.1365-3083.2011.02513.x
https://doi.org/10.1002/jcb.20670
https://doi.org/10.1002/0471142735.im0317s59
https://doi.org/10.1002/cbin.11137
https://doi.org/10.1242/jcs.258809
https://doi.org/10.1016/j.molcel.2006.05.023
https://doi.org/10.1038/s42003-022-03704-2
https://www.ncbi.nlm.nih.gov/pubmed/32655812
https://doi.org/10.1038/cdd.2017.44
https://www.ncbi.nlm.nih.gov/pubmed/28498362
https://doi.org/10.1038/nrm2434
https://www.ncbi.nlm.nih.gov/pubmed/18568041
https://doi.org/10.1089/ars.2010.3445
https://doi.org/10.3390/cells9041012
https://doi.org/10.1016/j.csbj.2019.01.009
https://doi.org/10.1038/sj.cdd.4401950
https://doi.org/10.3389/fimmu.2016.00279
https://doi.org/10.1111/j.1582-4934.2008.00273.x
https://doi.org/10.1101/cshperspect.a008730
https://doi.org/10.1093/emboj/20.23.6627
https://www.ncbi.nlm.nih.gov/pubmed/11726499
https://doi.org/10.1101/gad.1097903
https://www.ncbi.nlm.nih.gov/pubmed/12815069
https://doi.org/10.1038/35004069
https://www.ncbi.nlm.nih.gov/pubmed/10707095
https://doi.org/10.1073/pnas.220416197


Cells 2024, 13, 1838 24 of 29

100. Cain, K.; Bratton, S.B.; Langlais, C.; Walker, G.; Brown, D.G.; Sun, X.-M.; Cohen, G.M. Apaf-1 Oligomerizes into Biologically
Active Approximately 700-kDa and Inactive Approximately 1.4-MDa Apoptosome Complexes. J. Biol. Chem. 2000, 275, 6067–6070.
[CrossRef]

101. Wu, C.-C.; Lee, S.; Malladi, S.; Chen, M.-D.; Mastrandrea, N.J.; Zhang, Z.; Bratton, S.B. The Apaf-1 Apoptosome Induces Formation
of Caspase-9 Homo- and Heterodimers with Distinct Activities. Nat. Commun. 2016, 7, 13565. [CrossRef]

102. Reubold, T.F.; Eschenburg, S. A molecular view on signal transduction by the apoptosome. Cell. Signal. 2012, 24, 1420–1425.
[CrossRef]

103. Inoue, S.; Browne, G.; Melino, G.; Cohen, G.M. Ordering of Caspases in Cells Undergoing Apoptosis by the Intrinsic Pathway.
Cell Death Differ. 2009, 16, 1053–1061. [CrossRef]

104. Wong, R.S.Y. Apoptosis in Cancer: From Pathogenesis to Treatment. J. Exp. Clin. Cancer Res. 2011, 30, 87. [CrossRef]
105. Le Gallo, M.; Poissonnier, A.; Blanco, P.; Legembre, P. CD95/Fas, Non-Apoptotic Signaling Pathways, and Kinases. Front.

Immunol. 2017, 8, 1216. [CrossRef]
106. Walczak, H. Death Receptor-Ligand Systems in Cancer, Cell Death, and Inflammation. Cold Spring Harb. Perspect. Biol. 2013, 5,

a008698. [CrossRef] [PubMed]
107. Green, D.R. The Death Receptor Pathway of Apoptosis. Cold Spring Harb. Perspect. Biol. 2022, 14, a041053. [CrossRef] [PubMed]
108. Devin, A.; Lin, Y.; Liu, Z.G. The role of the death-domain kinase RIP in tumour-necrosis-factor-induced activation of mitogen-

activated protein kinases. EMBO Rep. 2003, 4, 623–627. [CrossRef]
109. Pobezinskaya, Y.L.; Liu, Z. The Role of TRADD in Death Receptor Signaling. Cell Cycle 2012, 11, 871–876. [CrossRef]
110. Guicciardi, M.E.; Gores, G.J. Life and death by death receptors. FASEB J. 2009, 23, 1625–1637. [CrossRef]
111. Kantari, C.; Lafont, E.; Walczak, H. Death Receptor-Induced Apoptotic and Nonapoptotic Signaling. Pathobiol. Hum. Dis. 2014,

131–144. [CrossRef]
112. Arnhold, J. Mechanisms of Cell Death. Cell Tissue Destr. 2020, 135–153. [CrossRef]
113. Yang, J.K. Death Effector Domain for the Assembly of Death-Inducing Signaling Complex. Apoptosis 2015, 20, 235–239. [CrossRef]
114. Park, H.H.; Lo, Y.-C.; Lin, S.-C.; Wang, L.; Yang, J.K.; Wu, H. The Death Domain Superfamily in Intracellular Signaling of

Apoptosis and Inflammation. Annu. Rev. Immunol. 2007, 25, 561–586. [CrossRef]
115. Szegezdi, E.; Legembre, P. Editorial: Death Receptors, Non-Apoptotic Signaling Pathways, and Inflammation. Front. Immunol.

2020, 11, 2162. [CrossRef]
116. Soto-Gamez, A.; Quax, W.J.; Demaria, M. Regulation of Survival Networks in Senescent Cells: From Mechanisms to Interventions.

J. Mol. Biol. 2019, 431, 2629–2643. [CrossRef] [PubMed]
117. Leonard, B.C.; Johnson, D.E. Signaling by Cell Surface Death Receptors: Alterations in Head and Neck Cancer. Adv. Biol. Regul.

2018, 67, 170–178. [CrossRef] [PubMed]
118. Yan, G.; Elbadawi, M.; Efferth, T. Multiple Cell Death Modalities and Their Key Features. World Acad. Sci. J. 2020, 2, 39–48.

[CrossRef]
119. Feoktistova, M.; Makarov, R.; Yazdi, A.S.; Panayotova-Dimitrova, D. Ripk1 and TRADD Regulate TNF-Induced Signaling and

Ripoptosome Formation. Int. J. Mol. Sci. 2021, 22, 12459. [CrossRef]
120. Kischkel, F.C.; Lawrence, D.A.; Chuntharapai, A.; Schow, P.; Kim, K.J.; Ashkenazi, A. Apo2L/TRAIL-Dependent Recruitment of

Endogenous FADD and Caspase-8 to Death Receptors 4 and 5. Immunity 2000, 12, 611–620. [CrossRef]
121. McIlwain, D.R.; Berger, T.; Mak, T.W. Caspase functions in cell death and disease. Cold Spring Harb. Perspect. Biol. 2013, 5, a008656.

[CrossRef]
122. Parrish, A.B.; Freel, C.D.; Kornbluth, S. Cellular Mechanisms Controlling Caspase Activation and Function. Cold Spring Harb.

Perspect. Biol. 2013, 5, a008672. [CrossRef]
123. Wang, Y.; Tjandra, N. Structural Insights of tBid, the Caspase-8-activated Bid, and Its BH3 Domain. J. Biol. Chem. 2013, 288,

35840–35851. [CrossRef]
124. Shamas-Din, A.; Bindner, S.; Zhu, W.; Zaltsman, Y.; Campbell, C.; Gross, A.; Leber, B.; Andrews, D.W.; Fradin, C. tBid Undergoes

Multiple Conformational Changes at the Membrane Required for Bax Activation. J. Biol. Chem. 2013, 288, 22111–22127. [CrossRef]
125. Szegezdi, E.; Logue, S.E.; Gorman, A.M.; Samali, A. Mediators of Endoplasmic Reticulum Stress-Induced Apoptosis. EMBO Rep.

2006, 7, 880–885. [CrossRef]
126. Brentnall, M.; Rodriguez-Menocal, L.; De Guevara, R.L.; Cepero, E.; Boise, L.H. Caspase-9, Caspase-3, and Caspase-7 Have

Distinct Roles during Intrinsic Apoptosis. BMC Cell Biol. 2013, 14, 32. [CrossRef] [PubMed]
127. Shalini, S.; Dorstyn, L.; Dawar, S.; Kumar, S. Old, New, and Emerging Functions of Caspases. Cell Death Differ. 2015, 22, 526–539.

[CrossRef] [PubMed]
128. Henry, C.M.; Martin, S.J. Caspase-8 Acts in a Non-enzymatic Role as a Scaffold for Assembly of a Pro-inflammatory “FADDosome”

Complex upon TRAIL Stimulation. Mol. Cell 2017, 65, 715–729.e5. [CrossRef] [PubMed]
129. Lamkanfi, M.; Kanneganti, T.D. Caspase-7: A Protease Involved in Apoptosis and Inflammation. Int. J. Biochem. Cell Biol. 2010, 42,

21–24. [CrossRef] [PubMed]
130. Marie Hardwick, J.; Soane, L. Multiple Functions of BCL-2 Family Proteins. Cold Spring Harb. Perspect. Biol. 2013, 5, a008722.

[CrossRef]
131. Qian, S.; Wei, Z.; Yang, W.; Huang, J.; Yang, Y.; Wang, J. The role of BCL-2 family proteins in regulating apoptosis and cancer

therapy. Front. Oncol. 2022, 12, 985363. [CrossRef]

https://doi.org/10.1074/jbc.275.9.6067
https://doi.org/10.1038/ncomms13565
https://doi.org/10.1016/j.cellsig.2012.03.007
https://doi.org/10.1038/cdd.2009.29
https://doi.org/10.1186/1756-9966-30-87
https://doi.org/10.3389/fimmu.2017.01216
https://doi.org/10.1101/cshperspect.a008698
https://www.ncbi.nlm.nih.gov/pubmed/23637280
https://doi.org/10.1101/cshperspect.a041053
https://www.ncbi.nlm.nih.gov/pubmed/35105716
https://doi.org/10.1038/sj.embor.embor854
https://doi.org/10.4161/cc.11.5.19300
https://doi.org/10.1096/fj.08-111005
https://doi.org/10.1016/B978-0-12-386456-7.01410-6
https://doi.org/10.1016/B978-0-12-816388-7.00005-X
https://doi.org/10.1007/s10495-014-1060-6
https://doi.org/10.1146/annurev.immunol.25.022106.141656
https://doi.org/10.3389/fimmu.2020.02162
https://doi.org/10.1016/j.jmb.2019.05.036
https://www.ncbi.nlm.nih.gov/pubmed/31153901
https://doi.org/10.1016/j.jbior.2017.10.006
https://www.ncbi.nlm.nih.gov/pubmed/29066276
https://doi.org/10.3892/wasj.2020.40
https://doi.org/10.3390/ijms222212459
https://doi.org/10.1016/S1074-7613(00)80212-5
https://doi.org/10.1101/cshperspect.a008656
https://doi.org/10.1101/cshperspect.a008672
https://doi.org/10.1074/jbc.M113.503680
https://doi.org/10.1074/jbc.M113.482109
https://doi.org/10.1038/sj.embor.7400779
https://doi.org/10.1186/1471-2121-14-32
https://www.ncbi.nlm.nih.gov/pubmed/23834359
https://doi.org/10.1038/cdd.2014.216
https://www.ncbi.nlm.nih.gov/pubmed/25526085
https://doi.org/10.1016/j.molcel.2017.01.022
https://www.ncbi.nlm.nih.gov/pubmed/28212752
https://doi.org/10.1016/j.biocel.2009.09.013
https://www.ncbi.nlm.nih.gov/pubmed/19782763
https://doi.org/10.1101/cshperspect.a008722
https://doi.org/10.3389/fonc.2022.985363


Cells 2024, 13, 1838 25 of 29

132. Shacka, J.J.; Roth, K.A. Regulation of Neuronal Cell Death and Neurodegeneration by Members of the Bcl-2 Family: Therapeutic
Implications. Curr. Drug Targets CNS Neurol. Disord. 2005, 4, 25–39. [CrossRef]

133. Reed, J.C. Bcl-2 on the Brink of Breakthroughs in Cancer Treatment. Cell Death Differ. 2018, 25, 3–6. [CrossRef]
134. Gupta, V.A.; Ackley, J.; Kaufman, J.L.; Boise, L.H. BCL2 Family Inhibitors in the Biology and Treatment of Multiple Myeloma.

Blood Lymphat. Cancer 2021, 11, 11–24. [CrossRef]
135. Kamada, R.; Toguchi, Y.; Nomura, T.; Imagawa, T.; Sakaguchi, K. Tetramer Formation of Tumor Suppressor Protein p53: Structure,

Function, and Applications. Pept. Sci. 2016, 106, 598–612. [CrossRef]
136. Laín, S.; Xirodimas, D.; Lane, D.P. Accumulating Active p53 in the Nucleus by Inhibition of Nuclear Export: A Novel Strategy to

Promote the p53 Tumor Suppressor Function. Exp. Cell Res. 1999, 253, 315–324. [CrossRef] [PubMed]
137. Lavin, M.F.; Gueven, N. The Complexity of p53 Stabilization and Activation. Cell Death Differ. 2006, 13, 941–950. [CrossRef]

[PubMed]
138. Ljungman, M. Dial 9-1-1 for p53: Mechanisms of p53 Activation by Cellular Stress. Neoplasia 2000, 2, 208–225. [CrossRef]

[PubMed]
139. Aubrey, B.J.; Kelly, G.L.; Janic, A.; Herold, M.J.; Strasser, A. How Does p53 Induce Apoptosis and How Does This Relate to

p53-Mediated Tumour Suppression? Cell Death Differ. 2018, 25, 104–113. [CrossRef]
140. Ozaki, T.; Nakagawara, A. Role of p53 in Cell Death and Human Cancers. Cancers 2011, 3, 994–1013. [CrossRef]
141. Chen, J. The Cell-Cycle Arrest and Apoptotic Functions of p53 in Tumor Initiation and Progression. Cold Spring Harb. Perspect.

Med. 2016, 6, a026104. [CrossRef]
142. Engeland, K. Cell Cycle Regulation: p53-p21-RB Signaling. Cell Death Differ. 2022, 29, 946–960. [CrossRef]
143. D’Orazi, G. p53 Function and Dysfunction in Human Health and Diseases. Biomolecules 2023, 13, 506. [CrossRef]
144. Blandino, G.; Valenti, F.; Sacconi, A.; Di Agostino, S. Wild Type- and Mutant p53 Proteins in Mitochondrial Dysfunction: Emerging

Insights in Cancer Disease. Semin. Cell Dev. Biol. 2020, 98, 105–117. [CrossRef]
145. Michel, M.; Kaps, L.; Maderer, A.; Galle, P.R.; Moehler, M. The Role of p53 Dysfunction in Colorectal Cancer and Its Implication

for Therapy. Cancers 2021, 13, 2296. [CrossRef]
146. Zilfou, J.T.; Lowe, S.W. Tumor Suppressive Functions of pCold Spring Harb. Perspect. Biol. 2009, 1, a001883. [CrossRef]
147. Marei, H.E.; Althani, A.; Afifi, N.; Hasan, A.; Caceci, T.; Pozzoli, G.; Morrione, A.; Giordano, A.; Cenciarelli, C. p53 Signaling in

Cancer Progression and Therapy. Cancer Cell Int. 2021, 21, 703. [CrossRef] [PubMed]
148. Zawacka-Pankau, J.E. The Role of p53 Family in Cancer. Cancers 2022, 14, 823. [CrossRef]
149. McDade, S.S.; Fischer, M. TP53. Encycl. Cancer 2019, 483–495. [CrossRef]
150. Butler, J.S.; Loh, S.N. Structure, Function, and Aggregation of the Zinc-Free Form of the p53 DNA Binding Domain. Biochemistry

2003, 42, 2396–2403. [CrossRef]
151. Kruse, J.P.; Gu, W. Modes of p53 Regulation. Cell 2009, 137, 609–622. [CrossRef]
152. Subhasree, N.; Jiangjiang, Q.; Kalkunte, S.; Minghai, W.; Ruiwen, Z. The MDM2-p53 Pathway Revisited. J. Biomed. Res. 2013, 27,

254–271. [CrossRef]
153. Eischen, C.M. Genome Stability Requires pCold Spring Harb. Perspect. Med. 2016, 6, a026096. [CrossRef]
154. Mustafa, M.; Ali, A.; Siddiqui, S.A.; Mir, A.R.; Kausar, T.; Nayeem, S.M.; Abidi, M.; Habib, S. Biophysical Characterization of

Structural and Conformational Changes in Methylmethane Sulfonate Modified DNA Leading to the Frizzled Backbone Structure
and Strand Breaks in DNA. J. Biomol. Struct. Dyn. 2021, 40, 7598–7611. [CrossRef]

155. Levine, A.J.; Oren, M. The First 30 Years of p53: Growing Ever More Complex. Nat. Rev. Cancer 2009, 9, 749–758. [CrossRef]
156. Johnson, D. Noncaspase proteases in apoptosis. Leukemia 2000, 14, 1695–1703. [CrossRef] [PubMed]
157. Sorimachi, H.; Ishiura, S.; Suzuki, K. Structure and physiological function of calpains. Biochem. J. 1997, 328, 721–732. [CrossRef]

[PubMed]
158. Ray, S.K.; Hogan, E.L.; Banik, N.L. Calpain in the pathophysiology of spinal cord injury: Neuroprotection with calpain inhibitors.

Brain Res. Rev. 2003, 42, 169–185. [CrossRef]
159. Dayton, W.R.; Goll, D.E.; Zeece, M.G.; Robson, R.M.; Reville, W.J. A Ca2+ion-activated protease possibly involved in myofibrillar

protein turnover. Purification from porcine muscle. Biochemistry 1976, 15, 2150–2158. [CrossRef]
160. Dayton, W.R.; Reville, W.J.; Goll, D.E.; Stromer, M.H. A calcium (2+) ion-activated protease possibly involved in myofibrillar

protein turnover. Partial characterization of the purified enzyme. Biochemistry 1976, 15, 2159–2167. [CrossRef]
161. Dear, T.; Boehm, T. Identification and characterization of two novel calpain large subunit genes. Gene 2001, 274, 245–252.

[CrossRef]
162. Zatz, M.; Starling, A. Calpains and Disease. N. Engl. J. Med. 2005, 352, 2413–2423. [CrossRef]
163. Tinel, H.; Cancela, J.M.; Mogami, H.; Gerasimenko, J.V.; Gerasimenko, O.V.; Tepikin, A.V.; Petersen, O.H. Active mitochondria

surrounding the pancreatic acinar granule region prevent spreading of inositol trisphosphate-evoked local cytosolic Ca2+ signals.
EMBO J. 1999, 18, 4999–5008. [CrossRef]

164. Rizzuto, R.; Duchen, M.R.; Pozzan, T. Flirting in Little Space: The ER/Mitochondria Ca2+ Liaison. Sci. STKE 2004, 2004, re1.
[CrossRef]

165. Bootman, M.D.; Berridge, M.J.; Roderick, H. Calcium Signalling: More Messengers, More Channels, More Complexity. Curr. Biol.
2002, 12, R563–R565. [CrossRef]

166. Swann, K.; Parrington, J. Mechanism of Ca2+ release at fertilization in mammals. J. Exp. Zool. 1999, 285, 267–275. [CrossRef]

https://doi.org/10.2174/1568007053005127
https://doi.org/10.1038/cdd.2017.188
https://doi.org/10.2147/BLCTT.S245191
https://doi.org/10.1002/bip.22772
https://doi.org/10.1006/excr.1999.4672
https://www.ncbi.nlm.nih.gov/pubmed/10585254
https://doi.org/10.1038/sj.cdd.4401925
https://www.ncbi.nlm.nih.gov/pubmed/16601750
https://doi.org/10.1038/sj.neo.7900073
https://www.ncbi.nlm.nih.gov/pubmed/10935507
https://doi.org/10.1038/cdd.2017.169
https://doi.org/10.3390/cancers3010994
https://doi.org/10.1101/cshperspect.a026104
https://doi.org/10.1038/s41418-022-00988-z
https://doi.org/10.3390/biom13030506
https://doi.org/10.1016/j.semcdb.2019.05.011
https://doi.org/10.3390/cancers13102296
https://doi.org/10.1101/CSHPERSPECT.A001883
https://doi.org/10.1186/s12935-021-02396-8
https://www.ncbi.nlm.nih.gov/pubmed/34952583
https://doi.org/10.3390/cancers14030823
https://doi.org/10.1016/B978-0-12-801238-3.64985-1
https://doi.org/10.1021/bi026635n
https://doi.org/10.1016/j.cell.2009.04.050
https://doi.org/10.7555/JBR.27.20130030
https://doi.org/10.1101/CSHPERSPECT.A026096
https://doi.org/10.1080/07391102.2021.1899051
https://doi.org/10.1038/nrc2723
https://doi.org/10.1038/sj.leu.2401879
https://www.ncbi.nlm.nih.gov/pubmed/10995018
https://doi.org/10.1042/bj3280721
https://www.ncbi.nlm.nih.gov/pubmed/9396712
https://doi.org/10.1016/S0165-0173(03)00152-8
https://doi.org/10.1021/bi00655a019
https://doi.org/10.1021/bi00655a020
https://doi.org/10.1016/S0378-1119(01)00599-6
https://doi.org/10.1056/NEJMra043361
https://doi.org/10.1093/emboj/18.18.4999
https://doi.org/10.1126/stke.2152004re1
https://doi.org/10.1016/S0960-9822(02)01055-2
https://doi.org/10.1002/(SICI)1097-010X(19991015)285:3%3C267::AID-JEZ10%3E3.0.CO;2-P


Cells 2024, 13, 1838 26 of 29

167. Nakayama, T.; Hattori, M.; Uchida, K.; Nakamura, T.; Tateishi, Y.; Bannai, H.; Iwai, M.; Michikawa, T.; Inoue, T.; Mikoshiba,
K. The regulatory domain of the inositol 1,4,5-trisphosphate receptor is necessary to keep the channel domain closed: Possible
physiological significance of specific cleavage by caspase 3. Biochem. J. 2004, 377, 299–307. [CrossRef] [PubMed]

168. Hanson, C.; Bootman, M.D.; Roderick, H. Cell Signalling: IP3 Receptors Channel Calcium into Cell Death. Curr. Biol. 2004, 14,
R933–R935. [CrossRef] [PubMed]

169. Sugawara, H.; Kurosaki, M.; Takata, M.; Kurosaki, T. Genetic evidence for involvement of type 1,type 2and type 3inositol
1,4,5-trisphosphate receptors in signal transduction through the B-cell antigen receptor. EMBO J. 1997, 16, 3078–3088. [CrossRef]

170. Vempati, U.D.; Diaz, F.; Barrientos, A.; Narisawa, S.; Mian, A.M.; Millán, J.L.; Boise, L.H.; Moraes, C.T. Role of Cytochrome c in
Apoptosis: Increased Sensitivity to Tumor Necrosis Factor Alpha Is Associated with Respiratory Defects but Not with Lack of
Cytochrome c Release. Mol. Cell. Biol. 2007, 27, 1771–1783. [CrossRef]

171. Ting, A.T.; Bertrand, M.J. More to Life than NF-κB in TNFR1 Signaling. Trends Immunol. 2016, 37, 535–545. [CrossRef]
172. Deveraux, Q.L.; Reed, J.C. IAP Family Proteins-Suppressors of Apoptosis. Genes Dev. 1999, 13, 239–252. [CrossRef]
173. Dubrez-Daloz, L.; Dupoux, A.; Cartier, J. IAPs-More Than Just Inhibitors of Apoptosis Proteins. Cell Cycle 2008, 7, 1036–1046.

[CrossRef]
174. Liang, J.; Zhao, W.; Tong, P.; Li, P.; Zhao, Y.; Li, H.; Liang, J. Comprehensive molecular characterization of inhibitors of apoptosis

proteins (IAPs) for therapeutic targeting in cancer. BMC Med. Genom. 2020, 13, 7. [CrossRef]
175. Voss, A.K.; Strasser, A. The essentials of developmental apoptosis. F1000Research 2020, 9, 148. [CrossRef]
176. Ramos-Ibeas, P.; Gimeno, I.; Cañón-Beltrán, K.; Gutiérrez-Adán, A.; Rizos, D.; Gómez, E. Senescence and Apoptosis During

in vitro Embryo Development in a Bovine Model. Front. Cell Dev. Biol. 2020, 8, 619902. [CrossRef] [PubMed]
177. Feig, C.; Peter, M.E. How Apoptosis Got the Immune System in Shape. Eur. J. Immunol. 2007, 37, S61–S70. [CrossRef] [PubMed]
178. Baumann, S.; Krueger, A.; Kirchhoff, S.; Krammer, P. Regulation of T Cell Apoptosis During the Immune Response. Curr. Mol.

Med. 2002, 2, 257–272. [CrossRef] [PubMed]
179. Smith, M.A.; Schnellmann, R.G. Calpains, mitochondria, and apoptosis. Cardiovasc. Res. 2012, 96, 32–37. [CrossRef]
180. Henson, P.M.; Hume, D.A. Apoptotic Cell Removal in Development and Tissue Homeostasis. Trends Immunol. 2006, 27, 244–250.

[CrossRef]
181. Carneiro, B.A.; El-Deiry, W.S. Targeting Apoptosis in Cancer Therapy. Nat. Rev. Clin. Oncol. 2020, 17, 395–417. [CrossRef]
182. Singh, V.; Khurana, A.; Navik, U.; Allawadhi, P.; Bharani, K.K.; Weiskirchen, R. Apoptosis and Pharmacological Therapies for

Targeting Thereof for Cancer Therapeutics. Science 2022, 4, 15. [CrossRef]
183. Pfeffer, C.M.; Singh, A.T.K. Apoptosis: A Target for Anticancer Therapy. Int. J. Mol. Sci. 2018, 19, 448. [CrossRef]
184. Sellers, W.R.; Fisher, D.E. Apoptosis and Cancer Drug Targeting. J. Clin. Investig. 1999, 104, 1655–1661. [CrossRef]
185. Lowe, S.W.; Lin, A.W. Apoptosis in Cancer. Carcinogenesis 2000, 21, 485–495. [CrossRef]
186. Speirs, C.K.; Hwang, M.; Kim, S.; Li, W.; Chang, S.; Varki, V.; Mitchell, L.; Schleicher, S.; Lu, B. Harnessing the cell death pathway

for targeted cancer treatment. Am. J. Cancer Res. 2010, 1, 43–61. [PubMed]
187. Tekedereli, I.; Alpay, S.N.; Akar, U.; Yuca, E.; Ayugo-Rodriguez, C.; Han, H.-D.; Sood, A.K.; Lopez-Berestein, G.; Ozpolat, B.

Therapeutic Silencing of Bcl-2 by Systemically Administered siRNA Nanotherapeutics Inhibits Tumor Growth by Autophagy and
Apoptosis and Enhances the Efficacy of Chemotherapy in Orthotopic Xenograft Models of ER (−) and ER (+) Breast Cancer. Mol.
Ther. Nucleic Acids 2013, 2, e121. [CrossRef] [PubMed]

188. Talaiezadeh, A.; Jalali, F.; Galehdari, H.; Khodadadi, A. Time depended Bcl-2 inhibition might be useful for a targeted drug
therapy. Cancer Cell Int. 2015, 15, 105. [CrossRef] [PubMed]

189. Karami, H.; Baradaran, B.; Esfahani, A.; Sakhinia, M.; Sakhinia, E. Therapeutic Effects of Myeloid Cell Leukemia-1 siRNA on
Human Acute Myeloid Leukemia Cells. Adv. Pharm. Bull. 2014, 4, 243–248. [CrossRef]

190. Singh, R.; Saini, N. Downregulation of BCL2 by miRNAs Augments Drug-Induced Apoptosis-A Combined Computational and
Experimental Approach. J. Cell Sci. 2012, 125, 1568–1578. [CrossRef]

191. Wei, C.; Luo, Q.; Sun, X.; Li, D.; Song, H.; Li, X.; Song, J.; Hua, K.; Fang, L. microRNA-497 Induces Cell Apoptosis by Negatively
Regulating Bcl-2 Protein Expression at the Posttranscriptional Level in Human Breast Cancer. Int. J. Clin. Exp. Pathol. 2015, 8,
7729–7739.

192. Cimmino, A.; Calin, G.A.; Fabbri, M.; Iorio, M.V.; Ferracin, M.; Shimizu, M.; Wojcik, S.E.; Aqeilan, R.I.; Zupo, S.; Dono, M.; et al.
miR-15 and miR-16 Induce Apoptosis by Targeting BCL2. Proc. Natl. Acad. Sci. USA 2005, 102, 13944–13949. [CrossRef]

193. Arisan, E.D.; Kutuk, O.; Tezil, T.; Bodur, C.; Telci, D.; Basaga, H. Small Inhibitor of Bcl-2, HA14-1, Selectively Enhanced the
Apoptotic Effect of Cisplatin by Modulating Bcl-2 Family Members in MDA-MB-231 Breast Cancer Cells. Breast Cancer Res. Treat.
2010, 119, 271–281. [CrossRef]

194. Gagliardi, M.; Ashizawa, A.T. Making Sense of Antisense Oligonucleotide Therapeutics Targeting Bcl-2. Pharmaceutics 2022, 14,
97. [CrossRef]

195. Frankel, S.R. Oblimersen Sodium (G3139 Bcl-2 Antisense Oligonucleotide) Therapy in Waldenstrom’s Macroglobulinemia: A
Targeted Approach to Enhance Apoptosis. Semin. Oncol. 2003, 30, 300–304. [CrossRef]

196. Herbst, R.S.; Frankel, S.R. Oblimersen Sodium (Genasense Bcl-2 Antisense Oligonucleotide): A Rational Therapeutic to Enhance
Apoptosis in Therapy of Lung Cancer. Clin. Cancer Res. 2004, 10, 4245s–4248s. [CrossRef] [PubMed]

197. Oblimersen: Augmerosen, BCL-2 Antisense Oligonucleotide-Genta, G 3139, GC 3139, Oblimersen Sodium. Drugs RD 2007, 8,
321–334. [CrossRef] [PubMed]

https://doi.org/10.1042/bj20030599
https://www.ncbi.nlm.nih.gov/pubmed/12968951
https://doi.org/10.1016/j.cub.2004.10.019
https://www.ncbi.nlm.nih.gov/pubmed/15530388
https://doi.org/10.1093/emboj/16.11.3078
https://doi.org/10.1128/MCB.00287-06
https://doi.org/10.1016/j.it.2016.06.002
https://doi.org/10.1101/gad.13.3.239
https://doi.org/10.4161/cc.7.8.5783
https://doi.org/10.1186/s12920-020-0661-x
https://doi.org/10.12688/f1000research.21571.1
https://doi.org/10.3389/fcell.2020.619902
https://www.ncbi.nlm.nih.gov/pubmed/33392207
https://doi.org/10.1002/eji.200737462
https://www.ncbi.nlm.nih.gov/pubmed/17972347
https://doi.org/10.2174/1566524024605671
https://www.ncbi.nlm.nih.gov/pubmed/12041729
https://doi.org/10.1093/cvr/cvs163
https://doi.org/10.1016/j.it.2006.03.005
https://doi.org/10.1038/s41571-020-0341-y
https://doi.org/10.3390/sci4020015
https://doi.org/10.3390/ijms19020448
https://doi.org/10.1172/JCI9053
https://doi.org/10.1093/carcin/21.3.485
https://www.ncbi.nlm.nih.gov/pubmed/21969218
https://doi.org/10.1038/MTNA.2013.45
https://www.ncbi.nlm.nih.gov/pubmed/24022053
https://doi.org/10.1186/s12935-015-0254-5
https://www.ncbi.nlm.nih.gov/pubmed/26535028
https://doi.org/10.5681/APB.2014.035
https://doi.org/10.1242/jcs.095976
https://doi.org/10.1073/pnas.0506654102
https://doi.org/10.1007/s10549-009-0343-z
https://doi.org/10.3390/pharmaceutics14010097
https://doi.org/10.1053/sonc.2003.50041
https://doi.org/10.1158/1078-0432.CCR-040018
https://www.ncbi.nlm.nih.gov/pubmed/15217967
https://doi.org/10.2165/00126839-200708050-00006
https://www.ncbi.nlm.nih.gov/pubmed/17767397


Cells 2024, 13, 1838 27 of 29

198. Raab, R.; Sparano, J.A.; Ocean, A.J.; Christos, P.; Ramirez, M.; Vinciguerra, V.; Kaubisch, A. A Phase I Trial of Oblimersen Sodium
in Combination with Cisplatin and 5-Fluorouracil in Patients with Advanced Esophageal, Gastroesophageal Junction, and Gastric
Carcinoma. Am. J. Clin. Oncol. 2010, 33, 61–65. [CrossRef] [PubMed]

199. Sharma, N.; Kumari, R.M.; Arya, G.; Gupta, N.; Chandra, R.; Nimesh, S. Clinical Trials of Promising Apoptosis Modulating Drugs.
In Clinical Perspectives and Targeted Therapies in Apoptosis: Drug Discovery, Drug Delivery, and Disease Prevention; Academic Press:
London, UK, 2021; pp. 329–391. [CrossRef]

200. Klasa, R.J.; Gillum, A.M.; Klem, R.E.; Frankel, S.R. Oblimersen Bcl-2 antisense: Facilitating apoptosis in anticancer treatment.
Antisense Nucleic Acid Drug Dev. 2002, 12, 193–213. [CrossRef] [PubMed]

201. Tarhini, A.A.; Kirkwood, J.M. Oblimersen in the Treatment of Metastatic Melanoma. Future Oncol. 2007, 3, 263–271. [CrossRef]
202. Sternberg, C.N.; Dumez, H.; Van Poppel, H.; Skoneczna, I.; Sella, A.; Daugaard, G.; Gil, T.; Graham, J.; Carpentier, P.; Calabro, F.;

et al. Docetaxel Plus Oblimersen Sodium (Bcl-2 Antisense Oligonucleotide): An EORTC Multicenter, Randomized Phase II Study
in Patients with Castration-Resistant Prostate Cancer. Ann. Oncol. 2009, 20, 1264–1269. [CrossRef]

203. Rom, J.; von Minckwitz, G.; Eiermann, W.; Sievert, M.; Schlehe, B.; Marmé, F.; Schuetz, F.; Scharf, A.; Eichbaum, M.; Sinn, H.-P.;
et al. Oblimersen Combined with Docetaxel, Adriamycin, and Cyclophosphamide as Neo-Adjuvant Systemic Treatment in
Primary Breast Cancer: Final Results of a Multicentric Phase I Study. Ann. Oncol. 2008, 19, 1698–1705. [CrossRef]

204. Beljanski, V. Oblimersen. In xPharm: The Comprehensive Pharmacology Reference; Elsevier: Amsterdam, The Netherlands, 2008;
pp. 1–4. [CrossRef]

205. Tóth, K.; Sarang, Z.; Scholtz, B.; Brázda, P.; Ghyselinck, N.; Chambon, P.; Fésüs, L.; Szondy, Z. Retinoids enhance glucocorticoid-
induced apoptosis of T cells by facilitating glucocorticoid receptor-mediated transcription. Cell Death Differ. 2010, 18, 783–792.
[CrossRef]

206. Nagy, L.; Thomazy, V.A.; Heyman, R.A.; Davies, P.J.A. Retinoid-Induced Apoptosis in Normal and Neoplastic Tissues. Cell Death
Differ. 1998, 5, 11–19. [CrossRef]

207. Dawson, M.I.; Xia, Z. The Retinoid X Receptors and Their Ligands. Biochim. Biophys. Acta 2012, 1821, 21–56. [CrossRef]
208. Huang, P.; Chandra, V.; Rastinejad, F. Retinoic Acid Actions Through Mammalian Nuclear Receptors. Chem. Rev. 2013, 114,

233–254. [CrossRef] [PubMed]
209. Hong, S.J.; Dawson, T.M.; Dawson, V.L. PARP and the Release of Apoptosis-Inducing Factor from Mitochondria; Springer: Boston, MA,

USA, 2006.
210. Li, W.; Lin, Y.; Luo, Y.; Wang, Y.; Lu, Y.; Li, Y.; Guo, H. Vitamin D Receptor Protects Against Radiation-Induced Intestinal Injury in

Mice via Inhibition of Intestinal Crypt Stem/Progenitor Cell Apoptosis. Nutrients 2021, 13, 2910. [CrossRef] [PubMed]
211. Diamantopoulos, P.T.; Sofotasiou, M.; Papadopoulou, V.; Polonyfi, K.; Iliakis, T.; Viniou, N.-A. PARP1-Driven Apoptosis in

Chronic Lymphocytic Leukemia. BioMed Res. Int. 2014, 2014, 1–6. [CrossRef] [PubMed]
212. Zhong, W.-B.; Tsai, Y.-C.; Chin, L.-H.; Tseng, J.-H.; Tang, L.-W.; Horng, S.; Fan, Y.-C.; Hsu, S.-P. A Synergistic Anti-Cancer Effect of

Troglitazone and Lovastatin in a Human Anaplastic Thyroid Cancer Cell Line and in a Mouse Xenograft Model. Int. J. Mol. Sci.
2018, 19, 1834. [CrossRef]

213. Yasunari, K.; Kohno, M.; Kano, H.; Yokokawa, K.; Minami, M.; Yoshikawa, J. Mechanisms of Action of Troglitazone in the
Prevention of High Glucose–Induced Migration and Proliferation of Cultured Coronary Smooth Muscle Cells. Circ. Res. 1997, 81,
953–962. [CrossRef]

214. Gonda, K.; Tsuchiya, H.; Sakabe, T.; Akechi, Y.; Ikeda, R.; Nishio, R.; Terabayashi, K.; Ishii, K.; Matsumi, Y.; Ashla, A.A.; et al.
Synthetic Retinoid CD437 Induces Mitochondria-Mediated Apoptosis in Hepatocellular Carcinoma Cells. Biochem. Biophys. Res.
Commun. 2008, 370, 629–633. [CrossRef]

215. Jin, Y.; Teh, S.S.; Lau, H.L.N.; Xiao, J.; Mah, S.H. Retinoids as Anti-Cancer Agents and Their Mechanisms of Action. Am. J. Cancer
Res. 2022, 12, 938–960.

216. Zhang, M.; Zhang, L.; Hei, R.; Li, X.; Cai, H.; Wu, X.; Zheng, Q.; Cai, C. CDK Inhibitors in Cancer Therapy, An Overview of
Recent Development. Am. J. Cancer Res. 2021, 11, 1913.

217. Li, G.; Tian, Y.; Zhu, W.G. The Roles of Histone Deacetylases and Their Inhibitors in Cancer Therapy. Front. Cell Dev. Biol. 2020,
8, 576946. [CrossRef]

218. Liang, X.-W.; Wang, S.-Z.; Liu, B.; Chen, J.-C.; Cao, Z.; Chu, F.-R.; Lin, X.; Liu, H.; Wu, J.-C. A Review of Deubiquitinases and
Their Roles in Tumorigenesis and Development. Front. Bioeng. Biotechnol. 2023, 11, 1204472. [CrossRef]

219. Chonghaile, T.N.; Letai, A. Mimicking the BH3 Domain to Kill Cancer Cells. Oncogene 2008, 27, S149. [CrossRef] [PubMed]
220. Azmi, A.S.; Mohammad, R.M. Non-peptidic small molecule inhibitors against Bcl-2 for cancer therapy. J. Cell. Physiol. 2008, 218,

13–21. [CrossRef] [PubMed]
221. Demma, M.; Maxwell, E.; Ramos, R.; Liang, L.; Li, C.; Hesk, D.; Rossman, R.; Mallams, A.; Doll, R.; Liu, M.; et al. SCH529074, a

Small Molecule Activator of Mutant p53, Which Binds p53 DNA Binding Domain (DBD), Restores Growth-Suppressive Function
to Mutant p53 and Interrupts HDM2-Mediated Ubiquitination of Wild Type p53. J. Biol. Chem. 2010, 285, 10198–10212. [CrossRef]
[PubMed]

222. Bykov, V.J.N.; Issaeva, N.; Zache, N.; Shilov, A.; Hultcrantz, M.; Bergman, J.; Selivanova, G.; Wiman, K.G. Reactivation of Mutant
p53 and Induction of Apoptosis in Human Tumor Cells by Maleimide Analogs. J. Biol. Chem. 2005, 280, 30384–30391. [CrossRef]

223. Raghavan, V.; Agrahari, M.; Gowda, D.K. Virtual Screening of p53 Mutants Reveals Y220S as an Additional Rescue Drug Target
for PhiKan083 with Higher Binding Characteristics. Comput. Biol. Chem. 2019, 80, 398–408. [CrossRef]

https://doi.org/10.1097/COC.0b013e3181a31ad0
https://www.ncbi.nlm.nih.gov/pubmed/19738454
https://doi.org/10.1016/B978-0-12-815762-6.00010-X
https://doi.org/10.1089/108729002760220798
https://www.ncbi.nlm.nih.gov/pubmed/12162702
https://doi.org/10.2217/14796694.3.3.263
https://doi.org/10.1093/annonc/mdn784
https://doi.org/10.1093/annonc/mdn280
https://doi.org/10.1016/B978-008055232-3.64075-9
https://doi.org/10.1038/cdd.2010.136
https://doi.org/10.1038/sj.cdd.4400337
https://doi.org/10.1016/j.bbalip.2011.09.014
https://doi.org/10.1021/cr400161b
https://www.ncbi.nlm.nih.gov/pubmed/24308533
https://doi.org/10.3390/nu13092910
https://www.ncbi.nlm.nih.gov/pubmed/34578802
https://doi.org/10.1155/2014/106713
https://www.ncbi.nlm.nih.gov/pubmed/25161998
https://doi.org/10.3390/ijms19071834
https://doi.org/10.1161/01.RES.81.6.953
https://doi.org/10.1016/j.bbrc.2008.04.008
https://doi.org/10.3389/fcell.2020.576946
https://doi.org/10.3389/fbioe.2023.1204472
https://doi.org/10.1038/onc.2009.52
https://www.ncbi.nlm.nih.gov/pubmed/19641500
https://doi.org/10.1002/jcp.21567
https://www.ncbi.nlm.nih.gov/pubmed/18767026
https://doi.org/10.1074/jbc.M109.083469
https://www.ncbi.nlm.nih.gov/pubmed/20124408
https://doi.org/10.1074/jbc.M501664200
https://doi.org/10.1016/j.compbiolchem.2019.05.005


Cells 2024, 13, 1838 28 of 29

224. Bykov, V.J.N.; Issaeva, N.; Selivanova, G.; Wiman, K.G. Mutant p53-Dependent Growth Suppression Distinguishes PRIMA-1
from Known Anticancer Drugs: A Statistical Analysis of Information in the National Cancer Institute Database. Carcinogenesis
2002, 23, 2011–2018. [CrossRef]

225. Lehmann, S.; Bykov, V.J.; Ali, D.; Andrén, O.; Cherif, H.; Tidefelt, U.; Uggla, B.; Yachnin, J.; Juliusson, G.; Moshfegh, A.; et al.
Targeting p53 In Vivo: A First-in-Human Study with p53-Targeting Compound APR-246 in Refractory Hematologic Malignancies
and Prostate Cancer. J. Clin. Oncol. 2012, 30, 3633–3639. [CrossRef]

226. Meric-Bernstam, F.; Somaiah, N.; DuBois, S.; Dumbrava, E.E.I.; Shapiro, G.; Patel, M.; Goel, S.; Bauer, T.; Pinchasik, D.; Annis, A.;
et al. A Phase IIa Clinical Trial Combining ALRN-6924 and Palbociclib for the Treatment of Patients with Tumours Harboring
Wild-Type p53 and MDM2 Amplification or MDM2/CDK4 Co-Amplification. Ann. Oncol. 2019, 30, v179–v180. [CrossRef]

227. Schuler, P.J.; Harasymczuk, M.; Visus, C.; DeLeo, A.; Trivedi, S.; Lei, Y.; Argiris, A.; Gooding, W.; Butterfield, L.H.; Whiteside, T.L.;
et al. Phase I Dendritic Cell p53 Peptide Vaccine for Head and Neck Cancer. Clin. Cancer Res. 2014, 20, 2433–2444. [CrossRef]

228. Speetjens, F.M.; Kuppen, P.J.; Welters, M.J.; Essahsah, F.; Brink, A.M.E.V.v.D.; Lantrua, M.G.K.; Valentijn, A.R.P.; Oostendorp,
J.; Fathers, L.M.; Nijman, H.W.; et al. Induction of p53-Specific Immunity by a p53 Synthetic Long Peptide Vaccine in Patients
Treated for Metastatic Colorectal Cancer. Clin. Cancer Res. 2009, 15, 1086–1095. [CrossRef]

229. Leffers, N.; Lambeck, A.J.; Gooden, M.J.; Hoogeboom, B.; Wolf, R.; Hamming, I.E.; Hepkema, B.G.; Willemse, P.H.; Molmans,
B.H.; Hollema, H.; et al. Immunization with a P53 Synthetic Long Peptide Vaccine Induces P53-Specific Immune Responses in
Ovarian Cancer Patients: A Phase II Trial. Int. J. Cancer 2009, 125, 2104–2113. [CrossRef] [PubMed]

230. Svane, I.M.; Pedersen, A.E.; Johansen, J.S.; Johnsen, H.E.; Nielsen, D.; Kamby, C.; Ottesen, S.; Balslev, E.; Gaarsdal, E.; Nikolajsen,
K.; et al. Vaccination with p53 Peptide-Pulsed Dendritic Cells is Associated with Disease Stabilization in Patients with p53
Expressing Advanced Breast Cancer; Monitoring of Serum YKL-40 and IL-6 as Response Biomarkers. Cancer Immunol. Immunother.
2007, 56, 1485–1499. [CrossRef] [PubMed]

231. Menon, A.G.; Kuppen, P.J.K.; van der Burg, S.H.; Offringa, R.; Bonnet, M.C.; Harinck, B.I.J.; Tollenaar, R.A.E.M.; Redeker, A.;
Putter, H.; Moingeon, P.; et al. Safety of Intravenous Administration of a Canarypox Virus Encoding the Human Wild-Type p53
Gene in Colorectal Cancer Patients. Cancer Gene Ther. 2003, 10, 509–517. [CrossRef] [PubMed]

232. Atencio, I.A.; Grace, M.; Bordens, R.; Fritz, M.; A Horowitz, J.; Hutchins, B.; Indelicato, S.; Jacobs, S.; Kolz, K.; Maneval, D.; et al.
Biological Activities of a Recombinant Adenovirus p53 (SCH 58500) Administered by Hepatic Arterial Infusion in a Phase 1
Colorectal Cancer Trial. Cancer Gene Ther. 2006, 13, 169–181. [CrossRef] [PubMed]

233. Baron, A.D.; O’Bryant, C.L.; Choi, Y.; Ashkenazi, A.; Royer-Joo, S.; Portera, C.C. Phase Ib Study of Drozitumab Combined with
Cetuximab (CET) Plus Irinotecan (IRI) or with FOLFIRI ± Bevacizumab (BV) in Previously Treated Patients (Pts) with Metastatic
Colorectal Cancer (mCRC). J. Clin. Oncol. 2011, 29, 3581. [CrossRef]

234. Sharma, S.; de Vries, E.G.; Infante, J.R.; Oldenhuis, C.N.; Gietema, J.A.; Yang, L.; Bilic, S.; Parker, K.; Goldbrunner, M.; Scott,
J.W.; et al. Safety, Pharmacokinetics, and Pharmacodynamics of the DR5 Antibody LBY135 Alone and in Combination with
Capecitabine in Patients with Advanced Solid Tumors. Investig. New Drugs 2014, 32, 135–144. [CrossRef]

235. Reed, J.C. Apoptosis-Targeted Therapies for Cancer. Cancer Cell 2003, 3, 17–22. [CrossRef]
236. Sodhi, R.K.; Grewal, A.K.; Jhajj, T.G.S.; Kumar, R. Recent Approaches to Target Apoptosis in Neurological Disorders. In Clinical

Perspectives and Targeted Therapies in Apoptosis: Drug Discovery, Drug Delivery, and Disease Prevention; Academic Press: London, UK,
2021; pp. 217–283. [CrossRef]

237. Donkova, V.; Vasilev, T. Apoptosis and Autoimmunity. Cell Death Differ. 2000, 7, 131–133. [CrossRef]
238. Olivetti, G.; Quaini, F.; Sala, R.; Lagrasta, C.; Corradi, D.; Bonacina, E.; Gambert, S.R.; Cigola, E.; Anversa, P. Acute Myocardial

Infarction in Humans is Associated with Activation of Programmed Myocyte Cell Death in the Surviving Portion of the Heart. J.
Mol. Cell Cardiol. 1996, 28, 2005–2016. [CrossRef]

239. Kim, N.H.; Kang, P.M. Apoptosis in Cardiovascular Diseases: Mechanism and Clinical Implications. Korean Circ. J. 2010, 40,
299–305. [CrossRef]

240. Bergmann, A.; Steller, H. Apoptosis, Stem Cells, and Tissue Regeneration. Sci. Signal. 2010, 3, re8. [CrossRef] [PubMed]
241. Guerin, D.J.; Kha, C.X.; Tseng, K.A.S. From Cell Death to Regeneration: Rebuilding After Injury. Front. Cell Dev. Biol. 2021, 9,

655048. [CrossRef] [PubMed]
242. Huang, Y.; Bai, Z.; Zhang, K. A New Insight for Stem Cell Therapy: Apoptotic Stem Cells as a Key Player. Signal Transduct. Target.

Ther. 2022, 7, 299. [CrossRef]
243. Riwaldt, S.; Corydon, T.J.; Pantalone, D.; Sahana, J.; Wise, P.; Wehland, M.; Krüger, M.; Melnik, D.; Kopp, S.; Infanger, M.; et al.

Role of Apoptosis in Wound Healing and Apoptosis Alterations in Microgravity. Front. Bioeng. Biotechnol. 2021, 9, 679650.
[CrossRef]

244. Guo, J.; Huang, X.; Dou, L.; Yan, M.; Shen, T.; Tang, W.; Li, J. Aging and Aging-Related Diseases: From Molecular Mechanisms to
Interventions and Treatments. Signal Transduct. Target. Ther. 2022, 7, 391. [CrossRef]

245. Peter, M.E.; Heufelder, A.E.; Hengartner, M.O. Advances in Apoptosis Research. Proc. Natl. Acad. Sci. USA 1997, 94, 12736–12737.
[CrossRef]

246. Li, F.; Zhang, F.; Wang, T.; Xie, Z.; Luo, H.; Dong, W.; Zhang, J.; Ren, C.; Peng, W. A self-amplifying loop of TP53INP1 and P53
drives oxidative stress-induced apoptosis of bone marrow mesenchymal stem cells. Apoptosis 2024, 29, 882–897. [CrossRef]

247. Aravani, D.; Foote, K.; Figg, N.; Finigan, A.; Uryga, A.; Clarke, M.; Bennett, M. Cytokine regulation of apoptosis-induced
apoptosis and apoptosis-induced cell proliferation in vascular smooth muscle cells. Apoptosis 2020, 25, 648–662. [CrossRef]

https://doi.org/10.1093/carcin/23.12.2011
https://doi.org/10.1200/JCO.2011.40.7783
https://doi.org/10.1093/annonc/mdz244.037
https://doi.org/10.1158/1078-0432.CCR-13-2617
https://doi.org/10.1158/1078-0432.CCR-08-2227
https://doi.org/10.1002/ijc.24597
https://www.ncbi.nlm.nih.gov/pubmed/19621448
https://doi.org/10.1007/s00262-007-0293-4
https://www.ncbi.nlm.nih.gov/pubmed/17285289
https://doi.org/10.1038/sj.cgt.7700600
https://www.ncbi.nlm.nih.gov/pubmed/12833131
https://doi.org/10.1038/sj.cgt.7700870
https://www.ncbi.nlm.nih.gov/pubmed/16082381
https://doi.org/10.1200/jco.2011.29.15_suppl.3581
https://doi.org/10.1007/s10637-013-9952-9
https://doi.org/10.1016/S1535-6108(02)00241-6
https://doi.org/10.1016/B978-0-12-815762-6.00008-1
https://doi.org/10.1038/sj.cdd.4400633
https://doi.org/10.1006/jmcc.1996.0193
https://doi.org/10.4070/kcj.2010.40.7.299
https://doi.org/10.1126/scisignal.3145re8
https://www.ncbi.nlm.nih.gov/pubmed/20978240
https://doi.org/10.3389/fcell.2021.655048
https://www.ncbi.nlm.nih.gov/pubmed/33816506
https://doi.org/10.1038/s41392-022-01066-z
https://doi.org/10.3389/fbioe.2021.679650
https://doi.org/10.1038/s41392-022-01251-0
https://doi.org/10.1073/pnas.94.24.12736
https://doi.org/10.1007/s10495-023-01934-1
https://doi.org/10.1007/s10495-020-01622-4


Cells 2024, 13, 1838 29 of 29

248. Li, M. The role of P53 up-regulated modulator of apoptosis (PUMA) in ovarian development, cardiovascular and neurodegenera-
tive diseases. Apoptosis 2021, 26, 235–247. [CrossRef]

249. Weber, P.; Schickinger, S.; Wagner, M.; Angres, B.; Bruns, T.; Schneckenburger, H. Monitoring of Apoptosis in 3D Cell Cultures by
FRET and Light Sheet Fluorescence Microscopy. Int. J. Mol. Sci. 2015, 16, 5375–5385. [CrossRef]

250. Qin, H.; Sun, Y.; Geng, X.; Zhao, K.; Meng, H.; Yang, R.; Qu, L.; Li, Z. A wash-free lysosome targeting carbon dots for ultrafast
imaging and monitoring cell apoptosis status. Anal. Chim. Acta 2020, 1106, 207–215. [CrossRef]

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) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10495-021-01667-z
https://doi.org/10.3390/ijms16035375
https://doi.org/10.1016/j.aca.2020.02.002

	Introduction 
	Primary Cell Death 
	Signaling Pathways of Apoptosis 
	Intrinsic Pathway of Apoptosis 
	Mitogen-Activated Protein Kinase (MAPK) Signaling 
	JAK-STAT Signaling 
	Mitochondria-Dependent Cell Death: The Role of MOMPs 
	Cytosolic Cytochrome c: A Potent Pro-Apoptotic Protein 

	Extrinsic (Death Receptor) Pathway 
	Death Receptor Activation 
	Caspase-8 Activation 

	The Regulatory Role of Genes and Their Protein Products, and the Convergence of Intrinsic and Extrinsic Pathways 
	Genes and the Translation Products Involved in Apoptosis 
	Caspases 
	Bcl-2 Family of Proteins 
	Tumor Suppressor Protein p53 
	Calpains and Calcium Signaling by IP3 Receptor 
	Cytochrome c 
	Death Receptors 

	Inhibitor of Apoptosis Proteins (IAPs) 

	Role in Health and Disease 
	Targeting Apoptosis for Enhanced Cancer Treatment 
	Strategies for Inducing Apoptosis 
	Bcl2 Antisense 
	Small Molecule Inhibitors of BCL-2 Proteins: These Inhibitors Can Be Classified into Two Groups 


	Some Potential Future Therapeutic Perspectives and Directions for Apoptosis 
	Advanced Techniques in Apoptosis Research 
	Conclusions and Prospects 
	References

