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Abstract
Necroptosis, a type of pathological and inflammatory cell death, resembles 
necrosis, the  termination of function of a bodily tissue, but adopts a 
unique molecular pathway that is not like apoptosis, resulting in vastly 
different immunological consequences. Until recently, necroptosis  was 
believed to mainly function as a protective mechanism that counteracts the viral 
barrier of  apoptosis. However, mouse model studies have indicated that 
deficiency in elements of the  apoptosis machinery such as caspase-8 or FADD 
can result in embryonic lethality driven by  necroptosis. Previous studies using 
conditional depletion of cellular inhibitors of apoptosis  (cIAPs) revealed that the 
necroptosis pathway is triggered under certain stressor conditions.  These 
data support a new approach of targeting molecules within the cell death 
pathways to  identify the origin of autoimmune diseases. Hence, 
distinguishing between these two types of  cell death may prove crucial 
during pathologic evaluations. This review provides a detailed insight into 
the emerging discussion on the various forms of cell death and the essential 
roles  which certain molecules play in the development and progression 
of autoimmune diseases.  Armed with this knowledge, greater efforts can 
be targeted towards devising more effective  treatments for interception 
of pathological diseases, prior to their uncontrollable progression. 



Introduction

Over the last decade, advances in cell death research have greatly 
contributed to our understanding of cell death. Dysregulation of cell 
death has been found to be critically involved in the onset of various 
human diseases, such as neurodegenerative diseases1, autoimmune 
diseases2, and cancer3. The three forms of cell death of interest –
apoptosis2,4,5,6, necrosis7,8,9, and necroptosis3,10 – have distinct features and 
activate unique signaling pathways. Apoptosis is a caspase-mediated 
programmed cell death that can be identi ed by chromosome 
condensation, nuclear fragmentation, and membrane blebbing2. 
Conversely, necrosis is an unregulated, accidental form of cell death, 
triggered by non-physiological stress inducers and characterized by the 
expansion of cellular organelles, plasma membrane rupture, and 
subsequent in ammatory responses caused by the release of the 
intracellular contents7,8.

The recent identi cation of necroptosis has transformed our 
understanding of regulated cell death. It has become increasingly evident 
that although the di erent types of cell death have distinctive 
characteristics, they are ultimately interconnected. Thus, the activation or 
inhibition of a particular signaling molecular pathway under certain 
conditions determines the regulation or dysregulation of another 
associated cell death mechanism11,12,13,14. In this review, we focus on the 
speci c mechanisms involved in each particular type of cell death and the 
connections between them. By highlighting the pathophysiological 
relevance of necroptosis and the key roles of certain cell mediators and 
signaling molecules, we are proposing a new perspective for consequent 
medical research that investigates the pathogenesis of various diseases 
across the body, including neurological13,15, cardiovascular16, pulmonary, 
gastrointestinal, infectious, and autoimmune3,17,18 conditions, all of which 
have been linked to necroptosis.

Cell    Death and  Autoimmune  Disorders

Programmed cell death is an intricate biological element that plays a vital 
role in several physiological processes, including homeostasis, regulation of 
the immune system, and disease pathogenesis1. It involves multiple 
pathways and is regulated by various intrinsic cell death programs. Over 
the past two decades, extensive research has transformed the understanding 
of programmed cell death and the di erent mechanisms that control it.
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Initially, apoptosis was believed to be the only form of programmed cell
death, whereas necrosis was considered unregulated and resulting from a
damaged environmental stress response3. However, emerging experimental
evidence reveals a regulated form of necrosis, termed necroptosis, a form of
cell death controlled by speci c intrinsic programs. Autoimmune
disorders, such as rheumatoid arthritis, can result from defects in multiple
stages of these forms of cell death, ranging from mutant death receptors
and ligands to speci c biochemical changes in death-inducing signaling
molecules2. Closely examining these complex mechanisms is very essential
in gaining a better understanding of the pathogenesis of rheumatoid
arthritis and several other autoimmune  disorders.

Table 1: Comparison between morphological features of apoptosis, necrosis, and necroptosis

Apoptosis
Apoptosis is an intracellular process that occurs during cellular 
development, providing a homeostatic mechanism to remove damaged 
cells3,4,5,6. Cells undergoing apoptosis display morphological characteristics 
such as plasma membrane blebbing, chromosome condensation, nuclear 
fragmentation, formation of apoptotic bodies, and cell shrinkage. In the 
early stages of the disease, they also exhibit biochemical changes, such as 
the exposure of phosphatidyl-l-serine on the outer plasma 
membrane19,20,21. The mechanism of apoptosis involves certain molecules 
that play an important role in mediating cell death.

Apoptosis involves an energy-dependent cascade of molecular events that 
results from three primary pathways: the extrinsic (cell death) receptor
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pathway, the intrinsic (mitochondrial) pathway, and the stress-induced 
pathway in the endoplasmic reticulum22. Despite having di erent initiator 
caspases (caspase-8, caspase-9, and caspase-10), all of these pathways are 
linked via caspase-3 activation of downstream molecules1. The activation of 
the death receptor-mediated apoptosis pathway occurs when the Fas ligand, 
TNF-α (tumor necrosis factor α), binds to the corresponding death 
receptors11,12. The adaptor protein FADD11,23, and the procaspase-8 protein 
form a complex, the death-inducing signaling complex (DISC), in which 
procaspase-8 is activated by autohydrolysis24,25. The activated caspase-8 
then transduces the apoptosis signal through, either the activation of 
caspase-3, or the cleavage of BID to truncated BID (tBID). tBID 
translocates to the mitochondria, resulting in conformational changes in 
Bax and Bak, as well as their oligomerization for pore formation in the 
outer mitochondrial membrane25,26.

Stress inducers such as DNA damage, growth factor withdrawal, and 
oxidative stress activate the mitochondrial-dependent pathway27,28. This 
intrinsic pathway is controlled by the Bcl-2 family of proteins, which 
regulates the permeability of the outer mitochondrial membrane29,30,31. 
Upon release into the cytoplasm from the mitochondria, cytochrome c 
combines with Apaf-1 to promote caspase-9 activation, which, in turn, 
activates e ector caspases32,33 to trigger a cascade of  proteolytic events.

The ER-dependent pathway is mediated by an ER-resistant caspase 
(caspase-12). It is activated under the presence of ER stresses: the 
disturbance of calcium homeostasis, excessively unfolded or misfolded 
protein accumulation, nutrient deprivation, and hypoxia22. Activated 
caspase-12 directly cleaves caspase-9 after its translocation from the ER into 
the cytosol, followed by the activation of caspase-334. Similarly, forming a 
complex with the inositol requiring enzyme-1α-TNF receptor-associated 
factor 2 (TRAF2), or by calpains, a family of Ca2+-dependent intracellular 
cysteine proteases, activates the caspase-12 during ER stress.7,35.

Together, these pathways result in phagocytosis of the apoptotic bodies by 
macrophages, neoplastic cells, or neighboring parenchymal cells24. 
Interestingly, caspase-3 is the common factor linking these 3 pathways 
together, initiating the apoptosis execution pathway upon activation8. 
This marks caspase-3 as the potential target for studying the divergence of 
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each pathway, allowing for the manipulation of apoptosis. 
Understanding the morphological and cellular characteristics of apoptotic 
mechanisms, as well as identifying the key molecules involved in mediating 
cell death, is integral in discerning their roles in autoimmune diseases.

Figure 1: Mechanisms of Apoptosis

Table 2: Names and abbreviations of proteins in the extrinsic, 
intrinsic, and ER-dependent  pathways of apoptosis.
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Apoptosis and Disease
The repression of apoptosis increases the possibility of malignancy, as it 
inhibits tumor cell deaths. On the other hand, uncontrolled apoptosis is 
associated with various degenerative diseases including acquired 
immunode ciency syndrome36, cancer2, Parkinson's disease37 and 
Alzheimer's disease38. Additionally, apoptosis has been correlated with 
HIV39, Type 1 diabetes41,42, autoimmune thyroid diseases, systemic lupus 
erythematosus, rheumatoid arthritis,  and Sjogren’s syndrome.

Controlled apoptosis regulates normal T-cell selection and function. In 
turn, type 1 diabetes is caused by the insulin-secreting β-cells of the 
pancreas being attacked by T-cells. The FOXP3+CD4+CD25high T-cells 
(Tregs) represent one of the best characterized sub populations of 
regulatory T-cells that actively suppress e ector T-cells. The increasing 
evidence of Tregs de ciency in various autoimmune diseases3, as well as in 
Type 1 diabetes41,42, suggests a correlation between greater levels of Tregs 
apoptosis and a decline in suppressive potential of these cells. However, the 
data collected are not always consistent in these studies since the 
investigations are conducted in di erent phases of the diseases and with 
various ongoing immunosuppressive therapies. Most of these studies also 
have limitations in terms of distinguishing nTreg cells from activated Te  
cells and characterizing their suppressive function. Current studies fail to 
elucidate the pathways and genes that make Tregs sensitive to apoptosis 
during the progression of the disease.

Recent evidence supports the involvement of the Fas and TRAIL mediated 
apoptotic pathways in the autoimmune diseases of the thyroid17,18. One of 
the earliest breakthroughs occurred when Giordano et al. (1997) used 
immunohistochemistry, ow cytometry, and RT-PCR to discover the 
constitutive expression of FasL (Fas ligand) on normal and Hashimoto's 
thyroiditis (HT) thyrocytes43,44. Although thyrocytes are known to express 
the death receptor Fas, not much is known about how the expression is 
modulated. Upregulation of Fas was also found in the thyrocytes of 
patients with Graves’ disease. Discoveries like these strongly support the 
theory that apoptosis and the proliferation of thyrocytes may be 
abnormally accelerated in patients with thyroid disease, although the 
proliferation of thyrocytes may exceed their apoptosis, which would result 
in hyperplasia.
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Another autoimmune disease, systemic lupus erythematosus (SLE), is 
linked to apoptosis through an increased number of apoptotic 
lymphocytes and macrophages observed in patients with SLE45. 
Characterized by the declining tolerance of self-antigens, this disease causes 
the production of antibodies, reactive with multiple self proteins46. 
Apoptosis is crucial for regulating the duration of immune responses and 
maintaining the diversity of the lymphoid armamentarium. Based on 
considerable statistical data, studies have identi ed that the de ciency of 
central molecules involved in lymphocyte apoptosis causes 
lymphoproliferative and autoimmune diseases in mice and humans47,48. In 
rheumatoid arthritis (RA) tissues in vitro, synoviocytes, synovial T cells 
and macrophages have been found to express high levels of Fas and/or 
FasL and are highly susceptible to Fas/FasL-induced apoptosis. 
Conversely, abnormalities in Fas/FasL expression and susceptibility to 
Fas-induced apoptosis are generally not observed in osteoarthritis49. In 
some studies, invading T cells have been observed to be defective in 
FasL expression, which could explain the ine ective clearance of 
activated (Fas-expressing) cells. Additionally, rheumatoid synovial 
uid contains high levels of caspase-3 inhibiting nitric oxide. 

Therefore, though these studies indicate that Fas induced apoptosis is 
impaired in RA joints, they do not explain whether these phenomena 
are a direct result of the initial in ammatory pathways of RA or whether 
they underlie the disease etiology.

Apoptosis evidently plays a valuable role in the pathogenesis of several of 
the autoimmune diseases. The extent of apoptotic regulation dictates the 
pathological manifestations of these diseases. Considerably repressed 
apoptosis increases the likelihood of malignancy, whereas unregulated 
apoptosis can directly lead to the initiation and progressions of several 
autoimmune diseases. The exact molecules and cellular targets determine 
the type of degenerative disease. Thus, studies discovering the functions 
and mechanisms of cell mediators involved in cell death are crucial to 
elucidating the pathogenesis of autoimmune diseases.

Necrosis
Necrosis is an unregulated or accidental cell death due to internal or 
external stresses, resulting from the disruption of membrane homeostasis 
It leads to water imbalance between the extracellular and intracellular 
environments50,51,52. Recently it has been suggested that a programmed
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form of necrosis, commonly known as necroptosis, is a critical pathway 
that is involved in a number of autoimmune diseases, as well as heart 
diseases. The discovery of necroptosis signi es the need to di erentiate 
between the mechanisms that induce passive necrosis, and those that 
stimulate necroptosis, to better understand disease progression8,9. 
Although necrosis and necroptosis share nearly identical characteristics, the 
implication of necroptosis in several diseases raises a topic of interest in 
research studying autoimmune  diseases.

Although there are some morphological and mechanistic di erences 
between apoptosis and necrosis, these two processes overlap in some ways. 
Evidence indicates that necrosis and apoptosis share a biochemical 
network described as the “apoptosis-necrosis continuum.”53 For example, a 
decrease in the availability of caspases, or intracellular ATP, can convert an 
ongoing apoptotic process into a necrotic process54,55. The tissue type, the 
nature of the cell death signal, the physiological make up, and the 
developmental stage of the tissue all determine whether a cell dies by 
necrosis, or apoptosis53,56. Using conventional histology to distinguish 
between apoptosis and necrosis proves di cult, as they can occur 
simultaneously depending on factors such as the availability of caspases, 
the intensity and duration of the stimulus, and the extent of ATP 
depletion53.

One of the primary di erences is that necrosis is an unregulated, passive 
process that usually impacts a large range of cells. Apoptosis is contained, 
energy-dependent, and can a ect clusters or individual cells. Necrosis is 
initiated by two main mechanisms: interference with the energy supply of 
the cell and direct damage to cell membranes. On the other hand, there is 
virtually no in ammatory reaction in apoptotic cells, because they do not 
release their cellular constituents into the surrounding interstitial tissue 
and are quickly phagocytosed by  macrophages or adjacent normal cells57,58.

Necroptosis
Necroptosis di ers from apoptosis in several ways. Cellls undergoing 
apoptosis maintain the integrity of their cell membrane, whereas 
necroptosis disrupts the cell membrane. Although apoptosis and 
necroptosis share certain triggers, the intracellular signaling pathways that 
ultimately lead to each cascade di er16. Apoptosis is known to be regulated 
by key mediators called caspases, whereas the main mediators of
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necroptosis are receptor-interacting protein kinases (RIPKs). Additionally, 
apoptosis and necroptosis intersect at several points during the signal 
transduction process. One of the most well-researched convergence points 
between the two processes is the role of caspase-8 in inhibiting necroptosis 
by cleaving necroptosis  mediators59,60.

In simple terms, necroptosis is a cellular response to environmental stress, 
triggered by mechanical or chemical injury, in ammation, or infection. The 
existing knowledge of necroptosis revolves around a key signaling 
molecular pathway: the TNF-α receptor system — a pleiotropic molecule 
capable of inducing a survival, apoptotic, or necroptotic response based 
upon the assembly of various sequential cell death complexes61,62. Under 
some cellular conditions, the binding of the ligand TNF-α to the receptor 
TNF-RI triggers the formation of complex I (a prosurvival complex that 
signals through NF-κB). However, in cases where RIPK1 is de 
ubiquitinated, the complex has become an apoptotic complex IIa63. 
Furthermore, the absence of caspase 8, in addition to elevated levels of 
Receptor-interacting serine/threonine-protein kinase 3 (RIPK3), alter the 
complex to IIb (also called the necrosome). This necrosome contains 
RIPK1, RIPK3 and the Fas-associated protein with death domain, allowing 
the cell to undergo necroptosis via direct phosphorylation of mixed lineage 
kinase domain-like protein (MLKL) by RIPK364,65. Phosphorylation of 
MLKL results in a pore-forming oligomer that punctures the  plasma 
membrane and causes subsequent cell death66.

Figure 2: TNFR1-mediated cell death and survival pathways
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A number of proin ammatory cytokines, such as the key mediators of 
necroptosis, TNF-α and IL-1β, as well as in ammatory cells, can cause cell 
death67. However, the pathological manifestation of in ammation varies 
according to the type of cell death. Apoptosis generates a milder 
in ammatory response because it maintains the integrity of the cell 
membrane and avoids the overspill of intracellular contents68. Conversely, 
necroptosis directly activates and regulates in ammatory responses by 
releasing intracellular contents through the ruptured plasma membrane. 
The strong connection found between necroptosis and in ammation has 
been thought to be the primary component of the pathogenesis of 
necroptosis associated diseases. Moreover, RIPK1 and RIPK3 have been 
found to incite an in ammatory response regardless of cell death69,70. These 
distinguishable characteristics of necroptosis draw interest to their 
implication in the progression of autoimmune diseases.

Necroptosis in A  utoimmune  Diseases
The examination of certain neurodegenerative diseases, such as Alzheimer’s 
disease (AD), multiple sclerosis (MS), and amyotrophic lateral sclerosis 
(ALS), have contributed to the study of the implications of necroptosis71. 
Alzheimer’s disease (AD) is a degenerative brain disease, which is 
characterized by the damage and loss of neurons. A study examining 
human AD brains and mouse model AD brains72 con rmed the activation 
of necroptosis73 after observing a major increase in the level of necroptosis 
markers — RIPK1, MLKL, necrosome complex and MLKL oligomers —
in AD brains compared to normal. Subsequently treating mice with AD 
brains with the necroptosis inhibitor, Cl-O-necrostatin, signi cantly 
suppressed necroptosis and prevented neuronal loss73. This suggests that 
inhibiting the function of necrosome components interferes with the 
activation of necroptosis, highlighting a promising strategy in the 
treatment of AD. In some reports, apoptotic morphology was not directly 
observed in any sections of the brain. Instead, the cells showed swollen 
morphologies and were positive for DNA fragmentation, implying that 
AD pathogenesis may not involve apoptosis. Others have argued that the 
apoptosis theory and the clinical manifestations contradict each other. 
Cells directed to apoptosis have shown to die within days, and with great 
levels of caspase-3 activity, suggesting an acute and massive neuronal loss 
according to the apoptosis theory. In such cases, the clinical symptoms of 
AD patients should be observed in the early phase of the disease rather than
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assessing the progression of the disease over a decade.

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative 
disease characterized by the loss of motor neurons. Compared to healthy 
control spinal cords, the ALS spinal cords showed an increase in necrosome 
components, including RIPK1, RIPK3 and MLKL, in a mouse model of 
ALS15. Furthermore, inhibiting RIPK1 with Nec-1, or knocking-out 
RIPK3, protected against demyelination and prevented the progression of 
the disease15. Thus, through promoting in ammation and cell death, 
RIPK1 and RIPK3 induce axonal degradation and act as mediators of 
ALS and PD. This further indicates that, since necroptosis is activated in 
ALS, inhibition of necroptosis can be a potential therapeutic target for 
this disease. Additionally, a study observing a Parkinson's disease (PD) 
model found that upon inhibition of RIPK1 by Nec-113 neuronal 
degradation was reduced by a half, compared to untreated cells. The 
protective e ect of Nec-1 indicates the therapeutic potential of this drug 
in ALS and PD. The study used a human iPSC based model to e ectively 
capture both early pathological events in mutant neural cells and the 
bene cial e ects of blocking necroptosis, thereby, strengthening the 
validity of the results.

Multiple Sclerosis (MS) is a chronic neurodegenerative disease 
characterized by the loss of oligodendrocytes and demyelination. High 
concentrations of necroptosis components, including phosphorylation of 
RIPK1, RIPK3 and MLKL, were detected in pathological samples from 
MS patients, as well as a prominent increase of MLKL oligomers in MS 
pathological samples compared to the control40. This indicates that 
necroptosis is also involved in the pathogenesis of MS40. In the study, oral 
administration of RIPK1 inhibitor 7-Cl-O Nec-1 diminished 
oligodendrocyte degeneration and reduced the disease severity in a mouse 
model of MS

40. These ndings reveal that inhibiting RIPK1 speci cally 
could be of potential therapeutic value in the treatment of MS. Although 
the study does not take into consideration the potential metabolic 
consequences of orally administering the drug, their results and conclusion 
are strongly supported by signi cant amounts of experimental data. 
Rheumatoid arthritis (RA) is one of the most common chronic 
in ammatory diseases that is characterized by joint in ammation and 
osteoclastogenesis. The key regulators of necroptosis, RIPK1, RIPK3 and 
MLKL were detected in signi cantly higher amounts in the synovium of a 
collagen-induced arthritis mouse model displayed signi cantly higher
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amounts of the key regulators of necroptosis, RIPK1, RIPK3 and MLKL, 
which emphasized the involvement of necroptosis in the pathogenesis of 
RA14. In the mouse model, RIPK1 inhibitor Nec-1 greatly suppressed the 
expression of these key regulators and the main in ammatory cytokines, 
IL-17, IL-1β, IL-6 and TNFα74. Therefore, similarly to the previous 
conclusions, this study supports the potential of inhibiting RIPK1 as a 
novel therapeutic approach for the treatment of RA.

Although these studies provide compelling evidence for targeting RIPK1 
and MLKL molecules for subsequent therapeutic research, a close 
examination of another class of proteins that play an important role in 
necroptosis may shed light on another new approach. Inhibitors of 
apoptosis proteins (IAPs) form a family of genetically conserved proteins 
characterized by the presence of 1-3 baculovirus IAP repeat (BIR) 
motifs75. Previous studies have identi ed three family members (termed 
XIAP, cIAP1, and cIAP2) as potent suppressors of cell death. XIAP, the 
most-studied IAP, inhibits apoptosis by binding and inhibiting caspases, 
and it has been broadly assumed that cIAP1 and cIAP2 block apoptosis 
through a similar mechanism. However, recent structure function analyses 
have indicated that these IAPs are not direct caspase inhibitors, suggesting 
that their anti-apoptotic function must involve alternative mechanisms75.

Cellular   Inhibitors of  Apoptosis
Inhibitors of apoptosis (IAP) are proteins that belong to the family of 
antiapoptotic proteins that prevent cell death, direct cell growth, and 
participate in cellular signal transduction76. The mechanism of IAPs in 
inhibiting apoptosis involves both the intrinsic and extrinsic apoptotic 
pathways1. Among these IAPs, cellular IAP1 and 2 (cIAP1 and cIAP2), the 
key molecules of the tumor necrosis factor α (TNFα) signaling pathway, are 
recruited upon TNF receptor (TNF1) activation, along with the other 
adaptor proteins such as TNF receptor-associated factor (TRAF), TNFR-
associated death domain protein (TRADD), receptor-interacting protein 
kinase 1 (RIPK1) and linear ubiquitin chain assembly complex (LUBAC). 
These then go on to form the signaling complex I, which activates the 
nuclear factor kappa B (NF-κB) signaling pathway and promotes cell 
survival77. The overexpression of the IAP protein family has been reported 
to be associated with cancer development, with X-linked inhibitor of 
apoptosis protein (XIAP) classi ed as the most potent IAP family 
member78. The XIAP, cIAP1, and cIAP2 contain three baculovirus
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IAP repeat (BIR) domains, a ubiquitin-associated (UBA) domain, and a 
newly discovered gene (RING) nger motif, which exhibits ubiquitin E3 
ligase activity79. The IAPs prevent apoptosis by inhibiting downstream 
caspases, which are essential proteins of the apoptotic pathways. The 
cleaving of upstream caspases, such as caspase 8 and caspase 9, leads to the 
activation of downstream e ector caspases, such as caspase 3, eventually 
resulting in programmed cell  death76.

The most recently discovered IAP is the mammalian IAP ML-IAP, which 
is detectable in embryonic tissue, certain adult tissues and several cancer 
cell lines80. Although ML-IAP has only one BIR domain, it is reported to 
inhibit both the initiator caspase 9 and e ector caspases 3 and 7. Thus, it 
inhibits cell death induced through death receptors by overexpression of 
the cell death pathway proteins FADD, Bax, RIP, RIP3 and DR381. In 
fact, the most compelling evidence for the regulation of developmental cell 
death by IAPs originates from studies in Drosophila, in which loss of 
DIAP1 resulted in extensive early embryonic cell death and a 
corresponding increase in caspase activity82. However, these studies cannot 
be extrapolated to human models due to obvious anatomical and 
physiological di erences. An equivalent study in mammals is necessary to 
establish the role of these proteins in mammalian developmental cell death. 
Recent studies have greatly advanced our understanding of IAPs and their 
part in inhibiting cell death. Structurally, it is now evident how IAPs 
interact with caspases, and how this interaction can be regulated by IAP 
antagonists such as DIABLO. Though, further research is still required to 
de ne the various roles for di erent mammalian IAP proteins in the 
presence of cell-death stimuli. Indeed, there could potentially be some 
redundancy between family members. As a result, it is necessary to generate 
mice de cient for more than one IAP, to establish the role of IAPs in 
mammals. So far, researchers have only found one mammalian IAP 
antagonist, DIABLO. However, considering that there are three such 
proteins in Drosophila, other mammalian IAP antagonists must certainly 
exist. Future research investigating the direct interactions of BIR domains 
from these proteins with other cellular proteins are likely to illustrate the 
roles of IAP proteins in regulating cell death.

Conclusion
Apoptosis and necrosis are two of the most known types of cell death that 
play an essential role in cell development. The strictly distinct
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morphological features of apoptosis include chromosome condensation, 
nuclear fragmentation, and membrane blebbing. Necrosis, on the other 
hand, is characterized by the expansion of cellular organelles, plasma 
membrane rupture, and in ammatory responses resulting from the release 
of the intracellular contents. The apoptotic pathway — an 
energy-dependent cascade of molecular events — is initiated by 3 primary 
pathways: the extrinsic (cell-death) receptor pathway, the intrinsic 
(mitochondrial) pathway, and the stress-induced pathway in the 
endoplasmic reticulum. Although these pathways utilize di erent initiator 
caspases (caspase-8, caspase-9, and caspase-10, respectively), they activate 
the same downstream mediator molecule, caspase-3. Meanwhile, necrosis 
is classi ed as accidental cell death caused by internal or external stresses. In 
necrosis, the disruption of membrane homeostasis results in water 
imbalance between the extracellular and intracellular environments. 
Whether cells undergo apoptosis or necrosis depends on the availability of 
caspases, and intracellular ATP that determine the cell-death signal, 
signaling duration, tissue type, and the developmental stage of the tissue. 
In summary, necrosis is an unregulated and passive process that usually 
a ects a larger region of cells, whereas apoptosis is a contained and 
energy-dependent process that a ects an individual or smaller clusters of 
cells.

Studies have demonstrated that the repression of apoptosis, or the 
inhibition of programmed cell death, increases the possibility of 
malignancy. In contrast, uncontrolled apoptosis has been found to be 
associated with degenerative diseases such as acquired immunode ciency 
syndrome (AIDS), cancer, Parkinson's disease, and Alzheimer's disease. 
Recently, a programmed form of necrosis, necroptosis, has been proposed 
as an important pathway involved in many diseases. The primary function 
of necroptosis was believed to be infection control and protection against 
virus-induced apoptosis. However, like apoptosis, necroptosis has also 
been found to be associated with certain neurodegenerative diseases such as 
Alzheimer’s disease, multiple sclerosis, and amyotrophic lateral sclerosis. 
Due to the emerging crosstalk between the di ering forms of cell death, 
these processes are now considered interconnected. Thus, di erentiating 
between apoptotic, necrotic, and necroptotic cellular mechanisms is critical 
to understanding disease progression. The recent discovery of a family of 
genetically conserved proteins, known as IAPs, provided new insights into 
the molecules that play a critical role in mediating these cell death 
pathways. Inhibitors of apoptosis proteins (IAP) are a type of
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antiapoptotic protein involved in both, the intrinsic and extrinsic apoptotic 
pathways. Cellular IAP1 and 2 (cIAP1 and cIAP2) in particular, are the key 
molecules of the tumor necrosis factor α (TNFα) signaling pathway, which 
activates adaptor proteins such as TNF receptor-associated factor (TRAF), 
TNFR-associated death domain protein (TRADD), Receptor-interacting 
serine/threonine-protein kinase 1 (RIPK1), and linear ubiquitin chain 
assembly complex (LUBAC) to induce the NF-κB signaling pathway and 
promote cell survival. In short, the IAPs prevent apoptosis by inhibiting 
the normal functions of downstream caspases, including caspase 8, caspase 
9, and caspase 3. The impaired function of IAP could instruct the cells to 
undergo necroptosis or apoptosis instead of the NF-κB cell survival 
pathway. From this step of the cell death process, autoactivation of caspase 
8 would result in apoptosis whereas the absence of  caspase-8 
autoactivation would result in necroptosis.

Studies have demonstrated how the IAPs inhibit programmed cell death. 
However, further investigation is necessary to clarify the roles of di erent 
mammalian IAP proteins in the presence of various cell-death stimuli. 
Considering their newfound functions, continued research into the 
characteristics and mechanisms of IAP molecules will likely prove an 
e ective and viable approach to diagnosing or treating several elusive 
diseases.

Berkeley Pharma Tech Journal of Medicine | 109



References

1. Elmore S. Apoptosis: A Review of Programmed 
Cell Death. Toxicologic Pathology. 2007 Jun;  
35(4):495-516. doi:
10.1080/01926230701320337.

2. Ling YH, Waldemar P, Perez-Soler R. Apoptosis 
induced by anthracycline in P388 parent and  
multidrug-resistant cells. Cancer
Res. 1993 Apr 15; 53(8):1845-52.

3. Ellis, HM & Horvitz, HR. Genetic control of 
programmed cell death in the nematode C. 
elegans. Cell. 1986 Mar 28; 44(6):817-29. doi: 
10.1016/0092-8674(86)90004-8.

4. Galluzzi, L et al. No death without life: vital 
functions of apoptotic e ectors. Cell Death
Differ. 2008 Jul; 15(7):1113-23. doi:
10.1038/cdd.2008.28. Epub 2008 Feb 29.

5. Garrido, C & Kroemer, G. Life’s smile, death’s 
grin: vital functions of apoptosis-executing 
proteins. Curr. Opin. Cell Biol. 2004 Dec;
16(6):639-46. doi: 10.1016/j.ceb.2004.09.008. 6. 
Miura, M, Zhu, H, Rotello, R, Hartwieg, EA & 
Yuan, J. Induction of apoptosis in broblasts by IL 
1β-converting enzyme, a mammalian homolog of 
the C. elegans cell death gene ced-3. Cell. 1993 
Nov 19; 75(4):653-60. doi:
10.1016/0092-8674(93)90486-a.

6. Li n JH, Deng G, Huang QH, Morser J: KIAP, a 
novel member of the inhibitor of apoptosis protein 
family. Biochem Biophys Res Comm. 2000, 
279:820-831. 10.1006/ bbrc.2000.4027. 82. Vucic 
D, Stennicke HR, Pisabarro MT, Salvesen GS, 
Dixit VM: ML-IAP, a novel inhibitor of  apoptosis 
that is preferentially expressed in human 
melanomas. Curr Biol. 2000, 10:1359-1366.
10.1016/S0960-9822(00)00781-8.

7. Yoneda, T et al. Activation of caspase-12, an 
endoplastic reticulum (ER) resident caspase, 
through tumor necrosis factor receptor-associated 
factor 2-dependent mechanism in response to  the 
ER stress. J. Biol. Chem. 2001 Apr 27;
276(17):13935-40. doi: 10.1074/jbc.M010677200. 
Epub 2001 Jan 29.

8. Chen Q, Kang J, Fu C. The independence of and 
associations among apoptosis, autophagy, and 
necrosis. Signal Transduction and Targeted
Therapy. 2018 Jul 1; 3:18. doi: 10.1038/
s41392-018-0018-5.

9. Xu T, Ding W, Tariq MA, et al. Molecular 
mechanism and therapy application of necrosis 
during  myocardial injury. Journal of Cellular and 
Molecular Medicine. 2018; 22(5):2547-2557.
doi:10.1111/jcmm.13575

10. Chen J, Kos R, Garssen J, Redegeld F. 
Molecular Insights into the Mechanism of 
Necroptosis:  The Necrosome as a Potential 
Therapeutic Target. Cell. 2019 Nov 21; 8(12):
1486.  https://doi.org/10.3390/cells8121486

11. Lavrik, I, Golks, A & Krammer, PH. Death 
receptor signaling. J. Cell Sci. 2005 Jan 15;
118(Pt  2):265-7. doi: 10.1242/jcs.01610.

12. Wang, S & El-Deiry, WS. TRAIL and apoptosis 
induction by TNF-family
death receptors. Oncogene. 2003 Nov 24;
22(53):8628-33. doi: 10.1038/sj.onc.1207232.

13. Iannielli A., Bido S., Folladori L., Segnali A., 
Cancellieri C., Maresca A., Massimino L., Rubio 
A.,  Morabito G., Caporali L., et al. 
Pharmacological Inhibition of Necroptosis Protects 
from  Dopaminergic Neuronal Cell Death in 
Parkinson’s Disease Models. Cell Rep. 2018; 
22:2066– 2079. doi:
10.1016/j.celrep.2018.01.089

Berkeley Pharma Tech Journal of Medicine | 110



14. Jhun J., Lee S.H., Kim S.Y., Ryu J., Kwon J.Y., 
Na H.S., Jung K., Moon S.J., Cho M.L., Min J.K. 
RIPK1 inhibition attenuates experimental 
autoimmune arthritis via suppression of 
osteoclastogenesis. J. Transl. Med. 2019; 17:84. 
doi: 10.1186/s12967-019-1809-3

15. Ito Y., Ofengeim D., Najafov A., Das S., Saberi 
S., Li Y., Hitomi J., Zhu H., Chen H., Mayo L., et 
al. RIPK1 mediates axonal degeneration by 
promoting in ammation and necroptosis in ALS. 
Science. 2016; 353:603–608. doi:
10.1126/science.aaf6803

16. Gupta K, Phan N, Wang Q, Liu B. 
Necroptosis in cardiovascular disease - a new 
therapeutic  target. J Mol Cell Cardiol. 2018 May; 
118:26-35. doi: 10.1016/j.yjmcc.2018.03.003.

17. Bretz JD, Rymaszewski M, Arscott PL,
Myc A, Ain KB, Thompson NW, Baker JR Jr. 
TRAIL  death pathway expression and induction 
in thyroid follicular cells. J Biol
Chem. 1999 Aug 13;  274(33):23627-32. doi: 
10.1074/jbc.274.33.23627.

18. Kawakami A, Matsuoka N, Tsuboi M, Koji T, 
Urayama S, Sera N, Hida A, Usa T, Kimura H, 
Yokoyama N, Nakashima T, Ishikawa N, Ito K, 
Kawabe Y, Eguchi K. CD4+ T cell mediated 
cytotoxicity toward thyrocytes: the importance of 
Fas/Fas ligand interaction inducing apoptosis of 
thyrocytes and the inhibitory e ect of
thyroid-stimulating hormone. Lab Invest. 2000 
Apr;  80(4):471-84. doi: 10.1038/
labinvest.3780053.

19. Danial, NN & Korsmeyer, SJ. Cell death: 
critical control points. Cell. 2004 Jan 23;

116(2):205-19.  doi:10.1016/s0092-8674(04)00046-7.

20. Degterev, A, Boyce, M & Yuan, J. A decade of 
caspases. Oncogene. 2003 Nov 24; 22(53):8543. doi: 
10.1038/sj.onc.1207107.

21. Lockshin, RA & Zakeri, Z. Programmed cell death 
and apoptosis: origins of the theory. Nat.
Rev.  Mol. Cell Biol. 2001 Jul; 2(7):545-50. doi:
10.1038/35080097.

22. Nakagawa, T et al. Caspase-12 mediates 
endoplasmic-reticulum-speci c apoptosis and 
cytotoxicity by amyloid-β. Nature. 2000 Jan 6;
403(6765):98-103. doi: 10.1038/47513.

23. Duprez, L, Wirawan, E, Berghe, TV & 
Vandenabeele, P. Major cell death pathways at a 
glance. Microbes Infect. 2009 Nov;
11(13):1050-62. doi: 10.1016/j.micinf.2009.08.013.

24. Gallucci S, Caricchio R, Cohen P. Chapter 16
- Cell Death and Autoimmune Disease.
TheAutoimmune Diseases. 6th ed., Academic
Press. 2020; 291-303.
https://doi.org/10.1016/B978-0-12-812102-3.00016-6

25. Wang, Y & Tjandra, N. Structural insights
of tBid, the caspase-8-activated Bid, and its BH3 
domain. J. Biol. Chem. 2013 Dec 13;
288(50):35840-51. doi:
10.1074/jbc.M113.503680. Epub  2013 Oct 24.

26. Fan, TJ, Han, LH, Cong, RS & Liang, J. Caspase 
family proteases and apoptosis. Acta
Biochem.  Biophys. Sin. 2005 Nov; 37(11):719-27. doi: 
10.1111/j.1745-7270.2005.00108.x.

27. Favaloro, B, Allocati, N, Graziano, V, Di Ilio, C & 
De Laurenzi, V. Role of apoptosis in disease.

Berkeley Pharma Tech Journal of Medicine | 111



Aging. 2012 May; 4(5):330-49. doi:
10.18632/aging.100459.

28. McIlwain, DR, Berger, T & Mak, TW. Caspase 
functions in cell death and disease. Cold Spring  
Harb. Perspect. 2013 Apr 1;
5(4):a008656. doi:
10.1101/cshperspect.a008656.

29. Gross, A, McDonnell, JM & Korsmeyer, SJ. 
BCL-2 family members and the mitochondria in 
apoptosis. Genes Dev. 1999 Aug 1;
13(15):1899-911. doi: 10.1101/gad.13.15.1899.

30. Ozören, N & El-Deiry, WS. De ning 
characteristics of Types I and II apoptotic cells in 
response  to TRAIL. Neoplasia. Nov-Dec 2002; 
4(6):551-7. doi: 10.1038/sj.neo.7900270.

31. Ricci, JE et al. Disruption of mitochondrial 
function during apoptosis is mediated by caspase 
cleavage of the p75 subunit of complex I of the 
electron transport chain. Cell. 2004 Jun 11;
117(6):773-86. doi: 10.1016/j.cell.2004.05.008.

32. Soldani, C et al. Poly (ADP-ribose) polymerase 
cleavage during apoptosis: when
and where? Exp. Cell Res. 2001 Oct 1;
269(2):193-201. doi: 10.1006/excr.2001.5293.

33. Yuan, S & Akey, CW. Apoptosome
structure, assembly, and procaspase activation.
Structure. 2013 Apr 2; 21(4):501-15. doi:
10.1016/j.str.2013.02.024.

34. Morishima, N, Nakanishi, K, Takenouchi, H, 
Shibata, T & Yasuhiko, Y. An endoplasmic 
reticulum  stress-speci c caspase cascade in 
apoptosis cytochrome c-independent activation of 
caspase-9  by caspase-12. J. Biol. Chem. 2002 Sep 13; 
277(37):34287-94. doi: 10.1074/jbc.M204973200. 
Epub 2002 Jul 3.

35. Tan, Y et al. Ubiquitous calpains promote 
caspase-12 and JNK activation during endoplasmic  
reticulum stress-induced
apoptosis. J. Biol. Chem. 2006 Jun 9;
281(23):16016-24. doi:
10.1074/jbc.M601299200. Epub 2006 Apr 5.

36. Ameison JC, Capron A. Cell dysfunction and 
depletion in AIDS: the programmed cell death 
hypothesis. Immunol Today. 1991 
Apr;12(4):102-5. doi: 
10.1016/0167-5699(91)90092-8.

37. Walkinshaw G, Waters CM. Induction of 
apoptosis in catecholaminergic PC12 cells by 
LDOPA.  Implications for the treatment of 
Parkinson's disease. J Clin Invest. 1995 Jun; 
95(6):2458-64. doi:  10.1172/JCI117946.

38. Land eld PW, Thibault, O, Mazzanti ML, 
Porter NM, Kerr, DS. 1992. Mechanisms of 
neuronal  death in brain aging and Alzheimer's 
disease; role of endocrine-mediated calcium 
dyshomeostasis. J Neurobiol. 1992 Nov
23(9):1247-60. doi: 10.1002/neu.480230914.

39. Muro-Cacho CA, Pontaleo G, Fauci AS. 
Analysis of apoptosis in lymph nodes of 
HIVinfected  persons. J Immunol. 1995 May
15; 154(10):5555-66.

40. Bacchetta R, Gambineri E, Roncarolo
MG. Role of regulatory T cells and FOXP3
in human  diseases. J Allergy Clin Immunol.
2007 Aug; 120(2):227-35; quiz 236-7. doi:
10.1016/j.jaci.2007.06.023.

41. Brusko TM, Wasserfall CH, Clare-Salzler MJ, 
Schatz DA, Atkinson MA. Functional defects and 
the in uence of age on the frequency of CD4+ 
CD25+ T-cells in type 1 diabetes. Diabetes. 2005 
May; 54(5):1407-14. doi:

Berkeley Pharma Tech Journal of Medicine | 112



10.2337/diabetes.54.5.1407.

42. Putnam AL, Vendrame F, Dotta F,
Gottlieb PA. CD4+CD25high regulatory T
cells in human autoimmune diabetes. J
Autoimmun. 2005 Feb; 24(1):55-62. doi:
10.1016/j.jaut.2004.11.004.  Epub 2005 Jan
12.

43. Giordano C, Stassi G, De Maria R, Todaro
M, Richiusa P, Papo  G, Ruberti G, Bagnasco
M,  Testi R, Galluzzo A. Potential involvement
of Fas and its ligand in the pathogenesis of
Hashimoto's thyroiditis. Science. 1997 Feb 14;
275(5302):960-3. doi:
10.1126/science.275.5302.960.

44. Hammond LJ, Lowdell MW, Cerrano PG,
Goode AW, Bottazzo GF, Mirakian R. An alysisof
apoptosis in relation to tissue destruction
associated with Hashimoto's autoimmune
thyroiditis. J  Pathol. 1997 Jun; 182:138-144.
doi:10.1002/(SICI)1096-9896(199706)182:2<13
8::AID PATH810>3.0.CO;2-F

45. Emlen W, Niebur J, Kadera R. Accelerated in
vitro apoptosis of lymphocytes from patients
with  systemic lupus erythematosus. J Immunol.
1994; 152:3685-3692.

46. von Mühlen CA, Tan EM. Autoantibodies
in the diagnosis of systemic rheumatic diseases.
SeminArthritis Rheum. 1995; 24:323-358. doi:
10.1016/s0049-0172(95)80004-2.

47. Cohen PL. Apoptotic cell death and lupus.
Springer Semin Immunopathol. 2006;
28:145-152.  doi:10.1007/s00281-006-0038-z

48. Turbyville JC, Rao VK. The autoimmune
lymphoproliferative syndrome: A rare disorder
providing  clues about normal tolerance.

Autoimmun Rev. 2010; 9:488-493.
doi:10.1016/j.autrev.2010.02.007

49. Firestein GS, Yeo M, Zvai er NJ. Apoptosis in
rheumatoid arthritis synovium. J Clin Invest. 1995;
96:1631-1638. doi:10.1172/JCI118202

50. Kerr JF, Wyllie AH, Currie AR.
Apoptosis: a basic biological phenomenon
with wide-ranging  implications in tissue
kinetics. Br J Cancer. 1972; 26:239–57

51. Majno G, Joris I. Apoptosis, oncosis, and
necrosis. An overview of cell death. Am J Pathol.
1995; 146:3–15

52. Trump BF, Berezesky IK, Chang SH, Phelps
PC. The pathways of cell death: oncosis, apoptosis,
and necrosis. Toxicol Pathol. 1997; 25:82–8

53. Zeiss CJ. The apoptosis-necrosis continuum:
insights from genetically altered mice.Vet Pathol.
2003; 40:481–95

54. Denecker G, Vercammen D, Declercq W,
Vandenabeele P. Apoptotic and necrotic cell
death  induced by death domain receptors. Cell
Mol Life Sci. 2001; 58:356–70

55. Leist M, Single B, CastoldiAF, Kuhnle S,
Nicotera P. Intracellular adenosine triphosphate
(ATP)  concentration: a switch in the decision
between apoptosis and necrosis. J Exp Med. 1997;
185:1481–6

56. Fiers W, Beyaert R, Declercq W,
Vandenabeele P. More than one way to
die: apoptosis,  necrosis and reactive
oxygen damage.Oncogene. 1999;
18:7719–30

57. Kurosaka K, Takahashi M, Watanabe N,

Berkeley Pharma Tech Journal of Medicine | 113



Kobayashi Y. Silent cleanup of very early
apoptotic  cells by macrophages. J Immunol.
2003; 171:4672–9

58. Savill J, Fadok V. Corpse clearance de nes the
meaning of cell death.Nature. 2000; 407:784–8.

59. Feng S, Yang Y, Mei Y, Ma L, Zhu DE,
Hoti N, Castanares M, Wu M. Cleavage of
RIP3  inactivates its caspase-independent
apoptosis pathway by removal of kinase
domain. Cell  Signal. 2007 Oct;
19(10):2056-67. doi:
10.1016/j.cellsig.2007.05.016.

60. Lin Y, Devin A, Rodriguez Y, Liu ZG.
Cleavage of the death domain kinase RIP by
caspase-8  prompts TNF-induced apoptosis.
Genes Dev. 1999 Oct 1; 13(19):2514-26. doi:
10.1101/gad.13.19.2514

61. Mandal P, Berger SB, Pillay S, Moriwaki K,
Huang C, Guo H, Lich JD, Finger J, Kasparcova V,
Votta B, Ouellette M, King BW, Wisnoski D,
Lakdawala AS, DeMartino MP, Casillas LN, Haile
PA, Sehon CA, Marquis RW, Upton J, Daley-Bauer
LP, Roback L,Ramia N, Dovey CM, Carette  JE,
Chan FK, Bertin J, Gough PJ, Mocarski ES, Kaiser
WJ. RIP3 induces apoptosis independent  of
pronecrotic kinase activity.Mol Cell. 2014 Nov 20;
56(4):481-95. doi:
10.1016/j.molcel.2014.10.021.

62. Moriwaki K, Chan FK. RIP3: a
molecular switch for necrosis and
in ammation.Genes Dev.  2013Aug 1;
27(15):1640-9. doi:
10.1101/gad.223321.113.

63. Khoury M., Gupta K., Franco S., Liu B.
Necroptosis in the Pathophysiology of
Disease. The  American Journal of Pathology.

2019; 190(2):272-285.
doi:https://doi.org/10.1016/
j.ajpath.2019.10.012

64. Christo erson DE, Yuan J. Necroptosis as
an alternative form of programmed cell death.
Curr  Opin Cell Biol. 2010 Apr; 22(2):263-8.
doi: 10.1016/j.ceb.2009.12.003.
65. Sun L, Wang H, Wang Z, He S, Chen S, Liao D,
Wang L, Yan J, Liu W, Lei X, Wang X. Mixed
lineage kinase domain-like protein mediates
necrosis signaling downstream of RIP3 kinase. Cell.
2012 Jan 20; 148(1-2):213-27. doi:
10.1016/j.cell.2011.11.031.

66. Wang H, Sun L, Su L, Rizo J, Liu L, Wang LF,
Wang FS, Wang X. Mixed lineage kinase domain
like protein MLKL causes necrotic membrane
disruption upon phosphorylation by RIP3.Mol
Cell.  2014 Apr 10; 54(1):133-146. doi:
10.1016/j.molcel.2014.03.003.

67. Wallach D, Kang TB, Kovalenko A.
Concepts of tissue injury and cell death in
in ammation: a  historical perspective.Nat Rev
Immunol. 2014 Jan; 14(1):51-9. doi:
10.1038/nri3561.

68. Pasparakis M, Vandenabeele P. Necroptosis
and its role in in ammation.Nature. 2015 Jan
15; 517(7534):311-20. doi:
10.1038/nature14191.

69. Kang TB, Yang SH, Toth B, Kovalenko A,
Wallach D. Caspase-8 blocks kinase
RIPK3-mediated  activation of the NLRP3
in ammasome. Immunity. 2013 Jan 24; 3
8(1):27-40. doi:  10.1016/j.immuni.2012.09.015.

70. Lawlor KE, Khan N, Mildenhall A, Gerlic
M, Croker BA, D'Cruz AA, Hall C, Kaur
Spall S,  Anderton H, Masters SL, Rashidi M,

Berkeley Pharma Tech Journal of Medicine | 114



Wicks IP, Alexander WS, Mitsuuchi Y,
Benetatos CA,  Condon SM, Wong WW, Silke
J, Vaux DL, Vince JE. RIPK3 promotes cell
death and NLRP3  in ammasome activation
in the absence of MLKL.Nat Commun. 2015
Feb 18; 6:6282. doi:  10.1038/ncomms7282.

71. Chi H., Chang H.Y., Sang T.K. Neuronal
Cell Death Mechanisms in Major
Neurodegenerative  Diseases. Int. J. Mol. Sci.
2018; 19:3082. doi: 10.3390/ijms19103082

72. Ofengeim D., Mazzitelli S., Ito Y., DeWitt J.P.,
Mi in L., Zou C., Das S., Adiconis X., Chen H.,
Zhu H., et al. RIPK1 mediates a disease-associated
microglial response in Alzheimer’s disease. Proc.
Natl.Acad. Sci. USA. 2017; 114:E8788–E8797.
doi:10.1073/ pnas.1714175114

73. Caccamo A., Branca C., Piras I.S., Ferreira E.,
Huentelman M.J., Liang W.S., ReadheadB.,
Dudley J.T., Spangenberg E.E., Green K.N., et al.
Necroptosis activation in Alzheimer’s disease. Nat.
Neurosci. 2017; 20:1236–1246. doi:
10.1038/nn.4608

74. Lee S.H., Kwon J.Y., Kim S.Y., Jung K., Cho
M.L. Interferon-gamma regulates in ammatory
cell  death by targeting necroptosis in experimental
autoimmune arthritis. Sci. Rep. 2017; 7:10133.
doi: 10.1038/s41598-017-09767-0

75. Bertrand M., Doiron K., Labbe K.,
Korneluk R., Barker P., Saleh M.
Cellular Inhibitors of  Apoptosis cIAP1
and cIAP2 Are Required for Innate
Immunity Signaling by the Pattern
Recognition Receptors
NOD1 and NOD2. Cell.
2009; 789-801.
doi:10.1016/j.immuni.20
9.04.011

76. Schimmer AD. Inhibitor of apoptosis proteins:
Translating basic knowledge into clinical practice.
Cancer Research. 2004; 64(20):7183-7190.
doi:10.1158/0008-5472.can-04-1918

77. Yang S, Wang J, Brand DD, Zheng SG. Role of
TNF–TNF Receptor 2 Signal in Regulatory T
Cells and Its Therapeutic Implications. Frontiers in 
Immunology. 2018; 9.
doi:10.3389/ mmu.2018.00784

78. Obexer P, Ausserlechner MJ. X-Linked
Inhibitor of Apoptosis Protein - A Critical Death
Resistance  Regulator and Therapeutic Target for
Personalized Cancer Therapy. Frontiers in
Oncology. 2014; 4. doi:10.3389/fonc.2014.00197

79. Vasilikos L, Spilgies LM, Knop J, Wong WWL.
Regulating the balance between necroptosis,
apoptosis and in ammation by inhibitors of
apoptosis proteins. Immunology & Cell Biology.
2017; 95(2):160-165. doi:10.1038/icb.2016.118

80. Kasof GM, Gomes BC: Livin, a novel
inhibitor of apoptosis protein family member.
J Biol  Chem. 2001; 276:3238-3246.
10.1074/jbc.M003670200.

81. Lin JH, Deng G, Huang QH, Morser J: KIAP, 
a novel member of the inhibitor of apoptosis 
protein family. Biochem Biophys Res Comm. 
2000,
279:820-831. 10.1006/ bbrc.2000.4027.

82. Vucic D, Stennicke HR, Pisabarro MT, 
Salvesen GS, Dixit VM: ML-IAP, a novel 
inhibitor of apoptosis that is preferentially 
expressed in human melanomas. Curr Biol. 
2000, 10:1359-1366. 10.1016/
S0960-9822(00)00781-8.

Berkeley Pharma Tech Journal of Medicine | 115




