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Abstract
Programmed cell death (PCD) plays critical roles in development, homeostasis, and both control and progression of a
plethora of diseases, including cancer and neurodegenerative pathologies. Besides classical apoptosis, several different forms
of PCD have now been recognized, including necroptosis. The way a cell dies determines the reaction of the surrounding
environment, and immune activation in response to cell death proceeds in a manner dependent on which death pathways are
activated. Apoptosis and necroptosis are major mechanisms of cell death that typically result in opposing immune responses.
Apoptotic death usually leads to immunologically silent responses whereas necroptotic death releases molecules that
promote inflammation, a process referred to as necroinflammation. Diseases of the nervous system, in particular
neurodegenerative diseases, are characterized by neuronal death and progressive neuroinflammation. The mechanisms of
neuronal death are not well defined and significant cross-talk between pathways has been suggested. Moreover, it has been
proposed that the dying of neurons is a catalyst for activating immune cells in the brain and sustaining inflammatory output.
In the current review we discuss the effects of apoptotis and necroptosis on inflammatory immune activation, and evaluate
the roles of each cell death pathway in a variety of pathologies with specific focus on neurodegeneration. A putative model is
proposed for the regulation of neuronal death and neuroinflammation that features a role for both the apoptotic and
necroptotic pathways in disease establishment and progression.

Facts

● Apoptotic cell death is often immunosuppressive
whereas necroptotic death is inflammatory.

● Cross-talk between necroptosis and apoptosis exists in a
variety of pathologies including neurodegenerative
diseases such as Alzheimer’s.

● Necroptosis may be activated in the hippocampus and
cortex of human Alzheimer’s patients.

● DAMPs released during necroptosis can activate micro-
glial cells leading to neuroinflammation and promote
further polymerization of amyloid beta.

● Necrostatin-1 treatment is protective in a variety of
diseases including ischemic pathologies and neurode-
generative conditions.

Open questions

● Caspase-8 activates apoptosis and inhibits necroptosis,
does it function as a molecular switch between death
pathways in vivo?

● What is the contribution of necroptosis to neuronal loss
in neurodegenerative conditions?

● Does engagement of the necroptotic mediators RIPK3
and MLKL have effects independent of cell death in the
inflammatory response?

● Can necroptosis and necroinflammation be specifically
targeted as a therapeutic avenue for ameliorating
inflammatory diseases?

Edited by F. Pentimalli

* Douglas R. Green
douglas.green@stjude.org

1 Department of Immunology, St. Jude Children’s Research
Hospital, 262 Danny Thomas Place, Memphis, TN 38105, USA

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-018-0195-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-018-0195-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-018-0195-3&domain=pdf
mailto:douglas.green@stjude.org


Introduction

It has long been asserted that programmed cell death (PCD)
plays critical roles in development and homeostatic main-
tenance of virtually every tissue in the body. Apoptosis is
the most well-characterized PCD to date, but recently
mechanisms such as necroptosis, pyroptosis, and ferroptosis
have been described as pathways to the death of the cell.
The roles of such pathways in development, homeostasis,
and disease are emerging as an exciting research focus.

For the past few decades diseases characterized by
aberrant cell death have simply been attributed to apoptosis.
It is now becoming clear that the way a cell dies is of
importance for the progression of diseases. Apoptosis can
be described as a “clean” way for a cell to die. Apoptotic
cells reduce to apoptotic bodies that are removed by resi-
dent phagocytic cells. Under most circumstances, as dis-
cussed below, apoptosis is immunologically silent and its
activation does not promote a significant inflammatory or
auto-immune response [1–7]. Apoptotic cell death is thus
ideal for clearing non-functioning or malfunctioning cells
without triggering an immune response, thereby preserving
homeostatic integrity. Other forms of PCD, including
necroptosis and pyroptosis, are a much “dirtier” means to an
end. Both necroptosis and pyroptosis result in the “burst-
ing” of the plasma membrane and subsequent release of the
intracellular content into the surrounding microenviron-
ment. The intracellular content consists of a variety of
molecules that promote pro-inflammatory responses from
the immune system. Thus, whereas apoptosis is generally
anti-inflammatory, necroptosis and pyroptosis induce
inflammation [8–10].

Diseases including atherosclerosis and ischemia–reperfusion
injury following solid organ transplant are characterized by cell
death and inflammatory activation. Similarly, neurodegenera-
tive diseases such as Alzheimer’s disease (AD) and Parkinson’s
disease (PD) are also characterized by neuronal death and
excessive levels of neuroinflammation. In such neurodegen-
erative conditions, lines between apoptosis and other forms of
cell death such as necroptosis are not clearly defined. Since the
exact mechanisms that govern death of neurons in these dis-
eases remain elusive, it provides an intriguing system for
studying the interplay between various forms of cell death and
associated immune consequences. Many studies have impli-
cated neuroinflammation as not only a consequence of cellular
death but also as a feedback mechanism promoting further
abnormal neuron clearance [11–13]. In this review, we focus
on the interplay between the apoptotic and necroptotic
mechanisms of cell death and the impact they have on immune
activation in both the physiological and pathological settings
with specific focus on neurodegenerative conditions. Further-
more, we profile the therapeutic potential that exists from the

modulation of these cell death pathways in the realm of both
acute disease and chronic pathologies.

Apoptosis vs. necroptosis

Apoptosis is an evolutionarily conserved process that is
morphologically characterized by a variety of features,
including pyknosis, membrane blebbing, nuclear fragmen-
tation, nuclear condensation, and apoptotic body formation
[14]. The pathway of apoptosis has been well reviewed in
detail, but in brief, activation of the apoptotic pathway is
executed by the caspase family of cysteine proteases that
have the ability to cleave a variety of key cellular substrates
[15–20]. Two primary pathways of apoptotic activation
exist [19], the extrinsic and intrinsic pathways. The intrinsic
apoptotic pathway involves the release of cytochrome c
following mitochondrial outer membrane permeabilization
(MOMP), which in turn leads to the activation of caspase-9
[20, 21]. As the name suggests, this intrinsic pathway can
be engaged by an assortment of intracellular signals gen-
erated by endoplasmic reticulum stress, reactive oxygen
species (ROS), DNA damage, and growth factor depriva-
tion. In contrast, extrinsic apoptotic activation usually
occurs following the ligation of the death receptor subset of
the tumor necrosis factor (TNF) receptor family, residing on
the plasma membrane. Receptor activation induces a cas-
cade that leads to the intracellular recruitment and activation
of the initiator caspase-8, followed by downstream effector
caspase activation [22, 23]. A classical example of the
extrinsic apoptosis death pathway is the ligation of the death
receptor, Fas (CD95), by Fas ligand (FasL, CD95L) as
illustrated on the left-hand side of Fig. 1. Receptor ligation
induces the formation of the death-inducing signaling
complex (DISC) consisting of the Fas death domain (DD),
the adaptor molecule FADD, and caspase-8/10 [24, 25].
Caspase-8 then homodimerizes, is stabilized by autopro-
teolytic cleavage, and initiates the downstream apoptotic
pathway. Activation of either the extrinsic or intrinsic
pathways ultimately leads to the downstream activation of
caspases-3 and -7, the executioner caspases in apoptosis. In
some cases the activity of the effector caspases is inhibited
by X-linked Inhibitor of Apoptosis Protein (XIAP). How-
ever, caspase-8 can prevent this by cleaving the protein
BID, which then activates the effector proteins BAX and
BAK to mediate MOMP. Upon MOMP, proteins that
antagonize XIAP (such as SMAC) are released from the
mitochondrial intermembrane space, allowing executioner
caspases to promote apoptosis [26, 27].

Cell survival vs. cell death by apoptosis involving
MOMP in mammals is governed by the Bcl-2 family of
proteins. The Bcl-2 family consists of both pro-apoptotic
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and anti-apoptotic members that have the ability to het-
erodimerize, establishing an antagonistic balance between
pro- and anti-apoptotic regulators that control the decision
of a cell to live or die [28, 29]. Most upstream signals that
stimulate apoptotic activation function to alter the ratio of
these regulators, shifting the balance towards MOMP. Bcl-2
family-mediated control of mitochondrial cytochrome c
release has been well characterized [30–32].

Necroptosis is a form of PCD that, like extrinsic apop-
tosis, can be executed upon death receptor activation as well
as upon activation of some Toll-like receptors (TLRs) and
the intracellular sensor DAI/ZBP1. Necroptosis is both
morphologically and mechanistically distinct from apopto-
sis. Whereas extrinsic apoptosis depends on initiator and
effector caspase activation, necroptosis is a kinase-mediated
pathway. Necroptosis induced by activation of the death
receptor tumor necrosis factor receptor 1 (TNFR1) has been
most extensively characterized [33, 34]. TNFR1 ligation-
induced necroptosis depends on the recruitment and deu-
biquitylation of the receptor interacting serine/threonine
kinase (RIPK) 1 (Fig. 1). RIPK1 then autophosphorylates
and recruits RIPK3 through homotypic RHIM domain
interactions of both proteins [35, 36]. This leads to RIPK3
oligomerization, activation by autophosphorylation and the
subsequent engagement and phosphorylation of the pseu-
dokinase, Mixed Lineage Kinase-Like (MLKL), the effector
protein that once activated translocates to the plasma
membrane, where it induces rupture and subsequent cell

death [37]. Engagement of the receptors TLR3 and TLR4,
IFNAR, and ZBP1 can also result in necroptosis [38–43].
Although the exact mechanism of IFNAR-induced necrop-
tosis remains unclear, ligation of TLR3, TLR4, and ZBP1
can result in RIPK3 activation through RHIM domain
interactions. Whereas ZBP1 has at least three internal
RHIM domains, TLR3 and TLR4 ligation activates the
RHIM domain-containing adaptor protein TRIF. RIPK3 can
bind to and oligomerize on these RHIM domain-containing
proteins and recruit and activate MLKL to execute
necroptosis. However, engagement of these necroptosis-
inducing receptors also rapidly leads to the activation of
transcription factors, such as NF-κB and p38, and sub-
sequent expression of pro-inflammatory and pro-survival
genes such as CFLAR [38, 44]. cFLIPL (encoded by
CFLAR) is a protein that closely resembles caspase-8, but
lacks a catalytic domain. Caspase-8 preferentially hetero-
dimerizes with cFLIPL, and thereby alters its ability to
engage apoptosis. The proteolytic activity of caspase-
8–cFLIPL specifically cleaves certain substrates, among
which are RIPK1 and RIPK3. The FADD–caspase-
8–cFLIPL complex thus inhibits necroptosis initiated by
TNFR1 or the TLRs. As mentioned, necroptosis induced by
TNFR1 ligation requires RIPK1. FADD can bind RIPK1
through death domain interactions and thereby brings the
caspase-8–cFLIPL heterodimer in close enough proximity to
cleave RIPK1 and RIPK3. TLR- and ZBP1-induced
necroptosis does not rely on RIPK1 to activate RIPK3

Fig. 1 Ligated CD95 and TRAILR recruit FADD via homotypic death
domain (DD) interactions. FADD then recruits caspase-8 via death
effector domain (DED) interactions, leading to homodimerization and
activation of caspase-8 to initiate apoptosis. TNFR1 ligation leads to
the recruitment of TRADD, TRAF2, cIAP1/2, and RIPK1. RIPK1 is
ubiquitylated by cIAP1/2 and retained in the complex to mediate
activation of NF-κB. RIPK1 is deubiquitylated by CYLD and leaves
the complex to recruit FADD via homotypic DD interactions and

RIPK3 through RIP homotypic interaction motif (RHIM) domain
interactions. RIPK1-FADD recruits caspase-8 and apoptosis ensues.
RIPK1–RIPK3 interaction leads to RIPK3 ameloid formation, MLKL
activation, and engagement of necroptosis. NF-κB expresses the pro-
survival gene cFLIPL which heterodimerizes with caspase-8, resulting
in inhibition of caspase-8 activation and apoptosis. Caspase-8 retains
its catalytic activity and is able to cleave RIPK1 and RIPK3, thereby
blocking necroptosis
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[41]. Instead, RIPK1 has a protective role in TLR ligation,
since it is recruited to activated RIPK3, bringing with it
the inhibitory caspase-8–cFLIPL heterodimer through the
FADD adaptor protein. Thus, only in settings where the
catalytic activity of caspase-8 is inhibited or disrupted can
necroptosis generally ensue.

In contrast to the relatively “clean” death associated with
apoptosis, cells that are necroptotic release their intracellular
contents en masse into the surrounding milieu, due to the
plasma membrane rupture mediated by MLKL. The highly
inflammatory response that occurs following intracellular
content release into the microenvironment (necroin-
flammation) after necroptosis may be a consequence of
several of these intracellular components, since the cytosol
can contain various pro-inflammatory cytokines (induced
by NF-κB and p38), as well as constitutive damage-
associated molecular patterns (DAMPs) [45–47].

The in vivo role of necroptosis has been proposed to
contribute to a variety of conditions, including athero-
sclerosis, pancreatitis, inflammatory bowel disease, and
some cancers. In regard to the role of necroptosis in neu-
rodegeneration, it has been implicated in amyotrophic lat-
eral sclerosis and perhaps multiple sclerosis [48–50]. More

recently, necroptotic activation has been suggested in the
brains of Alzheimer’s patients [51]. These studies establish
a pathological role for necroptosis that has often been
overshadowed by its cousin, apoptosis.

Consequences of apoptotic cell death for
immune activation

As described above, apoptosis typically leads to an immu-
nologically silent or immune-suppressive outcome. The
immunologically silent feature of apoptosis is often attrib-
uted to its capacity to contain intracellular components of the
dying cell, preventing the release of inflammatory mediators.
However, in some settings apoptotic cells can inhibit an
inflammatory response in a more indirect way. When a cell
dies by apoptosis, a hallmark of death is the reallocation of
the membrane lipid phosphatidylserine (PS) from the inner
to the outer leaflet of the plasma membrane [52, 53]. The
exposure of PS allows for apoptotic cells to be identified by
professional phagocytic cells for clearance [54–56]. Apop-
totic cells are preferentially recognized by T-cell immu-
noglobulin and mucin domain-containing molecule 4
(Tim4), a PS-sensing receptor expressed on macrophages,
among other receptors [57, 58]. Binding of PS on apoptotic
cells to Tim4 on macrophages promotes the phagocytic
engulfment of the dying/dead cell and subsequent degrada-
tion in a process known as efferocytosis. Once the cell has
been internalized, it is now subject to degradation in the
lysosomal compartment. This process culminates with the
production of immunoregulatory cytokines, among which is
the anti-inflammatory cytokine IL-10. In the absence of IL-
10 production by the macrophage, the expressed pro-
inflammatory cytokines can induce an inflammatory
response [59]. This suggests that without IL-10, apoptotic
cells have the potential to induce an inflammatory response.

The process of LC3-associated phagocytosis (LAP) has
been implicated as an important mediator of immune silence
during efferocytosis. LAP is a non-canonical function of
autophagy proteins, where components of the autophagy
pathway conjugate LC3 to phagosome membranes in a
receptor- and cargo-dependent fashion [59–64]. Our
laboratory has recently shown that abrogation of LAP in
macrophages is sufficient to abolish the immunologically
silent response to apoptotic cells [62, 63]. Following
engulfment of a dying cell, a switch from IL-10 production
to pro-inflammatory IL-1β and IL-6 cytokine expression
occurs in the absence of LAP. This molecular switch in
cytokine production reduces the pool of anti-inflammatory
mediators and increases inflammatory molecules, effec-
tively causing apoptotic cells to become pro-inflammatory
as illustrated in Fig. 2. This demonstrates that even though
apoptotic cells have the ability to mask their intracellular

Fig. 2 The immunogenic state of apoptotic cells is in part dependent
on macrophage efferocytosis. LC3-associated phagocytosis (LAP)
plays a critical role in maintaining immunosuppressive activation
following apoptotic cell engulfment. As shown in the left panel,
macrophages that are LAP-sufficient are able to conjugate LC3 to
phagosomal membranes which leads to rapid lysosomal fusion and
degradation. Furthermore, it promotes the production of anti-
inflammatory cytokines including IL-10 by mechanisms that are still
under investigation. In contrast, LAP-deficient macrophages that
phagocytose apoptotic cells have a slow rate of lysosomal fusion and
cargo degradation that leads to the polarization of the cell towards a
pro-inflammatory state, including production and release of IL-1β and
IL-6. Moreover, LAP-deficiency leads to an accumulation of un-
cleared apoptotic cells that can further induce autoimmunity
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immunogenic contents during the cell death process, once
cells are consumed by macrophages, the ability to maintain
a non-immunogenic setting is dependent on the phagocyte
and its associated pathways.

Moreover, it is likely that it is not only the clearance
mechanism following apoptotic death that controls or
dampens immune activation. Caspase cascade activation
has been proposed to contribute to the immune silence of
apoptotic cells [65]. Intriguingly, we should keep in mind
that while caspase activation is dispensable for cell death,
caspase-dependent apoptosis appears to be the only form of
cell death that does not elicit an immune response. Inter-
estingly, studies have demonstrated a role for caspase
activation in the inhibition of type I interferon (IFN) pro-
duction in response to mitochondrial DNA that is released
during apoptotic death, suggesting a critical role of the
apoptotic caspases in the silencing of cell-intrinsic immune
responses (such as that to mitochondrial DNA) [66, 67].
Therefore, the ability to promote immune silence is likely to
be a combination of cell-intrinsic processes within the
apoptotic cell as well as dampened activation of immune
cells during efferocytosis.

DAMPing out immune silence

In contrast to apoptotic cells, necroptotic cells are unable
to restrict the release of their intracellular contents. Fol-
lowing MLKL-mediated membrane permeabilization, a
variety of pro-inflammatory molecules are directly
released from the dying cell. Pro-inflammatory cytokines
and chemokines are released from necroptotic corpses.
Cytokines such as TNF can lead to further activation of
cell death pathways including necroptosis in surrounding
cells [46, 47]. Moreover, these pro-inflammatory media-
tors can directly influence cells of the immune system
such as macrophages, leading to further inflammatory
output in what could be described as a positive feedback
loop for inflammation.

In addition to the direct release of inflammatory cyto-
kines during necroptosis, there is likewise a release of
DAMPs. Compared to PAMPs which are pathogen-
derived molecules recognized by the innate immune sys-
tem, DAMPs are endogenous host biomolecules such as
uric acid, proteins, DNA and RNA, and purines such as
adenosine and ATP [68]. When released during necrop-
tosis, DAMPs can engage pattern-recognition receptors
such as TLRs, nucleotide-binding domain-containing
molecules, and C-type lectin receptors on bystander
(immune) cells. Ligation of these surface immune recep-
tors promotes inflammatory cytokine production via
activation of NF-κB and other inflammatory transcrip-
tional programs [69].

An example of a DAMP released upon necroptosis is the
prototypic alarmin high-mobility group box-1 protein
(HMGB1). HMGB1 is a non-histone nuclear protein that
has been shown to stimulate the innate immune response
and drive the pathogenesis of multiple inflammatory dis-
eases when aberrantly released from cells [70]. Under
physiological conditions HMGB1 is an important mod-
ulator of DNA organization and transcriptional regulation.
While HMGB1 can be expelled from both active and dying
cells, an acute, highly reactive pool is released during
necroptosis following cell lysis. Liberated HMGB1 appears
to bind immune receptors such as C-X-C motif chemokine
12 receptor (CXCR12), TLR4, and the receptor for
advanced glycation endproducts (RAGE) upon which the
inflammatory loop cascades [71–73].

Although necroptosis is generally considered to be a pro-
inflammatory stimulus, in certain circumstances necroptosis
may function in an anti-inflammatory role. Convincing
evidence has been reported that triggering necroptosis can
attenuate TNF- and lipopolysaccharide-induced cytokine
production and consequent inflammation [74]. In this study,
TNF was able to induce RIPK3-dependent necroptosis upon
inhibition of caspase activation, and this suppressed
inflammatory cytokine production. Upon ablation of either
RIPK3 or MLKL, cytokine production under these condi-
tions was restored. This suggests that termination of cell
viability by activation of necroptosis is responsible for
decreased cytokine synthesis vs. exacerbation of inflam-
matory cytokine production by the host immune system, as
is frequently speculated. These results were further sup-
ported by another study that used the TNF/zVAD-fmk
model of shock and lethality, where the pancaspase inhi-
bitor zVAD-fmk is used to force TNF-mediated necropto-
sis. In this study they showed inhibition of necroptosis
using necrostatin-1 (Nec-1) failed to provide protection and
mice died at an accelerated rate compared to treatment
without Nec-1 [75]. While evidence clearly defining an anti-
inflammatory role of necroptosis remains controversial, it is
important to remain congnizant of this possibility, at least in
certain settings.

The role of necroinflammation in vivo

The most well-characterized models of necroinflammation
are focused primarily on pathologies that are defined by
acute injury, such as those induced by ischemia–reperfusion.
Other settings being actively investigated include pathogenic
infection, inflammatory bowel disease (IBD), acute kidney
injury, non-alcoholic steatohepatitis, and central nervous
system (CNS) pathologies such as stroke, traumatic brain
injury (TBI), and neurodegenerative and neuroinflammatory
diseases. While this list is by no means complete, most of
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these pathological settings are acute in nature and/or have a
significant combination of a cell death component coupled
with a severe inflammatory state.

For convenience, we can loosely group diseases and
conditions into two basic categories for the purpose of
examining necroptosis and necroinflammation in vivo. The
first are pathologies that are characterized by ischemia fol-
lowed by reperfusion. Ischemia–reperfusion injury during
transplant, acute myocardial infarction, and stroke share
similar outcomes with regards to tissue damage. The second
group are diseases that include neurodegenerative condi-
tions, TBI, pathogenic infections, acute kidney disease,
and IBD. This group does not have the underlying
theme of ischemia–reperfusion, but are all characterized by
high levels of cellular death and progressive inflammation.

In many of the studies implicating necroptosis in dis-
ease, Nec-1 has been employed to inhibit necroptosis. Care
must be taken to interpret these results, however, as Nec-1
is not a specific inhibitor of RIPK1; Nec-1 inhibits indo-
leamine 2,3-dioxygenase [76] as well as some conditions of
ferroptosis. More specific inhibitors of RIPK1 are descri-
bed and some have shown beneficial effects in disease
models [77–79]. In addition to specificity, the pharmaco-
kinetics of Nec-1 should be taken into consideration and
the varying effects of each Nec-1 analog [80]. It is
important to note that the half-life of Nec-1 in vivo varies
depending on which analog is used, ranging from 15 to
60 min [79]. Thus, studies that only rely on Nec-1 should
be considered suggestive, rather than definitive. Similarly,
while RIPK3 is required for necroptosis, it also has other
signaling roles, and in at least one case, a role for RIPK3 in
pathogenesis was shown to be independent of necroptosis
[81]. Again, care must be used in concluding a role for
necroptosis in a disease process based only on ablation of
RIPK3 [82].

Nec-1 treatment can decrease ischemia–reperfusion
injury in murine models, and mice that are deficient in
RIPK3 are protected from ischemia–reperfusion injury
[83–85]. More recent work has established that abrogation
of the necroptotic pathway whether genetically or by che-
mical inhibition is sufficient to decrease necroinflammation
in addition to abolishing cell death [86]. One study found
that expression of RIPK3 was increased by over 50% in
heart following myocardial ischemia, and RIPK3-deficient
mice were protected from myocardial damage [87]. Perhaps
more importantly, this study showed that RIPK3 had a
direct detrimental role in the remodeling of the heart fol-
lowing injury, and high levels of inflammatory mediators,
increased infiltration of inflammatory T cells, and high level
of ROS production were observed in RIPK3-sufficient
animals compared to those that were RIPK3-deficient.

Necroptosis in neurological disorders including TBI is
less well investigated. It has recently been shown that

administration of Nec-1 attenuates cell death and brain
damage following a TBI [88–90]. Inhibition of necrop-
tosis was also able to improve post-injury spatial memory
and behavior. However, it must be noted that another
study suggested that improvement of TBI symptoms fol-
lowing Nec-1 administration may in part be due to sec-
ondary effects of the compound on alternative death
pathways, and evidence was provided that both the
apoptotic and autophagic pathways were attenuated fol-
lowing Nec-1 treatment during TBI with a likewise
decrease in inflammation [88]. A suppression of both
Beclin-1 and autophagic LC3-II activation as well as a
concomitant reduction in pro-apoptotic Bcl-2 and
caspase-3 cleavage were observed, suggesting that the
effect of Nec-1 in reducing TBI-induced tissue damage in
this model could be due to its coaction on multiple
pathways and not only on necroptosis.

In regard to neurodegenerative conditions, fewer studies
probing the role of necroptosis exist. One piece of evidence
comes from genetic studies in a murine model of amyo-
trophic lateral sclerosis (ALS). Genetic mutations in the
optineurin gene, which have been described in ALS patients,
result in increased turnover of the necroptotic regulator
RIPK1 leading to downregulation of necroptosis and
development of ALS-like symptoms [50, 91]. More recently
and to our knowledge there are two studies demonstrating a
putative role for necroptosis in AD. The first observed
increased expression of RIPK1 and MLKL in the temporal
gyrus of brains from AD patients [51]. Necrosome formation
and phosphorylation of MLKL was also observed in patient
samples. Strikingly over 60% of phosphorylated MLKL was
identified in neurons within the hippocampus. The second
study identified a death-independent role of RIPK1 where it
may modulate the activation of microglia in AD and
moreover may mediate the transition to the disease-
associated microglial state [92]. These findings provide
evidence that not only is necroptosis engaged in AD, but
death-independent functions of the necroptotic regulators
likely exist. It is probable that necroptotic induction also
occurs in other diseases characterized by neuronal cell death,
especially under conditions that have a high correlative level
of inflammatory immune activation.

Modes of cell death in neurodegeneration

In the introduction of this review we initially proposed the
idea that the nervous system, and more specifically neu-
rodegenerative conditions provide a model for studying
not only necroinflammation, but the cross-talk and bal-
ance between the necroptotic and apoptotic pathways of
cell death. In the vast majority of neurodegenerative
conditions, we are cognizant of many of the death-
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inducing stimuli, nonetheless the definition of the
mechanism by which death proceeds remains elusive. The
apoptotic pathway has been described to contribute to
neuronal death in many models of neurodegeneration,
including AD, PD, ALS, and multiple sclerosis (MS).
Most studies examining neuronal death in AD and other
conditions typically evaluate traditional markers of
apoptotic activation, including caspase cleavage and PS
redistribution, with mixed results. The ability to identify
apoptotic cells morphologically is also hindered in most
neurodegenerative conditions, as dying neural cells, even
when experimentally induced to undergo apoptosis, have
varying morphological profiles that are atypical to most
apoptotic cells. Multiple studies evaluating dying neurons
in the substantia nigra in models of PD show very low
levels of dopaminergic neurons that stain positive for
DNA fragmentation using TUNEL [93]. Moreover, these
neurons have only a marginal increase in the expression of
pro-apoptotic proteins and have moderate levels of
cleaved caspase-3, suggesting apoptosis is only one
potential death pathway activated in this disease [94–98].

On the other hand, mutations in the presenilin 1 (PS1)
and amyloid precursor protein (APP) genes associated with
familial early onset AD have been shown to participate in
the sensitization of neurons to apoptosis [99, 100]. APP
mutations associated with human disease have been shown
to induce neuronal DNA fragmentation and caspase-3
cleavage [101, 102], favoring a role for apoptosis. Addi-
tionally, recent studies have shown that the accumulation of
amyloid beta (Aβ), the aberrant cleavage product of APP
that is a causative factor of AD, suppresses Bcl-2 expression
and promotes pro-apoptotic BAX upregulation [103]. In
contrast, correlative evidence between necroptotic protein
expression and brain weight in human AD patients exists
[51]. Patients with higher levels of RIPK1 and MLKL had
significantly lower brain weights, suggestive of increased
neuronal death. Moreover, in murine models of early onset
AD, approximately a 10% reduction in neuronal death was
observed in animals treated with Nec-1 [92, 104]. The
opposite effect was observed in AD mice that carried a
constitutively active MLKL transgene [51].

Necroinflammation as a contributor to
neuroinflammation

Whether neurons are prone to apoptosis or necroptosis still
leaves the fact that in the end they die, and their death
further promotes the establishment and progression of
neuroinflammation. In this section of the review, we spec-
ulate on the contributions of both apoptosis and necroptosis
in regulating an inflammatory immune reaction in neu-
roinflammatory environments.

There is currently a lack of evidence supporting either
pathway fully. However, there are suggestions that
demonstrate both pathways likely have a role in regulating
neuron demise and inflammation. We propose that both
pathways indeed contribute to neuron loss in diseases such
as AD, and that each pathway impacts the immune
response, albeit in opposing manners and likely at differing
times during disease pathology. Using AD as a model to
illustrate this hypothesis, we can imagine that the aberrant
accumulation of Aβ and subsequent hyperphosphorylation
of the microtubule protein Tau in neurons, both instru-
mental factors in AD pathology, are the beginnings of
significant stress to the neuronal population in the hippo-
campus and certain regions of the cerebral cortex as
reviewed previously [105]. In an attempt to mitigate tissue
damage from increasing inflammation stemming from the
processing of Aβ and soluble Aβ peptides by microglial
cells (macrophage-like CNS immune cells) and the accu-
mulation of non-functional Tau in neurons, cells activate the
apoptotic pathway in an effort to clear “beyond-repair”
neurons and maintain homeostatic integrity.

As neurons begin to die via apoptosis, the dying cells
and corpses must be scavenged and cleared by microglial
cells to prevent further immune activation [106, 107]. It has
been well established that Aβ plaque-associated microglia
often have an impairment in either phagocytic uptake or
intracellular processing of internalized cargo [108–111].
These deficiencies have been shown to lead to a state of
reactive microgliosis, characterized by microglial activa-
tion and expansion coupled with pro-inflammatory cyto-
kine production and release [112–114]. These events lead
to the establishment of an autoreactive environment that is
prime for fueling inflammatory responses. One of the pri-
mary pro-inflammatory cytokines that is elevated in the AD
brain is TNF. We can speculate that increased levels of
TNF lead to the activation of further rounds of cell death
through ligation of TNFR1. A recent study demonstrated
two caspase-8 variants that are found in human AD and that
lead to a reduction in caspase-8 activity and consequently,
apoptosis [115]. It is wholly feasible that even a slight
alteration in caspase-8 activity in even a subset of neurons
may shift the mechanism of death from apoptosis towards
necroptosis.

If neurons begin to die via the necroptotic pathway, the
massive release of intracellular contents into the immediate
milieu of the brain would be further detrimental. As shown
in Fig. 3, the release of DAMPs including HMGB1, which
was recently shown to drive AD pathology by promoting
Aβ polymerization, would exacerbate disease progression
[109, 116–119]. This model of cooperative death mechan-
isms is consistent with the time frame of disease advance-
ment. In the early stages of disease, low levels of apoptotic
activity occur with a gradual switch to necroptosis over
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time, leading to an increase in the rate of cell death. This
timeline is fairly consistent with the typical profile of AD
progression and is also correlated to the levels of neuroin-
flammation found in patient samples. This can be observed
in mouse models that slowly develop neurobehavioral dis-
orders that progress and worsen with time, in regard to both
inflammation and behavioral impairment [120].

Therapeutic potential of targeting
necroptosis in neurodegeneration

We have seen how necroptotic inhibition, whether genetic
or pharmaceutical, can impact an extensive group of
pathologies. While shared features including cell death and
inflammation are common among them, they are distinct in

their locations and causative factors. The contribution of
necroptosis and necroinflammation in the majority of these
settings is becoming more appreciated and as such, the
therapeutic potential of targeting the necroptotic pathway as
a treatment avenue is of broad interest.

While genetic manipulation would provide ultimate
control of regulating a particular cell death pathway and
cross-talk with other mechanisms, the ability to perform
in vivo modifications in a cell-specific manner is still in its
infancy. There are studies actively using Nec-1 in an effort
to treat neurodegenerative diseases such as AD and PD as
shown in Table 1, in addition to other peripheral diseases.
Many results from these studies show that Nec-1 treatment
provides not only a reduction in disease symptoms such as
behavior and memory in the case of AD, but also alters the
biochemical and physiological architecture associated with

Fig. 3 Here we present a putative model for necroptosis and
necroinflammation in conditions of neurodegeneration using AD as an
example. The lytic nature of necroptosis results in the release of
DAMPs from the intracellular environment. DAMPs including
HMGB1 have been shown to have detrimental effects in the contexts
of both neuroinflammation and AD. Left—HMGB1 promotes the
polymerization and of Aβ and subsequent Aβ plaque formation.

Middle—HMGB1 also has a negative impact on efferocytosis
by macrophages and microglial cells by decreasing activity and pha-
gocytic capacity. Right—HMGB1 and other DAMPs can activate pro-
inflammatory transcriptional programs on target cells such as micro-
glia. Sustained activation and further release of DAMPs from dying
cells will promote a phenotype of reactive microgliosis, leading to
persistent inflammation

Table 1 Studies evaluating the
use of necroptosis inhibition for
treating neurodegenerative
conditions

Condition Mode of inhibition Outcome References

Alzheimer’s disease (AD) Necrostatin-1 Improved behavior and reduction in AD-
induced neuronal death

[51, 104]

Reduced Aβ and Tau deposition

Amelioration of cognitive impairment

Amyotrophic lateral
sclerosis (ALS)

RIPK1/3 Mutation Increased neuron viability in ALS-causing
optineurin (OPTN)−/− mice

[91, 121]

Necrostatin-1 Improved neuron survival in ALS astrocyte
co-cultures in vitro

Huntington’s disease (HD) Necrostatin-1 Improved behavior and delayed symptom
onset in HD murine model

[122]

Parkinson’s disease Necrostatin-1 Necroptotic inhibition protected
dopaminergic neurons in culture

[123]
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these pathologies. While the results from these studies and
others are still preliminary, they provide encouraging evi-
dence demonstrating the necessity to further pursue
employing necroptotic inhibition as a clinical modality.

Conclusions

With the development of new murine models of both
apoptosis and necroptosis, our understanding of the roles of
each cell death pathway in vivo is rapidly expanding.
Limitations remain with respect to modulating individual
pathways due to the high levels of redundancy and com-
pensation between cell death mechanisms, particularly
in vivo. However, the studies presented herein have
demonstrated an intricate relationship between apoptosis and
necroptosis. Moreover, the immune consequences of cell
death activation are becoming clearer. It is evident that the
necroptotic pathway and associated necroinflammation is
present in a variety of healthcare-related disparities including
ischemic injury during organ transplantation, as well as
debilitating neurodegenerative conditions, stroke, and myo-
cardical infarction. The latter conditions are all highly cor-
relative to an aging population and as such will likely
become even more prevelant over the next few decades. The
ability to modulate necroptosis using specific inhibitors will
provide a viable means of targeting the necroptotic pathway
for clinical therapy. As we have evaluated in this review,
numerous studies are utilizing Nec-1 administration in
murine models of neurodegeneration as well as
ischemia–reperfusion and TBI to evaluate the protective
effects of necroptotic inhibition in pathology, and this will
be improved by the use of more specific inhibitors. This
capability to specifically target a singular cell death pathway
that is involved in promoting immune responses has sig-
nificant therapeutic promise that will likely be of substantial
importance as a broad treatment for inflammatory disease.
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