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Abstract: It has been confirmed that apoptosis, autophagy and necrosis are the three major modes
of cell death. For a long time, necrosis is regarded as a deranged or accidental cell demise. In recent
years, there is evidence showing that necrotic cell death can be a well regulated and orchestrated
event, which is also known as programmed cell death or "necroptosis”. Necroptosis can be triggered
by a variety of external stimuli and regulated by a caspase-independent pathway. It plays a key role
in the pathogenesis of some diseases including neurological diseases. In the past two decades, a
variety of studies have revealed that the necroptosis related pathway is activated in stroke, and plays
a crucial role in the pathogenesis of stroke. Moreover, necroptosis may serve as a potential target in
the therapy of stroke because genetic or pharmacological inhibition of necroptosis has been shown
to be neuroprotective in stroke in vitro and in vivo. In this review, we briefly summarize recent
advances in necroptosis, introduce the mechanism and strategies targeting necroptosis in stroke, and
finally propose some issues in the treatment of stroke by targeting necroptosis.
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1. INTRODUCTION

Stroke is caused by a poor blood flow to the brain, and
can be divided into two main types: ischemic stroke and
hemorrhagic stroke. Although the incidence of stroke is still
increasing, the mortality of stroke tends to reduce in recent
years due to the reinforcement of patients’ education on
stroke prevention [1], early diagnosis and therapy [2], estab-
lishment of stroke unit [3], timely thrombolysis [4], and im-
provement of quality of care [5]. However, stroke is still the
second most common cause of death following ischemic
heart disease, and accounts for 9% of all deaths world wide
[6]. In addition, it has high disability and recurrence rate,
increasing the economic burdens to the family and the soci-
ety. Currently, the available therapeutic strategies for stroke
include thrombolytic therapy, anticoagulants, anti-platelet
drugs, and neuroprotective agents such as reactive oxygen
species (ROS) scavenger [7], endothelial nitric oxide
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synthase activator [8], mammalian target of rapamycin acti-
vator or inhibitor [9], and tumor necrosis factor receptor-
associated factor 1 inhibitor [10]. However, thrombolytic
therapy is limited due to the short time window and the effi-
cacy of other therapies has not been confirmed in clinical
trials so far. Thus, more effort is needed to develop new
therapies for stroke on the basis of further understanding of
the pathogenesis of stroke.

Stroke may trigger a variety of biochemical and molecu-
lar mechanisms leading to the neurological dysfunction in-
cluding the activation of excitotoxic glutamatergic signaling
[11], ionic imbalance [12], and excess production of ROS [7,
13]. The scathing mechanisms may proceed via non-
programmed cell death (necrosis) or by programmed cell
death (apoptosis or necroptosis) [14]. It has been confirmed
that apoptosis, autophagy and necrosis are the three major
modes of cell death [15]. Studies have revealed that cerebral
ischemia may cause both necrosis and apoptosis of cells in
the brain. At the infarct zone, neurons are mainly necrotic,
while the main death form of neurons is apoptosis in the
ischemic penumbra or the perifocal tissues during the first
few hours after a stroke [16-18]. Autophagy takes an impor-
tant role in adapting to the nutritional deprivation and elimi-
nating aggregated proteins, but inappropriate activation of
autophagy also in turn causes cell death in the ischemic brain
injury. Thus, autophagy has been regarded as a double-edged
sword with therapeutic potential in cerebral ischemia [19].
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In the early 1970s, Kerr et al. put forward the term
“apoptosis”, a regulated cell death process, which is morpho-
logically distinct from necrosis [20]. For a long period, ne-
crosis is regarded as a deranged or accidental cell demise
that is a passive process caused by overwhelming stress.
Since the 1990s, the purely unregulated nature of necrosis
was challenged that necrotic cell death, at least in part, can
be a well regulated and orchestrated event as apoptosis [21,
22]. The accumulated knowledge has paved the way for the
term of “programmed necrosis”, which has not been intro-
duced by Chan et al. until 2003 [23]. In 2005, Degterev ef al.
found that necrostatin-1 (Nec-1) could inhibit necrotic cell
death mediated by downstream regulator receptor-interacting
protein 1 (RIP1) of Fas/tumor necrosis factor receptor 1
(TNFR1), rather than apoptosis, in the condition of caspase-8
inhibition in a model of ischemic brain injury. Furthermore,
Nec-1 has a longer-time window in contrast of Z-VAD-fmk,
an inhibitor of apoptosis [24]. These results show that this
type of necrotic cell death can be controlled and occur later
than apoptosis, and is termed "necroptosis” later [25]. With
our understanding of the mechanism of necroptosis in
ischemic neurons, it is possible to offer neuroprotection by
interfering with necrosis. Caspase-8 activity is partially de-
pendent on the level of ATP, which is insufficient for the
maintenance of caspase-8 activity in the acute stage of cere-
bral ischemia because of a serious shortage of ATP produc-
tion. Therefore, necroptosis is probably the major route of
death of neurons in the acute stage of cerebral ischemia [26].
Moreover, therapy targeting necrosis has a longer-time win-
dow, which is clinically important. Thus, the elucidation of
mechanisms underlying the necroptosis of neurons and other
cells in the brain is helpful to develop new therapeutic tar-
gets and effective strategies for the treatment of stroke.

Recently, studies have implicated necroptosis in a variety
of disease states, and it has a central pathophysiological rele-
vance in some diseases including stroke [27], myocardial
ischemia/reperfusion (I/R) injury [28], atherosclerosis [29],
renal I/R injury [30], pancreatitis [31], inflammatory bowel
disease [32] and other disorders. In this review, we briefly
summarize recent advances in the necroptosis and introduce
the mechanisms of necroptosis and clinical strategies target-
ing necroptosis in the therapy of stroke.

Table 1. Comparisons between necroptosis and apoptosis.
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2. CHARACTERISTICS OF NECROPTOSIS

Necroptosis has some distinctive features compared to
other modes of cell death, especially apoptosis (Table 1).
Morphologically, necroptosis is characterized by morphol-
ogy resembling unregulated necrosis: early loss of plasma
membrane integrity, gain in cell volume and swelling organ-
elles. In contrast, apoptosis is characterized by cell shrink-
age, plasma membrane blebbing, and nuclear and organelle
condensation and fragmentation. Biochemically, significant
depletion of cellular ATP and leakage of intracellular con-
tents are present during necroptosis, suggesting an energy-
consuming process. Molecularly, necroptosis has no in-
volvement of caspase and its signals are dependent on RIP1,
receptor-interacting protein 3 (RIP3) and mixed lineage
kinase domain-like protein (MLKL), while caspase activa-
tion is indispensible for the apoptosis. During the necropto-
sis, the permeabilization of plasma membrane, a major char-
acteristic of necroptosis, may cause the release of damage
associated molecular patterns (DAMPs) including mitochon-
drial DNA and high-mobility group box 1 protein, which
may induce immune response and inflammation [33].

Although there are distinctive features between necropto-
sis and other cell death modes, there is still complicated in-
terrelationship between necroptosis and other cell death
pathways, and necroptosis has been viewed as a back-up
process when apoptosis is abrogated [34] (Fig. 1).

3.  MECHANISMS
NECROPTOSIS (FIG. 2)

AND REGULATION OF

3.1. Initiation of Necroptosis

Necroptosis can be induced by multiple triggers, includ-
ing the tumor necrosis factor (TNF) family of cytokines,
such as TNF, TNF-related apoptosis-inducing ligand and
FasL [27, 35]; ROS [36, 37]; the activated Toll-like recep-
tors (TLRs), such as TLR3 and TLR4 [38]; type I interferons
(IFNs) [39] and certain pathogens [40-42].

The most extensively studied pathway leading to necrop-
tosis is triggered by TNF-o/TNFR-induced pathway [43].
After the binding of TNF-a to TNFR1, the activated receptor
may interact with RIP1 via the death domains (DD), which

Necroptosis

Apoptosis

Morphological markers

Plasma membrane swelling and rupture; Cytoplasm swelling and
vacuolization; No nuclear fragmentation; Mitochondria and
organelle swelling

Plasma membrane blebbing; Cytoplasm fragmentation; apoptotic body forma-

tion; Nuclear condensation and fragmentation; Organelle fragmentation

Biochemical markers

ATP depletion; ROS production; Calcium and sodium influx

ATP increase; ROS production; Mitochondria outer membrane permeabilization

Molecular markers

Signaling by RIP1, RIP3, and MLKL; Regulation by death receptors;
Inhibition by caspases; Random DNA degradation; Extracellular re-
lease of DAMPs, such as mitochondrial DNA and HMGB1

Signaling by the Bcl-2 family proteins; Regulation by death receptors; Caspase
activation; DNA digestion by endonucleases; Cytosolic release of mitochondrial

cytochrome ¢, SMAC and AIF
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Fig. (1). Three modes of programmed cell death. Apoptosis, a programmed form of nonlytic cell death, can induce the activation of effec-
tor caspases via a variety of upstream signals. In the so-called “intrinsic cell death pathway,” the P53 expression mediated by DNA damage
triggers the production of Bax, a kind of pro-apoptotic protein, which can act to permeabilize the outer membranes of the mitochondria, re-
leasing cytochrome ¢, which results in the oligomerization of an adapter protein, APAF1. APAF1 then binds to and activates the initiator
caspase, caspase-9, and apoptosome forms. Bcl-2 protein family has anti-apoptotic activity. In the extrinsic cell death pathway, normally,
caspase 8 can trigger apoptosis by classical caspase cascade. In the presence of caspase 8 inhibition, necroptosis is activated by the phos-
phorylation of RIP1 and RIP3, and then necrosome forms, which may activate the executioner of necroptosis, MLKL, leading to necroptosis.
Autophagy can be induced in response to environmental signals including amino acids, hormones, and energy consumption. The best-
characterized regulatory protein, mTOR, can act to inhibit autophagy. The Class III PI3K complex contributes to membrane expansion, re-
sulting in the formation of a closed double-membrane structure, the autophagosome, which fuses with a lysosome to form an autolysosome.

may recruit cellular inhibitor of apoptosis proteins (cIAPs)
(such as cIAP1 and cIAP2) and subsequently form the
plasma membrane associated complex, leading to the activa-
tion of nuclear factor kB and mitogen-activated protein
kinases (MAPKSs). During this process, RIP1 can be polyu-
biquitinated by cIAPs and other E3 ubiquitin ligases [44].
The auto-ubiquitination and subsequent degradation of
cIAPs induce the RIP1 deubiquitination, which is able to
dissociate RIP1 from the cell membrane, causing its conver-
sion from a pro-survival protein into a pro-death protein
[45]. The binding of cytoplasmic RIP1 to FAS-associated
death domain (FADD) may recruit procaspase-8, leading to
the caspase-8 activation. The activated caspase-8 is able to
inhibit the necroptosis through cleaving the key regulators of
necroptosis (such as RIP1 and RIP3). When the caspase-8
activity is inhibited, cell apoptosis is inhibited and the ne-
croptosis is induced [46]. The binding between RIP1 and
RIP3 via their homotypic interaction motif (RHIM) domains
may form a functional amyloid signaling complex, also known
as "necrosome", which then induces the auto-phosphorylation
of RIP3 and the subsequent execution of necrosis [47]. In
addition to RIP1, it has been reported that there are other two
RHIM-containing proteins, Toll/IL-1 receptor domain-
containing adaptor inducing IFN-B (TRIF) and DNA-
dependent activator of interferon regulatory factors (DAI),
can activate RIP3 within the necrosome [47]. For example,
TLR3 as a biological stimulus exert necroptotic effects via

the adapter protein TRIF [38]. Certain pathogens can also
trigger necroptosis depending on the DNA-dependent activa-
tor of DAI [42, 48]. Furthermore, IFNs trigger necroptosis
independently of RIP1 via the IFN-induced protein kinase
PKR [39]. Previous studies have shown that ROS may also
regulate Smac mimetic/TNF-a-induced necroptotic signaling
[36]. Recently, Han et al. found that RIP1 autophosphoryla-
tion on serine residue 161 (S161) is promoted by mitochon-
drial ROS, which is indispensable for the recruitment of
RIP3 into the necrosome. This suggests that the ROS can act
as a new biological trigger, exerting necroptotic effects [37].

3.2. Execution of Necroptosis

Pseudokinase MLKL is a substrate of RIP3 and may
serve as a major executioner of necroptosis [49, 50]. There is
evidence showing that RHIM dependent oligomerization and
intramolecular autophosphorylation of RIP3 may recruit and
phosphorylate MLKL, which induces a conformational change
in the pseudokinase domain and the subsequent exposure of
the 4-helical bundle domain [51, 52]. At present, two available
non-exclusive models are proposed for the executioner
mechanism of MLKL: (1) the plasma membrane serves as a
platform for the recruitment of Ca®" or Na' ion channel [53]; (2)
the binding of MLKL to negatively charged phosphatidyli-
nositol phosphates forms a direct pore-forming complex [54].

However, RIP3 also activates, independent of MLKL,
ROS-driven necroptosis and FADD-mediated apoptosis [55,
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Fig. (2). Necroptosis-related signalling pathways and it’s therapeutic targets. Necroptosis can be induced by multiple triggers,such as
tumor necrosis factor (TNF), interferons (IFNs), viral nucleic acid, reactive oxygen species (ROS). Caspase-8 and cellular inhibitor of apop-
tosis proteins (clAPs) prevent either RIP1 or RIP3 activation. When the caspase-8 activity is inhibited, necroptosis is induced. The binding
between RIP1 and RIP3 via their homotypic interaction motif (RHIM) domains may form "necrosome", which then induces the auto-
phosphorylation of RIP3 and subsequent execution of necrosis. There are other two RHIM-containing proteins, Toll/IL-1 receptor domain-
containing adaptor inducing IFN-B (TRIF) and DNA-dependent activator of interferon regulatory factors (DAI), can activate RIP3 independ-
ently of RIP1 within the necrosome. Furthermore, IFNs also trigger necroptosis independently of RIP1 via the interferon-induced protein
kinase PKR. ROS can activates RIP1 autophosphorylation on serine residue 161 (S161), and subsequently enables RIP1 to recruit RIP3.
Pseudokinase MLKL is a substrate of RIP3 and may serve as a major executioner of necroptosis. At present, two available non-exclusive
models are proposed for the executioner mechanism of MLKL. However, RIP3 also activates, independently of MLKL, ROS-driven necrop-
tosis. Necroptosis may cause rapid plasma membrane permeabilization and the subsequent release of cell contents and exposure of damage
associated molecular patterns (DAMPs), which in turn trigger necroptosis. In conclusion, necroptosis fuels the vicious circle via amplifying
inflammatory response or mitochondrial ROS. Necrostatin-1 (Nec-1) was shown to inhibit the kinase activity of RIP1. Furthermore, there are
three RIP3 kinase inhibitors, GSK’840, GSK’843 and GSK’872. Necrosulfonamide (NSA) inhibits MLKL and is able to protect human cells
from necroptotic stimuli. These might be attractive therapeutic targets.

macrophage ruffling and has involvement in the sorting of
fluid-phase macromolecules [62]. Apoptotic cells may emit a
series of well-defined ‘find-me’ [63, 64] and ‘eat-me’ sig-
nals. As in apoptosis, under some conditions, cells experi-
encing necrosis may also externalize phosphatidylserine be-

56]. RIP3 binds to Ca’’-calmodulin—dependent protein
kinase (CaMKII) and, via phosphorylation, oxidation or
both, activates CaMKII, which accounts for the opening of
mitochondrial permeability transition pore and leads to myo-
cyte necroptosis [57]. Thus, mitochondrial ROS not only

trigger necroptosis but also act as an executive of necrosis,
which means a positive feedback loop. It is worth mention-
ing that necroptosis may cause rapid plasma membrane per-
meabilization and the subsequent release of cell contents and
exposure of DAMPs [58]; the pattern recognition receptor
may recognize these DAMPs to activate immune response
and induce the subsequent clearance of necrotic cells [59]. It
has been found that defective clearance of necrotic cells may
cause the persistence of inflammation and excessive tissue
injury, which serves as a mechanism underlying the patho-
genesis of some diseases [60]. In conclusion, necroptosis
fuels the vicious circle via amplifying inflammatory re-
sponse or mitochondrial ROS.

3.3. Disposal of Necrotic Cells

The macrophages may internalize necrotic cells by form-
ing spacious macropinosomes [61], which is accompanied by

fore the plasma membrane permeabilization [65], which fa-
cilitates their recognition and internalization by phagocytes
[66, 67].

3.4. Inhibitors of Necropotisis

The majority of the knowledge of necroptosis is gained
using necroptosis inhibitors or genetic modification tech-
nique. To date, some inhibitors of necroptosis have been
developed for the study of necroptosis.

3.4.1. RIPI Inhibitors

The first inhibitor of necroptosis (Nec-1) was identified
in 2005 in a phenotypic screen for small molecules that are
able to inhibit the TNF induced necrosis in human mono-
cytic U937 cells [24]. Nec-1 was subsequently shown to in-
hibit the kinase activity of RIP1 [ECso= 494 nM)] [27].
However, Nec-1 1is identical to the indoleamine-2,3-
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dioxygenase (IDO) enzyme inhibitor methyl-thiohydantoin-
tryptophan. In late studies, investigators developed a new
inhibitor of necroptosis, Nec-1s (also called 7-CI-O-Nec-1;
EC50=206 nM). Nec-1s lacks IDO inhibitory activity, but has
increased plasma stability and increased specificity for RIP
over a broad range of kinases as well as no toxic effect de-
scribed for Nec-1 [68]. Several structurally distinct
necrostatins (Nec-1, Nec-3, Nec-4, Nec-5 and Nec-7) are
also developed, but Nec-7 (ECso = 10.6 uM) does not inhibit
RIP1 kinase [69].

3.4.2. RIP3 Inhibitors

There are three RIP3 kinase inhibitors, GSK'840,
GSK'843 and GSK'872. Of them, GSK'843 and GSK’'872 at
higher concentrations may promote TNF-induced RIP1 de-
pendent apoptosis and caspase 8 activation [70], while
GSK'840 exhibits the most specific profile. In addition,
GSK'840 is particularly interesting because it does not in-
duce RIP1 kinase activity-dependent apoptosis at higher con-
centrations, which is in contrast to GSK’'843 and GSK'872.
Currently, however, GSK’'840 can not inhibit murine RIP3,
which prevents its assessment in murine models.

3.4.3. MLKL Inhibitors

(E)-N-(4-(N-(4,6-dimethylpyrimidin-2-yl) sulfamoyl)
phenyl)-3-(5- nitrothiophene - 2- yl) acrylamide (known as
necrosulfonamide [NSA]) was the first compound reported
to inhibit MLKL [49]. In fact, NSA was used to identify
MLKL as a downstream target of RIP3. Of note, NSA is able
to protect human cells from necroptotic stimuli, which is not
found in murine cells because NSA alkylates the Cys86 of
human MLKL and Cys86 is absent in murine MLKL. Thus,
it is not suitable in murine preclinical models. In recent
years, a new class of MLKL inhibitors based on ‘compound
1’ (also known as GW806742X or SYN-1215) is described
to target the pseudokinase domain of MLKL [51].

4. NECROPTOSIS ASSOCIATED PATHOLOGIES

Over the past two decades, a variety of studies have
shown that necroptosis is closely related to many patholo-
gies, including I/R injury, inflammatory diseases, infection,
autoimmune diseases and other disorders [71].

4.1. 1/R Injury

Ischemia is caused by the obstruction of blood flow to a
tissue, resulting in the insufficient supply of oxygen and nu-
trients, and if severe, in cell death. Reperfusion following the
restoration of blood flow may cause a burst of ROS, also
leading to cell death. The renal I/R was to be attenuated in
RIP3-deficient mice [72], and RIP3 deficiency also de-
creased cardiac hypertrophy and inflammation after myocar-
dial infarction [73]. In addition, RIP1 inhibitor Nec-1 is also
able to attenuate myocardial I/R [74], which is ascribed to
the inhibition of oxidative stress, necrosis and inflammation.

4.2. Neurological Diseases

Recent studies have shown that necroptosis is involved in
the pathogenesis of some neurological diseases including
stroke, traumatic brain injury (TBI), spinal cord injury (SCI)
and neurodegenerative diseases. You ef al. found administra-
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tion of Nec-1 before or 15 min after controlled cortical im-
pact decreased brain tissue damage (days 14 and 35) and
improved motor performance and spatial memory [75]. An
IncRNA microarray analysis showed the expression of some
IncRNAs related to necroptosis changed in rat hippocampus
after TBI [76]. In a mouse TBI model, Nec-1 pretreatment
was able to attenuate brain injury via inhibiting apoptosis
and autophagy simultaneously [77]. In a SCI rat model,
Wang et al. showed Nec-1 pre-treatment protected the spinal
cord against injury via inhibiting both necroptosis and apop-
tosis [78]. In R6/2transgenic mouse model of Huntington’s
disease, Nec-1 was found to delay the disease onset, and the
increased expression of RIP1 was observed at the onset of
disease symptoms [79]. In primary newborn mouse cortical
cells treated with aluminum, Nec-1 significantly improved
the cell viability in a concentration dependent manner; Nec-1
also improves the learning and memory retention of mice
treated with aluminum [80].

4.3. Retinal Injury

In retinitis pigmentosa mice with interphotoreceptor reti-
noid-binding protein (IRBP) deficiency (Irbp™), the retina
had increased expression of both RIP1 and RIP3, but inhibi-
tion of RIP1 kinase activity significantly prevented cone and
rod photoreceptor degeneration [81]. In addition, RIP3-
deficiency resulted in the protection of cone cells against
necroptosis in a mouse model of retinitis pigmentosa (rd10
mice) [82]. In an experimental model of retinal detachment,
more than 10-fold increase in RIP3 expression was observed
after retinal detachment, and Nec-1 or RIP3 deficiency sig-
nificantly alleviated necrotic changes and inhibited oxidative
stress and mitochondrial release of AIF [83]. Nec-1 or RIP3
silencing also inhibited the retinal pigment epithelial cell
death secondary to oxidative stress [84] and attenuated reti-
nal I/R [85].

4.4. Inflammation

In TNF-induced systemic inflammatory response syn-
drome (SIRS), Duprez et al. found deletion of RIP3 or pre-
treatment with Nec-1 completely protected against lethal
SIRS and reduced the amounts of circulating DAMPs [86].
RIP3-deficient mice could also be markedly protected from
TNF-a-mediated shock, while blocking necroptosis by Nec-1
did not protect from TNF-0/zVAD-mediated shock, and fur-
ther accelerated time to death [87]. RIP3 expression was
found to correlate with the sensitivity of pancreatic acinar
cells to necroptosis, and in a cerulein-induced pancreatitis
mouse model, RIP3 or MLKL deficiency protected mice
from acute pancreatitis [31, 88], which suggests the in-
volvement of necroptosis in the pathogenesis of pancreatitis.
In ConA-induced acute hepatitis, increased RIP3 expression
was observed in the liver, hepatocyte-specific caspase-8 de-
letion increased necrotic damage and Nec-1 decreased hepa-
tocyte necrotic cell death [89, 90]. In acetaminophen-induced
acute liver failure mice, hepatic RIP1 and RIP3 were acti-
vated, and either pretreatment or post-treatment with Nec-1
significantly attenuated APAP-induced acute liver failure
and improved the survival by preventing APAP-induced
necroptosis [91]. In mice after chronic ethanol feeding, in-
creased RIP3 expression was detected in the liver [92], and a
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similar finding was also observed in patients with alcoholic
liver disease [93], and RIP3-deficiency protected mice
against both ethanol-induced liver injury and inflammation
[93]. RIP3 expression also increased in the terminal ileum of
patients with Crohn’s disease, and the TNF induced cell
death was associated with increased RIP3 expression, but
prevented by Nec-1 in cultured intestinal organoids [94].

4.5. Infection

Vaccinia virus (VV) encodes the caspase inhibitor
B13R/Spi2, which blocks apoptosis upon infection, but sen-
sitizes cells to RIP1/RIP3-dependent necroptosis. VV infec-
tion induced the formation of pro-necrotic RIP1-RIP3 com-
plex in the liver, accompanied by the induction of TNF ex-
pression and inflammation [95], but RIP3-deficient mice and
RIP1 D138N/D138N mice showed attenuated necrotic tissue
injury and inflammation [95, 96]. Murine cytomegalovirus
also encodes a necrotic inhibitor, vVIRA, which can prevent
premature host cell death upon infection. Studies have
shown that VIRA may inhibit necrotic cell death after TNF
treatment by disrupting the pronecrotic RIP1-RIP3 complex
[97]. Necrotic cell death has also been observed after infec-
tion by other viruses, such as human immunodeficiency vi-
rus type-1, herpes simplex virus type-1 and T3D, and Nec-1
pre-treatment is able to attenuate the cell death induced by
these viruses [98-100].

5. NECROPTOSIS AND STROKE

Some studies have revealed that necroptosis is closely
related to the pathogenesis of stroke as Nec-1 (Nec-1s) or ge-
netic modulation of necroptosis related proteins may improve
brain injury and neurological function after stroke (Table 2).

Liu et al. found necroptosis mediated TNF-induced tox-
icity of HT-22 hippocampal neuronal cells because these
cells were sensitive to TNF-a only upon caspase blockage
and subsequently underwent necrosis and the cell death was
suppressed by knockdown of CYLD, RIP1, RIP3 or MLKL
[101]. In cultured neurons exposed to hemoglobin or hemin
(an in vitro model of intracerebral hemorrhage [ICH]), fea-
tures of ferroptotic and necroptotic cell death, but not
caspase-dependent apoptosis or autophagy, were observed,
and chemical inhibitors of ferroptosis and necroptosis pro-
tected against hemoglobin- and hemin-induced toxicity (ab-
rogating death by >80%) [102]. Qu ef al. investigated the
functions and mechanisms of MLKL in mediating neuronal
damage in developing brain after hypoxia-ischemia (H/I). In
neurons treated with oxygen-glucose deprivation (OGD) plus
caspase inhibitor zVAD treatment (OGD/zVAD), RIP1 and
RIP3 expressions were up-regulated and the interaction of
RIP1-RIP3 with MLKL increased; siRNA mediated inhibi-
tion of MLKL attenuated neuronal death induced by
OGD/zVAD [103]. In addition, induction of RIP1 protein
instability was able to protect the primary neurons against
OGD/zVAD induced necroptosis [104]. In an in vitro model of
global ischemia (hippocampal neurons exposed to OGD), RIP1
and RIP3 expression increased and both formed necrosomes,
but caspase-8 mRNA expression was transiently decreased
following OGD; RIP3 knock-down (KD) abrogated OGD-
induced necrotic neuronal death while RIP3 over-expression
exacerbated neuronal death following OGD [105]. Necropto-
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sis was shown to be an early mechanism of cell death occur-
ring within the first 24 h post-ischemic injury [106] and in-
versely linked to the caspase-dependent cell death [107].

Degterev et al. for the first time found that necroptosis
contributes to mouse middle cerebral artery occlusion
(MCAO) brain injury in vivo and the mechanism was distinct
from that of apoptosis [24]. Moreover, they identified a spe-
cific and potent small-molecule inhibitor of necroptosis,
Nec-1, which could block a critical step in the necroptosis
(but not apoptosis) and exerted neurological protection in
this animal model. Furthermore, the protective effect of 7-
Cl-Nec-1 was also detectable even when it was administered
6 h after the onset of injury, and they speculated the ex-
tended time window of neuroprotection by 7-Cl-Nec-1 in
vivo might reflect a delayed induction of necroptosis during
stroke. Xu et al. investigated the neuroprotection of Nec-1 in
vivo and in vitro [108]. They found Nec-1 could protect the
mouse brain against I/R injury, and combined use of an
apoptosis inhibitor Gly(14)-humanin and Nec-1 conferred
synergistic neuroprotection in vivo and in vitro. In a global
cerebral I/R injury model, neuronal death and rat mortality
were greatly inhibited by Nec-1 and 3-MA (an autophagy
inhibitor) pre-treatment, but not by Ac-DMQD-CHO
(caspase-3 inhibitor) [109] and there was accompanied nu-
clear translocation and co-localization of RIP3 and AIF as
well as their interaction after I/R injury. Moreover, they also
evaluated the cell specificity of necroptosis. Results showed
caspase-8 was expressed richly in glial fibrillary acidic pro-
tein (GFAP) - positive astrocytes and Iba-1-positive microglia,
but not in NeuN-positive neurons. Thus, they concluded that
caspase-3 and caspase-8 are not involved in regulating hip-
pocampal CA1 neuronal death induced by I/R injury. In a
global cerebral ischemia induced by the four-vessel occlu-
sion method, Nec-1 induced inhibition of RIP3 up-regulation
and nuclear translocation was also found to be related to its
neuroprotection [110].

In a collagenase-induced ICH mouse model, Zhu et al.
found the ultrastructural features of necrosis at 24 h after
ICH by electron microscopy, and less necrotic cells were
also found in RIP3-deficient mice after ICH [111]. In the
same model, King et al. found Nec-1 was able to signifi-
cantly reduce hematoma volume, limit cell death, reduce
blood-brain barrier opening, attenuate edema development to
sham level, and improve neurobehavioral outcome at 72 h
after ICH [112]. Similar findings were found in the study of
Su et al. [113]. In another in vivo ICH model established by
the injection of autologous blood, inhibition of RIP1 by a
specific chemical inhibitor or genetic knockdown attenuated
brain edema and improved neurological score, which was
also confirmed in an in vitro model using OxyHb-treated
neurons [114]. Chang et al. also found the specific inhibitor
Nec-1 also suppressed apoptosis and autophagy to exert neu-
roprotective effects after ICH [115]. In an endovascular per-
foration induced subarachnoid hemorrhage (SAH) rat model,
SAH was found to up-regulate RIP1, RIP3, phosphorylated
DRP1 and NLRP3 inflammasome, and Nec-1 treatment reduced
RIP1, RIP3, phosphorylated DRP1 and NLRP3 inflammasome,
subsequently alleviating brain injury secondary to SAH [116].

In neonatal brain H/I model, blockade of RIP-1 kinase
after H/I afforded neuroprotection [106] and this protection
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Table 2.

Animal studies on the treatment of stroke by targeting necroptosis.
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Authors

Interventions

Animal Models

Results

Zille et al. 2017

Chemical inhibitors implicated in all
known cell death pathways

Cultured neurons exposed to hemoglo-
bin or hemin

Experimental intracerebral hemorrhage shares features of
ferroptotic and necroptotic, but not caspase-dependent
apoptosis or autophagy

Shen et al. 2017

Nec-1
Mutation of serine kinase phosphory-
lation site of RIP1

ICH in rats

Inhibition of necroptosis

Quetal 2017

Inhibition of the RIP3-MLKL or
RIP3-CaMKIIdelta interaction

OGD/zVAD in oligodendrocytes
HI in postnatal day 6 (P6) rats

Disrupted development of myelin was attenuated

Xu et al. 2017

Necroptosis, autophagy, and apopto-
sis inhibitor

Global cerebral I/R injury model in rats

Mitochondria are involved in the execution of programmed
necrosis, and AIF is the mediating molecule

Qu et al. 2016 Inhibition of MLKL OGD/zVAD in cortical neurons Attenuated neuronal death induced by OGD/zVAD and
HI in rats brain damage induced by HI
LaRocca et al. 2016 nec-1s HI in mice Resulted in increased infarct size, which can be prevented by
Treatment with high levels of glu- nec-1s
cose

Yin et al. 2015

Nec-1 pretreatment

Global cerebral I/R injury

Nec-1 pretreatment prevented hippocampal CA1 neuronal
death and I/R induced changes in RIP3

Xuan et al. 2015

A Water-Soluble Extract from the
Culture Medium of Ganoderma
lucidum Mycelia

HI in type 2 diabetic KKAy mice

Reduced H/I-induced neurological deficits and brain infarc-
tion volume and suppressed superoxide production, neuronal
cell death, and vacuolation in the ischemic penumbra

Wang et al. 2015

extracellular protons

MCAO in mice

Acid stimulation recruits RIP1 to the ASICla C-terminus,
causing RIP1 phosphorylation and subsequent neuronal
death

Su et al. 2015

Nec-1 pretreatment

ICH in mice

Nec-1 pretreatment improved neurological function, attenu-
ated brain edema, reduced RIP1-RIP3 interaction and PI
positive cell death and inhibited microglia activation

Askalan et al. 2015

For 90min in the mild-moderate HI
or 180min in the severe HI.

HI in rats

Necroptosis was significantly higher in the peri-infarct of the
severe HI lesion compared to the moderate HI lesion. In
males, but not in females, apoptosis was higher in moderate
compared to severe HI

Vieira et al. 2014

RIP3 KD or overexpression

OGD in primary cultures of hippocam-
pal neurons

RIP3 KD abrogated the component of OGD-induced ne-
crotic neuronal death while RIP3 overexpression exacer-
bated neuronal death following OGD

Liu et al. 2014

RIP3 deficiency in mice
KD of CYLD or RIP1 or RIP3 or
MLKL in HT-22 cells

Intracerebroventricular injection of
TNF-alpha in mice
TNF-alpha-induced toxicity of hippo-
campal neurons in HT-22 cells

RIP3 deficiency attenuates TNF-alpha-initiated loss of
hippocampal neurons
The cell death is suppressed by KD of CYLD or RIP1 or
RIP3 or MLKL

King et al. 2014 Nec-1 ICH in mice Nec-1 significantly reduced hematoma volume and BBB
opening, attenuated edema development, and improved
neurobehavioral outcomes
Chang et al. 2014 Nec-1 ICH in mice Nec-1 suppressed apoptosis, autophagy, and necroptosis to
exert these neuroprotective effects after ICH
Dai et al. 2013 Curcumin Iron induced neurotoxicity in primary

cortical neurons

Curcumin attenuated necroptosis in a dose-dependent man-
ner and decreased expression of receptor interacting protein
1 in a dose- and time-dependent manner

Zhu et al. 2012

RIP3 deficiency

ICH in mice

Mice deficient in RIP3 had 50% less PI+ cells at 24 h.
Permeable cells remained in the brain for at least 24 h with
<10% spontaneous resealing

Chen et al. 2012

GA

OGD/zVAD in cultured primary
neurons

GA protected against neuronal injury and decreased RIP1
protein level in a time- and concentration-dependent manner

(Table 2) contd....
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Jun-Long et al.

Authors Interventions Animal Models Results
Chavez-Valdez et al. Nec-1 immediately after HI Neonatal HI in mice Nec-1 immediately after HI, is strongly mitoprotective and pre-
2012 vents secondary energy failure by blocking early NO* accumula-
tion, glutathione oxidation and attenuating mitochondrial dysfunc-
tion
Northington et al. 2011 Nec-1 Neonatal HI in mice Necrostatin treatment attenuated necrotic cell death, HI-induced
oxidative damage and markers of inflammation
Xu et al. 2010 Nec-1 OGD in cultured mouse primary Nec-1 or HNG alone had protective effects on OGD-induced cell
HNG cortical neurons death. Combined treatment with Nec-1 and HNG resulted in more
MCAO in mice neuroprotection than Nec-1 or HNG alone
Xu et al. 2010 PJ34 Glutamate-induced necroptosis in Nec-1 is not a direct PARP inhibitor and that its signaling target is
Nec-1 HT-22 cells located upstream of PARP
Li et al. 2008 Nec-1 NMDA-induced excitotoxicity in rat's | Nec-1 inhibited NMDA-induced decrease of cell viability, attenu-
cultured cortical neurons ated NMDA-induced leakage of LDH and suppressed NMDA-
induced elevation of intracellular Ca*"
Degterev et al. 2005 Nec-1 Delayed mouse ischemic brain injury A specific and potent small-molecule inhibitor of necroptosis,
necrostatin-1, blocks a critical step in necroptosis

Abbreviations: RIP1: Receptor-interacting protein 1; RIP3: Receptor-interacting protein 3; MLKL: Mixed lineage kinase domain-like; Nec-1: Necrostatin-1, RIP1 inhibitor;
Nec-1s: Nec-1 derivatives; KD: knock-down; I/R: Ischemia/reperfusion; HNG: Gly(14)-humanin, apoptosis inhibitor; GA: Geldanamycin; PJ34: a potent and specific inhibitor
of poly(ADP-ribose)-polymerase (PARP); PI: Propidium iodide; BBB: Blood-brain barrier; ICH: Collagenase-induced intracerebral hemorrhage; OGD/zVAD: Oxygen-glucose
deprivation plus caspase inhibitor zZVAD treatment; OGD: Oxygen-glucose deprivation; HI: Hypoxia-ischemia; MCAO: Middle cerebral artery occlusion; ASIC1a: Acid-sensing ion
channel 1; ICH: Intracerebral hemorrhage; LDH: Lactate dehydrogenase; NMDA: N-methyl-D-aspartic acid.

was possibly by interrupting RIP1-RIP3-driven oxidative
injury and inflammation [117]. In the study of Qu et al., re-
sults showed siRNA mediated inhibition of MLKL was also
able to reduce infarct area and improve neurological score in
an experimental neonatal rat H/I model [103]. In a mouse
model of brain H/I injury, the increased infarct size in mice
with hyperglycemia was prevented by treatment with Nec-
1s, suggesting that increased necroptosis accounts for the
exacerbation of brain injury in conditions of hyperglycemia
[118], and prevention of necroptosis was also found to at-
tenuate H/I-induced injury of type 2 diabetic mouse brain
[119]. In the moderately ischemic brain, necroptosis was
predominantly found in the core of the lesion, the peri-infarct
area of the severely ischemic brain had significantly more
necroptosis than the peri-infarct area of the moderately in-
jured brain, and necroptotic cell death was as active in the
peri-infarct area as it was in the core of the lesion [120].

In oligodendrocytes treated by OGD/zVAD in vitro, the
expression of RIP3 was up-regulated, and the interaction of
RIP3 with RIP1, MLKL, and CaMKII$ increased; inhibition
of the RIP3-MLKL or RIP3-CaMKII$ interaction attenuated
OGD/zVAD induced oligodendrocyte death, which was not
found after inhibition of RIP3-RIP1 interaction. These pro-
tective mechanisms have involvement of the translocation of
MLKL to the oligodendrocyte membrane and the phosphory-
lation of CaMKIIS. In neonatal H/I rats, inhibition of RIP3-
MLKL or RIP3-CaMKII$ interaction attenuated the dis-
rupted development of myelin [121]. Acidotoxicity is com-
mon among neurological disorders, such as ischemic stroke.
Wang et al. investigated the relationship between acidosis and
neuronal necroptosis [122]. They found acid stimulation could
recruit RIP1 to the acid-sensing ion channel 1a (ASICla) C-
terminus, causing RIP1 phosphorylation and subsequent neu-
ronal death; in a mouse MCAO model, ASIC1a-RIP1 inter-
action and RIP1 phosphorylation were found in affected

brain areas, and the Asicla deficiency significantly pre-
vented RIP1 phosphorylation and brain damage, which indi-
cates ASICla-mediated RIP1 activation is involved in
ischemic neuronal injury. Overload of iron, which is released
from hemoglobin, also contributes to brain injury after ICH.
Dai et al. found iron overload promoted the necroptosis of
primary cortical neurons but curcumin was able to attenuate
ferrous chloride induced necroptosis [123]. Excitotoxicity is
a key mechanism of tissue destruction in cerebral ischemia
(stroke). Investigators found PARP activation was involved
in the glutamate-induced necroptosis of HT-22 cells [124],
and necroptosis was related to the N-Methyl-D-aspartate-
induced excitotoxicity in rat cortical neurons [125].

CONCLUSION AND PROSPECTIVE

6.1. Although some studies have confirmed that necrop-
tosis is involved in the pathogensis of stroke, and treatment
targeting necroptosis related key proteins have been con-
firmed to be neuroprotective in different animal models and
different cell types, few studies are undertaken to investigate
the clinical use of necroptosis inhibitors or gene modification
of necroptosis. As shown above, RIP1, RIP3 and MLKL are
the three proteins specific to necroptosis. Thus, clinical
strategies may target RIP1, RIP3, MLKL, or RIP1/RIP3 in-
teraction, but inhibition of TNFR seems to be infeasible be-
cause TNFR related signaling pathways are related to some
cell processes and not unique to necroptosis. Of note, NSA is
able to inhibit MLKL in human cells, but may not affect the
necroptosis in animal models. As shown in a lot of drugs,
favorable results are usually obtained from pre-clinical stud-
ies, but less effectiveness is observed in clinical practice.
Thus, more studies are needed to investigate the role of ne-
croptosis in stroke in clinical settings.

6.2. As mentioned above, Nec-1 is identical to the IDO
enzyme inhibitor methyl-thiohydantoin-tryptophan, and thus



Necroptosis Signaling Pathways in Stroke: From Mechanisms to Therapies

it might also inhibit the IDO enzyme, but Nec-1 has been
used in a majority of studies, and more specific inhibitor 7-
Cl-Nec-1 is seldom used. Whether concomitant inhibition of
IDO may bias the results is still unclear. Other inhibitors of
necroptosis have never been used in stroke models.

6.3. Although a variety of studies investigated the thera-
peutic effects of necroptosis inhibitors in different disease
models, few studies explored the potential toxicity of these
inhibitors. Degterev et al. investigated the effects of Nec-1
on cell adhesion, actin and microtubule cytoskeletons, the
morphology of various cellular compartments and others,
and no detrimental effects were observed [24]. What are the
half maximal inhibitory concentration and median lethal
dose is needed to confirm in animal and cell models, and
more studies are warranted to investigate the toxicity of
these inhibitors of necroptosis, which is crucial for its clini-
cal application. Moreover, the pharmacokinetics of these
inhibitors (bioavailability, site where they are metabolized
and the enzymes responsible for their metabolism, way in
which they are excreted, their permeability to blood brain
barrier and so on) are also needed to elucidate in animal
models before its clinical use.

6.4. The dose-response curve is needed to be delineated
to confirm the optimal dose of inhibitors. The optimal routes
by which these drugs are used are also needed to investigate.
Necroptosis inhibitors are usually administered intraperito-
neally or intracerebroventricularly, and whether intravenous
administration achieves similar effectiveness and which is the
better route for administration are also needed to confirm.

6.5. As studied by Degterev et al., the new inhibitor 7-CI-
Nec-1 was able to exert neuroprotective effects even admin-
istered at 6 h after stroke. Thus, what is the optimal time
point at which these inhibitors still achieve neuroprotection
is warranted to determine. This may be based on the dy-
namic change in cell necroptosis of the injured brain.

6.6. It has been confirmed that there is cross talk among
different death modes. In the available studies, several also
revealed that combined inhibition of necroptosis and apopto-
sis exerted synergistic neuroprotection in animal models.
Whether this is clinically applicable is also required to con-
firm in more animal models.

6.7. As mentioned above, the role of necroptosis in the
stroke has been investigated in oligodendrocytes, neurons
and HT-22 cells. However, not only oligodendrocytes and
neurons are involved in the pathogenesis of stroke, but also
astrocytes, neural progenitor cell, vascular epithelial cells
and other cell types in the brain are also closely related to the
occurrence of stroke. Thus, what is the role of necroptosis of
other cell types and whether there is an interaction between
the necroptosis of two or more cell types are still needed to
be studied in detail.

LIST OF ABBREVIATIONS
ASICla

Acid-sensing ion channel 1

clAPs = Cellular inhibitor of apoptosis proteins
CaMKII = Ca*'-calmodulin—dependent protein kinase
DAMP = Damage associated molecular pattern
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DD = Death domain

DAI =  DNA-dependent activator of interferon
regulatory factors

FADD =  FAS-associated death domain

GA = Geldanamycin

GFAP = Glial fibrillary acidic protein

H/ = Hypoxia-ischemia

ICH = Intracerebral hemorrhage

IDO = Indoleamine-2,3-dioxygenase

I/R = Ischemia/reperfusion

KD = Knock-down

LDH =  Lactate dehydrogenase

LC3II = microtubule-associated protein light chain-3

MCAO = Middle cerebral artery occlusion

MLKL =  Mixed lineage kinase domain-like

Nec-1 = Necrostatin-1, RIP1 inhibitor

Nec-1s = Nec-1 derivatives

OGD = Oxygen-glucose deprivation

RIP1 =  Receptor-interacting protein 1

RIP3 =  Receptor-interacting protein 3

RHIM = RIP homotypic interaction motif

ROS = Reactive oxygen species

SAH = Subarachnoid hemorrhage

TLR = Toll like receptor

TNF = Tumor necrosis factor

TNFR = Tumor necrosis factor receptor
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