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ARTICLE INFO ABSTRACT

Keywords: Necrostatin-1 (Nec-1) is a RIP1-targeted inhibitor of necroptosis, a form of programmed cell death discovered
necrostatin-1 and investigated in recent years. There are already many studies demonstrating the essential role of necroptosis
Necroptosis

in various diseases, including inflammatory diseases, cardiovascular diseases and neurological diseases. How-
ever, the potential of Nec-1 in diseases has not received much attention. Nec-1 is able to inhibit necroptosis
signaling pathway and thus ameliorate necroptotic cell death in disease development. Recent research findings
indicate that Nec-1 could be applied in several types of diseases to alleviate disease development or improve
prognosis. Moreover, we predict that Nec-1 has the potential to protect against the complications of coronavirus
disease 2019 (COVID-19). This review summarized the effect of Nec-1 in disease models and the underlying
molecular mechanism, providing research evidence for its future application.

Disease models
Anti-Inflammation
COVID-19

1. Introduction and liver diseases [4]. Although there are plenty of evidences and papers

about necroptosis, little attention has been paid to Necrostatin-1

Necroptosis is a newly defined form of cell death. According to
traditional belief, necrosis is a passive and unregulated cell death pro-
cess, however, the discovery of necroptosis has overturned this
assumption. Similar to necrosis, it is featured by the morphology of
necrosis, including cell swelling and rupture; similar to apoptosis, it is
controlled by a determined signal pathway which is why it is also called
regulated necrosis [1] (other forms of cell death are summarized in Box
1). Since the discovery of necroptosis, researchers have been trying to
investigate the role and mechanism of necroptosis in various diseases,
including cardiovascular diseases [2], neurodegenerative diseases [3]

(Nec-1), the inhibitor of necroptosis, and the potential therapeutic
capability of Nec-1 has not been completely reviewed. Currently the
application of Nec-1 is limited by metabolic instability and off-target
effects, but this limitation does not harm the defined protective effects
of Nec-1 and its analogues/derivatives in disease models. In fact, Nec-1
provides new prospect for prevention and treatment of multiple dis-
eases. Here, we summarized potential functions that Nec-1 has exhibited
in various disease models including typical inflammatory disorders and
coronavirus disease 2019 (COVID-19), providing a comprehensive
viewpoint on Nec-1 from different aspects.

Abbreviations: AAA, abdominal aortic aneurysm; AD, Alzheimer’s disease; AKI, acute kidney injury; ALI, acute lung injury; ALS, amyotrophic lateral sclerosis;
AMD, age-related macular degeneration; CaMKII, Ca®*/calmodulin-dependent protein kinase II; cIAP1/2, cellular inhibitor of apoptosis proteins 1 and 2; COVID-19,
coronavirus disease 2019; Cyp-D, cyclophilin-D; DAMPs, damage-associated molecular patterns; ERS, endoplasmic reticulum stress; FADD, fas associated via death
domain; FHF, fulminant hepatic failure; GSH, glutathione; HD, Huntington’s disease; HG, high glucose; HI, hypoxia-ischemia; HIV-1, human immunodeficiency virus
type 1; HMGB1, high mobility group box 1; I/R, Ischemia-reperfusion; ICH, intracerebral hemorrhage; IDO, indoleamine 2,3-dioxygenase; IL, interleukin; LDL, low
density lipoprotein; LMP, lysosomal membrane permeabilization; LPS, lipopolysaccharide; MI, myocardial infarction; MLKL, mixed lineage kinase domain-like
protein; MPTP, mitochondrial permeability transition pore; MTH-Trp, methyl-thiohydantoin-tryptophan; mTOR, mechanistic target of rapamycin; Nec-1, Necros-
tatin-1; Nec-1i, Necrostatin-1 inactive; Nec-1s, Necrostatin-1 stable; NF-kB, nuclear factor kappa B; ox-LDL, oxidized LDL; PARP1, polymerase 1; PCD, programmed
cell death; PD, Parkinson’s disease; PRR, pattern recognition receptor; PYGL, glycogen phosphorylase; RDA, RIP1-dependent apoptosis; RGAG, advanced glycation
end products; RGCs, retinal ganglion cells; RIA, RIP1-indipendent apoptosis; RIP1, receptor interacting protein 1; RIP3, receptor interacting protein 3; ROS, reactive
oxygen species; RPE, retinal pigment epithelial; SAH, subarachnoid Hemorrhage; SCI, spinal cord injury; SIRS, systemic inflammatory response syndrome; TBI,
traumatic brain injury; TNF, tumor necrosis factor; TNFR1, TNF receptor 1; TRADD, TNFR-associated death domain; TRAF2, TNFR-associated factor 2.
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2. Necroptosis and Nec-1
2.1. Signaling pathway of necroptosis

The critical mechanism of necroptosis is related to the activation
(including ubiquitination and phosphorylation) of receptor interacting
protein 1 (RIP1), receptor interacting protein 3 (RIP3) and mixed line-
age kinase domain-like protein (MLKL) [11,12]. Among researches on
the initiation of necroptosis, mechanism of tumor necrosis factor
(TNF)-induced necroptosis has been studied the most thoroughly
(Fig. 1.). The combination of TNF-a with TNF receptor 1 (TNFR1) on the
cell membrane stimulates different signaling pathways, including nu-
clear factor kappa B (NF-xB), RIP1l-indipendent apoptosis (RIA),
RIP1-dependent apoptosis (RDA) and necroptosis. Upon activation, TNF
trimers bind to TNFR1 trimers, followed by recruitment of RIPI1,
TNFR-associated death domain (TRADD), TNFR-associated factor 2
(TRAF2) and cellular inhibitor of apoptosis proteins 1 and 2 (cIAP1/2)
[13-15]. These components assemble complex I at plasma membrane,
activating NF-kB signaling. Subsequently, TRADD and RIP1 dissociate
from TNFR1 and lead to the formation of complex II [14], including
complex Ila, IIb and Ilc. After dissociation from complex I, TRADD re-
cruits fas associated via death domain (FADD) and caspase-8, forming
complex Ila [14,16]. Complex Ila formation is followed by induction of
RIA, which is independent of RIP1 and RIP1 kinase activity [16]. During
the transition from complex I to complex II, RIP1 undergoes C-terminal
death domain-mediated dimerization [17]. RIP1 dimerization is essen-
tial for RIP1 activation and leads to formation of complex IIb (composed
of RIP1, FADD and caspase-8) and IIc (composed of RIP1 and RIP3) [18,
19]. Complex IIb is formed without TRADD and thus requires RIP1 ki-
nase activity to activate caspase-8 and RDA, which is RIP1-dependent
[16,20]. The formation of complex Ila and IIb is followed by the acti-
vation of caspase-dependent cell death via apoptosis, while complex IIc
induces necroptosis. When activated RIP1 combines with RIP3 and thus
leads to the formation of complex Ilc (or known as necrosome), cell
death shifts to a caspase-independent way, followed by the phosphory-
lation and oligomerization of MLKL, which marks the beginning of
necroptosis [12]. Polymerized MLKL translocates to cell membrane and
causes membrane disruption, executing necroptotic cell death [21,22].
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2.2. Nec-1 and its specificity

The patho and physiological relevance of necroptosis used to be
underestimated or ignored because of the absence of a defined and
convenient biochemical marker or indicator. The identification of
necrostatins has changed the situation and enabled researchers to
investigate more about the molecular mechanism of necroptosis.
Necrostatins is a group of compounds named for their capability to
prevent necroptosis, among which Nec-1 has been used to study the
contribution of necroptosis and target RIP1 kinase activity in a wide
range of pathological cell death events. Nec-1 (Fig. 2A), a type of alka-
loid with small molecule weight, was first identified as an inhibitor of
necrotic cell death in 2005 [23] and was found to be a specific inhibitor
of RIP1 in further studies [24]. By interacting with the T-loop, an
essential structure for death domain receptor engagement, Nec-1 in-
hibits RIP1 kinase activity [24]. It binds allosterically to the hydro-
phobic pocket of kinase domain near ATP-binding active center, with
RIP1 adopting a DLG-out inactive conformation [24]. After binding to
the activation loop, Nec-1 can potently inhibit RIP1 autophosphor-
ylation [25]. RIP1 autophosphorylation is a crucial process during
TNF-induced necroptosis signaling and several RIP1 autophosphor-
ylation sites have been reported by researchers, including Ser14/15,
Ser20, Ser161 and Serl66 [24]. RIP1 phosphorylation leads to the
recruitment of RIP3 to RIP1 and subsequent formation of RIP1-RIP3
complex [26], which then phosphorylates MLKL. Therefore, Nec-1
efficiently blocks RIP1-RIP3-MLKL signal transduction by inhibiting
RIP1 phosphorylation.

As for pharmacokinetics, Nec-1 can quickly get into blood or circu-
latory system. Geng et al. found that plasma concentration of Nec-1
reaches its peak at 1h after oral administration in rats [27], and
Nec-1 could completely dissolve in 95 % ethanol with absolute
bioavailability of more than 50 %. These characteristics endows Nec-1
with promising potentials of clinical application. One major drawback
of Nec-1 is its short half-life, which is about 1-2 h in rats (1.8 = 0.9 h
for intravenous route and 1.2 + 0.3 h for oral route, tested by Geng et al)
[27]. Another limitation is its off-target effect. In fact, the original name
of Nec-1 was methyl-thiohydantoin-tryptophan (MTH-Trp), defined as
an inhibitor of indoleamine 2,3-dioxygenase (IDO) [28]. Thus Nec-1
application not only inhibits necroptosis but also IDO and this

Box 1
Other forms of Programmed cell death

mediated by caspase cascades [5].

cell death via a potentially lethal depletion of NAD™ [8].

Traditionally, programmed cell death (PCD) refers in particular to apoptosis. With more and more researches investigating into cell death,
scientists realize that there are other forms of PCD: necroptosis, autophagy-dependent cell death, parthanatos, pyroptosis and ferroptosis.
Among these PCD, necroptosis, parthanatos, pyroptosis and ferroptosis are also described as regulated necrosis.

Apoptosis: apoptosis is an important cell death process characterized by cell shrinkage, nuclear and cytoplasmic condensation and chromatin
fragmentation. Apoptosis plays an essential role in embryologic development, after birth, and during adulthood. The apoptosis activation is

Autophagy-dependent cell death: Although used to be termed as ‘autophagic cell death’, autophagy-dependent cell death is not executed by
autophagy. In fact, autophagy is a survival mechanism that cellular materials (especially unnecessary or dysfunctional components) to be
delivered from cytoplasm to lysosomes for degradation, which contributes to cell homeostasis. However, autophagy is reported to mediate or
associate with cell death, and cell demise that has a strict requirement of autophagy is defined as autophagy-dependent cell death [6,7]

Parthanatos: parthanatos is a form of regulated necrosis. It refers to a programmed cell death pathway mediated by the effects of pathogenically
high levels of poly (ADP-ribose) polymerase 1 (PARP1) activity. PARP1 is a potent consumer of nuclear NAD ™, thus overactivated PARP1 causes

Pyroptosis: pyroptosis is a form of regulated necrosis. It was long regarded as caspase-1-mediated monocyte death in response to bacterial
insults, regulating innate immune responses (Thus it was often misregarded as apoptosis because of the involvement of caspase-1). Recent
studies show that caspase-4, 5, and 11 also induce pyroptosis upon recognition of intracellular lipopolysaccharide (LSP) [9].

Ferroptosis: ferroptosis is a form of regulated necrosis. It is defined as an iron-dependent form of regulated cell death, which occurs when facing
oxidative stress like ROS accumulation and lipid peroxidation. Ferroptosis has been reported to paly a role in diseases like cancer and neuro-
degeneration. It can be inhibited by inhibitors of lipid peroxidation, lipophilic antioxidants and iron chelators [10].
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Fig. 1. TNFa-induced signaling pathway of
cell survival, apoptosis and necroptosis. The
combination of TNF-a and TNFR1 on the cell
membrane stimulates different signaling path-
ways, including NF-xB, RIA, RDA and nec-
roptosis. TNFR1 exists in the cell membrane and
its subunits can spontaneously trimerize and
bind to ligands, allowing their cytosolic tails to
recruit multiple proteins and generate a com-
plex (complex I). Ubiquitylation of RIP1 could
stabilize complex I and contribute to NF-xB
release. Additionally, deubiquitylated RIP1 co-
operates with its cognate kinase RIP3 for
recruitment of another complex (complex II).
The formation of complex Ila and IIb is followed
by the activation of caspase-dependent cell
death via apoptosis, while complex Ilc induces
necroptosis. When activated RIP1 combines
with RIP3 and thus leads to the formation of
complex Ilc, cell death shifts to a caspase-
independent way, followed by the phosphory-
lation and oligomerization of MLKL, which
marks the beginning of necroptosis.
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Fig. 2. The effects of Nec-1 in programmed cell death. (A) 2D and 3D structures of Nec-1. Nec-1 is a type of alkaloid with small molecule weight, identified as an
inhibitor of RIP1 and IDO. (B) Nec-1 halts the necroptosis signaling pathways by inhibiting RIPI signaling cascades. Furthermore, Nec-1 also affects necroptosis by
targeting ROS. Nec-1 inhibits apoptosis by targeting RIP1 when the cell undergoes signaling pathway of RDA, yet it loses this anti-apoptosis effect when the pathway

is RIA.

off-target effect has been criticized by many researchers [25,29]. It is
true that off-target action makes it more difficult for researchers to
define RIP1 kinase function by using Nec-1, and limits its clinical
application of targeting RIP1 specifically. However, as a classic and
potent RIP1 inhibitor, the broad researches investigating the role of
Nec-1 in various disease models still cannot be ignored, nor its potential
clinical significance. In fact, IDO plays a significant role in inflammation
[301, therefore, the off-target effect enables Nec-1 to protect against
inflammatory diseases by inhibiting both necroptosis-induced and
IDO-mediated inflammation. Although currently there is no direct evi-
dence proving this (perhaps because of difficulty in distinguishing

between necroptosis-induced and IDO-mediated inflammation),
RIP1-independent inhibitory effect of Nec-1 has been demonstrated [31,
32]. Therefore, off-target effect may endow Nec-1 with stronger
anti-inflammation ability.

3. Role of Nec-1 in disease models
3.1. Molecular mechanisms of Nec-1 in disease models

Necroptosis has been verified to participate in various diseases [33],
and the protection of Nec-1 has also been authenticated in many disease
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models, including cardiovascular, neurological and renal diseases
(Table 1). The basic molecular mechanism of this protective effect is
blocking necroptotic cell death by targeting RIP1. Therefore, Nec-1
administration usually results in alleviated cell death and improved
cell viability. In fact, Nec-1 not only inhibits RIP1, but also reduces RIP3
expression and phosphorylation, which has been demonstrated in many
disease models, including myocardial infarction (MI), mental diseases
and intestinal inflammation [34-36]. However, no direct inhibitory ef-
fect of Nec-1 on RIP3 has been reported [25] and Nec-1 does not block
RIP3 autophosphorylation [25], therefore this influence on RIP3 is in-
direct. Nec-1 reduces the interaction between RIP1 and RIP3, inhibits
the formation and/or reduces the stability RIP1-RIP3 complex, thus af-
fects downstream RIP3 activity [37].

Necroptosis and apoptosis share part of the same upstream pathway,
and RIP1 kinase activity also drives apoptosis, which is defined as RDA.
Therefore, Nec-1 also targets RIP1-mediated apoptosis. Increasing
studies show that Nec-1 not only suppresses necroptosis, but also in-
hibits apoptosis [82,95]. Besides, Han et al. found that Nec-1 can
enhance leukemia cell apoptosis induced by Shikonin [96], showing an
anti-cancer effect; Jie et al. found that Nec-1 could specifically induce
neutrophils apoptosis rather than blockage [97], which implies an
anti-inflammatory effect. Despite researches mentioned above, some
researchers claim that Nec-1 does not affect apoptosis [38,48], which is
probably RIA. When apoptosis is mainly RIP1-dependent, Nec-1 inhibits
RIP1 kinase activity and formation of complex Ila, and thus apoptosis is
blocked; however, when apoptosis is RIP1-independent, Nec-1 has no
inhibitory effect. As for the opposite results of Han and Jie, it can be
explained by the shift between necroptosis and apoptosis: apoptosis can
be induced when necroptosis is inhibited by Nec-1, and co-treatment
with the pan-caspase inhibitor z-VAD-fmk leads to a shift from
apoptosis to necroptosis [98]. These different research results indicate
that the underlying mechanism among RIP1, necroptosis and apoptosis
is a complicated network, which is why Nec-1 exhibits different effects
in different situations/diseases models.

Reactive oxygen species (ROS) is a group of highly reactive chemical
species containing oxygen, which is usually the natural byproduct of
metabolism [99]. However, ROS levels could increase dramatically
under harmful conditions, causing damage to cell structures or even cell
death [100]. Studies have demonstrated that the application of Nec-1
attenuates the elevated intracellular ROS production in disease models
of acute liver failure, spinal cord injury, and I/R injury etc [43,79,101].
This effect of downregulation on ROS generation could even result in a
similar ROS level as normal cells [79]. Although the specific mechanism
underlying the inhibitory effect of Nec-1 on ROS has not been demon-
strated very clearly, it is verified that the ROS production is probably
RIP1-dependent [102]. In other researches demonstrating the relation
between ROS and necroptosis, ROS increases the expression of RIP1/-
RIP3 and improves the stabilization of RIP1-RIP3 complex [103,104].
Such an interactive relation between necroptosis and ROS is still not
very clear of definite, remaining to be supported and further investi-
gated by more researches. The underlying mechanism of Nec-1 in dis-
eases is summarized in Fig. 2B.

3.2. Inflammation and inflammatory diseases

Inflammation is a defensive response in reaction to tissue or cell
damage caused by endogenous or exogenous injuries, which involves
multiple cells including endothelial cells, mononuclear macrophages,
fibroblasts and platelets. The relation between inflammation and nec-
roptosis has gained attention since the observation of necroptosis. The
necrotic characteristics of necroptosis is marked by cell rupture and
release of intracellular immunogenic contents, which initiate inflam-
matory responses and indicate the pro-inflammatory effect of nec-
roptosis. And, conversely, inflammation induces necroptosis by pro-
inflammatory mediators or mechanism of direct contact with immune
cells [105], promoting cell death. This vicious circle emphasizes the

Table 1
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Role of Nec-1 in disease models.

Diseases

Role of Nec-1

References

Cardiovascular Diseases
High glucose (HG) -induced
cardiac cell injury

Cardiomyocyte hypertrophy

Atherosclerosis

Cardiac ischemia/
reperfusion (I/R) injury

Myocardial infarction
(MD

Myocarditis

Neurological Diseases

Traumatic brain injury
(TBI)

Spinal cord injury (SCI)

Cerebral I/R injury

Neonatal hypoxia-ischemia
(HD

Intracerebral hemorrhage
(ICH)

Subarachnoid Hemorrhage
(SAH)

Postoperative cognitive
dysfunction

Ischemic stroke

Alzheimer’s disease (AD)

Parkinson’s disease
(PD)

Pretreatment of Nec-1 ameliorates
HG-induced injuries, reduces ROS
production and causes
mitochondrial membrane potential
loss; Nec-1 attenuates HG-induced
downregulation of ALDH2 activity,
downregulates expression of RIP1,
RIP3 and MLKL

Pretreatment of Nec-1 attenuates
cardiomyocyte hypertrophy, reduces
phosphorylation level of AKT and
mTOR

Nec-1 reduces lesion size and
markers of plaque instability in Apoe
(-/-) atherosclerosis mice

Nec-1 reduces cardiomyocyte
necrosis, improves cardiac output
and prolongs cardiac allograft
survival time

Nec-1 inhibits myocardial tissue
necroptosis and improves cardiac
function in acute MI models of rat
and pig

Nec-1 protects heart tissues from
myocardial injury by
downregulating RIP1/RIP3
expression in CVB3-induced
myocarditis mouse model

Pretreatment of Nec-1 decreases
RIP1/RIP3/MLKL expression,
inhibits cell death, reduces edema
and restores learning and behavior
performance

Nec-1 alleviates tissue damage,
increases surviving neurons and
improves functional recovery

Nec-1 inhibits neuronal death by
preventing RIP3 upregulation and
nuclear translocation

Nec-1 decreases ERS-related
biochemical markers after neonatal
HI, providing delayed
neuroprotection against neonatal HI
Nec-1 inhibits cell death induced by
hemin in HT-22 cells, improves cell
viability and neurological function,
and attenuated brain edema in mice
after ICH

Nec-1 decreases RIP1/RIP3/MLKL
expression, inhibits cell death in
basal cortex, reduces pro-
inflammatory cytokines and
inflammasome, alleviates brain
edema and blood-brain barrier
disruption

Nen-1 reduces neuroinflammation
and attenuates postoperative
cognitive dysfunction in p-Galactose-
induced aged mice

Pretreatment of Nec-1promotes
survival of oligodendrocyte
precursor cells, alleviates white
matter injury, and improves
cognitive function after transient
cerebral ischemia

Nec-1 directly targets Abeta and tau
proteins, alleviates brain cell death
and ameliorates cognitive
impairment in AD models
Necrostatin-1 improves cell viability,
stabilizes mitochondrial membrane
potential, inhibits excessive

[38,39,40,

41]

[42]

[2]

[43]

[34,44]

[46,471

[48,49]

[50,51]

[52]

[37,53,54]

[57]

[59]

(continued on next page)
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Table 1 (continued)

Table 1 (continued)
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Diseases Role of Nec-1 References Diseases Role of Nec-1 References
autophagy, upregulates apoptosis Other Diseases
signaling pathway Colitis-associated cancer Nec-1 evidently ameliorates colitis- [36]
Huntington’s disease (HD) Nec-1 rescues striatal cell death in [60] related symptoms and inhibits
striatal cell model of HD and tumorigenesis by downregulating
maintains motor function in R6/2 JNK/c-Jun signaling
mouse model of HD Intestinal I/R injury Nec-1 inhibits necroptotic cell death ~ [87]
Amyotrophic lateral Nec-1 prevents cell loss of motor [61] in intestinal epithelial cells;
sclerosis (ALS) neurons Co-treatment of Neec-1 and z-VAD-
Age-related macular Subretinal/ retro-orbital injection of ~ [62,63] fmk alleviates intestinal I/R injury in
degeneration (AMD) Nec-1 protects against retinal a rat model
pigment epithelial (RPE) cell death Infl 7y bowel di. Nec-1 inhibitsd intestinal [88]
and suppressed macrophage inflammation in inflammatory bowel
infiltration disease
Glaucoma Nec-1 inhibits cell death of retinal [64] Systemic inflammatory Pretreatment with Nec-1 protects [25,89]
ganglion cells (RGCs) response syndrome (SIRS)  against SIRS
Retinal detachment Nec-1 reduces retinal [65] Sepsis Nec-1 improves liver function and [90]
histopathological damage, ameliorates pathological damage in
attenuates acute plasmalemma septic rats
permeability, prevents Abdominal aortic aneurysm  Nec-1 lessens aortic expansion and [91]
photoreceptor necroptotic cell death (AAA) improves aortic structure
and contributes to objective pathologically in AAA mouse model
functional improvement Acute respiratory distress Nec-1 ameliorates inflammatory [92]
Retinal I/R injury Nec-1 increases RGC survival, [66] syndrome response and improves pulmonary
reduces RGC necrosis, decreases pro- function in rat model induced by
inflammatory markers, preserves in oleic acid
inner retina thickness/ Human immunodeficiency Nec-1 alleviates HIV-1-induced [93]

Renal Diseases
Acute kidney injury (AKI)

Chronic kidney disease

Unilateral ureteral
obstruction

Renal graft injury

Renal I/R injury

Liver Diseases
Liver I/R Injury.

Acute liver failure/
fulminant hepatic failure
(FHF)

Trauma induced
hemorrhagic shock

Chronic hepatitis C virus
infection

Skeletal System Diseases

Osteoarthritis

Cartilage thinning

Osteonecrosis

Osteoporosis

histoarchitecture and improves
function

Nec-1 reduces necroptotic cell death,
ameliorates kidney dysfunction and
protects renal tubular epithelial cells
Nec-1 improves renal pathologic
changes and renal function in a
remnant-kidney rat model

Nec-1 ameliorates kidney
inflammation and interstitial fibrosis
in unilateral ureteral obstruction
mouse model

Nec-1 attenuates remote lung injury
after receiving ischemic renal
allografts

Nec-1 reduces serum creatinine/urea
concentrations in renal I/R mouse
models

Nec-1 improves liver function and
activates apoptosis signaling
pathway

Nec-1 protects against hepatic injury
and alleviates hepatotoxicity in
acute liver failure mouse model
induced by p-Galactosamine /LPS or
Acetaminophen

Nec-1 improves liver function and
remarkably reduces morality in a rat
model of hemorrhagic shock

Nec-1 improves cell viability of cells
infected by hepatitis C virus

Nec-1 ameliorates destruction of
osteoarthritis cartilage

Co-treatment of Nec-1 and z-VAD-
fmk alleviates force-mediated
cartilage thinning and cell death of
chondrocyte

Nec-1 markedly decreases the
osteonecrosis rate in a rat model
Nec-1 improves bone formation and
alleviates trabecular bone in a
glucocorticoid-induced osteoporosis
rat model; Nec-1 inhibits osteocyte
necroptotic cell death and attenuates
trabecular bone deterioration in a rat
model of postmenopausal
osteoporosis

[67,68,69]

[70]

[71]

[72]

[73,74]

[75,76]

[77,78,79]

[80]

[81]

[84]

[85,86]

virus type 1 (HIV-1)
infection

cytopathic effect and interestingly

and inhibits the formation of HIV-

induced syncytia

Nec-1 inhibits pro-inflammatory [94]
cytokine secretion

Systemic autoimmunity

crucial role of necroptosis in various inflammatory diseases, including
infectious diseases [106], osteoarthritis [82] and atherosclerosis [2].

The key components of necroptosis, RIP1, RIP3 and MLKL are veri-
fied to participate in inflammation. Compared with MLKL, RIP1 and
RIP3 have a more significant role in inflammation [107], and here the
focus will be on RIP1. Before the identification of RIP1 as a key target of
necroptosis [24], RIP1 was firstly identified as a mediator during NF-xB
signaling induced by TNF-a [108]. Therefore, RIP1 promotes inflam-
matory responses through two ways: necroptotic cell death and
inflammation independent of cell death. Upon pro-necroptotic stimuli
(e.g., TNF, Fas), RIP1 activates RIP3 and then phosphorylates MLKL,
which leads to cell membrane pores [109] and release of
death-associated molecular patterns (DAMPs) [110]. DAMPs are a group
of endogenous molecules that can initiate non-infectious inflammatory
responses, for example, cytokine family interleukin (IL)-1. DAMPs
released from necroptotic cells sensitize neighboring cells to necroptosis
and can be modified by ROS or endoplasmic reticulum stress (ERS). The
role of necroptosis-associated DAMPs in inflammation (during bacterial
and viral infection) is reviewed by Kaczmarek [110]. Apart from
inducing pro-inflammatory necroptotic cell death, recent evidence
suggests that RIP1 and RIP3 directly induce inflammation by production
of pro-inflammatory cytokines, which is independent of cell death. Zhu
et al. found that cytokine expression level of necroptosis directly
induced by MLKL oligomerization was much lower than that of nec-
roptosis induced by TNF-a, which involved RIP1 and RIP3 activation
[111]. Similar result was also proved by Saleh et al. that production of
INF-p induced by lipopolysaccharide (LPS) requires RIP1 and RIP3 but
not MLKL [112]. Besides, RIP1 activation was proved to be crucial for
the secretion of IL-la which is independent of RIP3-mediated nec-
roptosis [113], and for the production of TNF /TNF mRNA which is
independent of NF-xB [114].

As a RIP1-target inhibitor of necroptosis, Nec-1 is proved to exhibit
significant protective effect in various inflammatory diseases, including
acute and chronic inflammatory responses. In the LPS-induced disease
models of fulminant hepatic failure (FHF) and acute lung injury (ALI)
[77,115], injection of LPS remarkably upregulated the expression and
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phosphorylation of RIP1 and RIP3, which was attenuated by Nec-1.
Apart from prolonged survival time of mice, Nec-1 also showed great
anti-inflammatory ability, inhibiting the activation of NF-xB in both
models. In LPS-induced FHF, application of Nec-1 attenuated cell death,
IL-33 release and RAGE (the receptor for advanced glycation end-
products) interaction, suggesting the protective mechanism was related
to necroptosis and DAMPs-mediated pattern recognition receptor (PRR)
pathways. However, in LPS-induced ALI, pretreatment with Nec-1
resulted in lower level of inflammatory cytokines including TNF-a,
IL-6 and IL-8, but had no effect on cell viability. This suggests that Nec-1
also exhibits protection against inflammation independent of nec-
roptosis. In systemic inflammatory response syndrome (SIRS) mouse
model induced by TNF, Nec-1 prevented mice from hypothermia and
death, but the authors inferred that NF-kB was not affected [89], which
conflicts with NF-kB inhibition observed in FHF and ALI mouse models.
In fact, Degterev et al. also reported no effect of Nec-1 on NF-kB in their
early study [24]. This divergence could be explained by a recent
research that RIP1 does not necessarily participate in activation of NF-xkB
[116]. Despite crucial role of RIP1 in NF-kB signaling reported by many
researches [117,118], Wong et al. found that canonical NF-kB was
activated in Rip1 —/— MEFs upon TNF application, confirming that RIP1
is not obligate in NF-xB pathway [116]. Bertrand et al. proposed an
explanation that the role of RIP1 in NF-xB activation is probably
cell-type-specific [119]. Therefore, the RIP1 inhibitor Nec-1 has
different effects on NF-xB in different disease models. Besides, Nec-1 can
also attenuate chronic inflammatory responses like autoimmune dis-
ease. Autoimmune disease is caused by an abnormal immune response
that mistakenly attacks human body. Researches have proved that the
pathogenesis of autoimmune disease (e.g., autoimmune arthritis and
vasculitis) involves necroptosis, with upregulated key factors of nec-
roptosis [120,121]. Nec-1/Nec-1 analogues suppress autoimmune dis-
ease not only by inhibiting necroptosis, but also by suppressing
apoptosis [122,123]. The underlying molecular mechanism is not clear,
perhaps it is due to Nec-1 inhibition on necroptosis-induced DAMPs and
pro-inflammatory cytokines. Besides, Nec-1 also targets RDA in a
chronic inflammatory model of osteoarthritis, protecting against
inflammation by suppressing apoptosis via RIP1/HMGB1/TLR4
pathway [82].

3.3. Ischemia-reperfusion injury and related diseases

Ischemia-reperfusion (I/R) injury is a type of tissue damage caused
by reperfusion of blood after a period of anoxia or hypoxia [124], which
is involved in various clinical diseases, including MI, cerebral infarction
and gastrointestinal dysfunction. The pathophysiology of I/R injury
consists of two stages. Firstly, the process of ischemia causes damages to
cells and a shortage of oxygen, inducing oxidative stress and ensuing
inflammatory responses. Then, when the stage of reperfusion begins,
activated endothelial cells overproduce ROS, ROS cause oxidative stress
and subsequent inflammatory injuries, finally resulting in cell death
including necroptosis [125]. Nec-1 is reported to protect against several
types of I/R injuries, including cardiac, cerebral and renal I/R injuries
[44,57,73,74,126]. Here, we will discuss it from different mechanisms
that Nec-1 protection involves.

Bundles of researches have been conducted to investigate the specific
role of necroptosis in I/R injuries and the underlying mechanism, and it
has been obvious that RIP1-mediated necroptosis is involved in I/R in-
juries, marked by increased levels of TNF-a, TNFR1 and RIP1/RIP3
phosphorylation [87,127]. Necroptosis occurs during both ischemia and
reperfusion, causing cell death, tissue damage and finally organ
dysfunction. Nec-1 can protect against I/R injury by inhibiting nec-
roptotic pathway and reducing necroptotic cell death. The expression
and phosphorylation of RIP1, RIP3 and MLKL is suppressed after
application of Nec-1, usually accompanied by attenuated cell death/-
tissue injury and improved prognosis. For example, Nec-1 reduces
infarct size and prevents adverse remodeling in cardiac I/R models [44,
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127], improves memory and cognitive function in cerebral I/R models
[57,126], and reduces serum creatinine/urea concentrations in renal I/R
models [73,74]. This protective effect of Nec-1 is also closely related to
its anti-inflammation ability. In the liver I/R models of normal liver or
fatty liver, Nec-1 notably suppressed liver inflammatory response,
reducing expression of inflammation-related genes (e.g., NF-xB, JNK
and ERK) [128]. The necroptosis downstream protein high mobility
group Box 1 (HMGB1), a mediator of necroptosis-induced inflammation,
isreported to participate in I/R injury [87,129]. As mentioned in Section
3.1, HMGBI can be downregulated by Nec-1 [82], therefore it is also a
key target (although indirect) for Nec-1 to alleviate inflammation in I/R
injury [43]. The other models of liver and cardiac I/R injury also
observed decreased inflammation or pro-inflammatory cytokines [127,
130].

Another critical pathophysiological process during I/R injury is
mitochondrial dysfunction or mitochondrial-related response. Ischemia
causes hypoxia and great oxidative stress, and reperfusion intrigues the
second wave of mitochondrial-mediated response. After the treatment or
pre-treatment of Nec-1, I/R-induced ROS production decreases notably
[127,128]. RIP1-mediated necroptosis is closely related to ROS pro-
duction: necroptotic cell death causes oxidative stress/ROS over-
production [102,131], and ROS promotes necroptosis by increasing
RIP1/RIP3 expression and RIP1-RIP3 complex stabilization [103,104].
Therefore, it is possible that Nec-1 prevents I/R injury by inhibiting ROS
through two ways: decreased ROS level alleviates mitochondrial
dysfunction, or unstable necrosome blocks necroptotic cell death. Be-
sides, Nec-1 also targets Cyp-D/MPTP during I/R injury. Mitochondrial
permeability transition pore (MPTP) has already been demonstrated as a
crucial factor in the pathophysiology of I/R injury [132,133] and it also
interacts with necroptosis pathway [134]. Lim et al. demonstrated the
significant regulatory function of cyclophilin-D (Cyp-D) in the activation
of MPTP by using a Cyp-D deficient mouse model, and found that Nec-1
showed no significant protective effect in Cyp-p-/- mice, indicating the
mechanism of Nec-1 protection is MPTP-dependent [135].

Apart from I/R injury, the protective effect of Nec-1 has been
observed in other disease models like brain hemorrhage and traumatic
injury, which is related to I/R injury or I/R disease mechanism. In ani-
mal models of intracerebral/subarachnoid hemorrhage (ICH/SAH),
application of Nec-1 attenuates cell death, reduces hematoma volume
and improves neurological outcomes [37,55,136,137]. Besides, both
pre-treatment and post-treatment of Nec-1 exerts protection against
brain hemorrhage [54,55], indicating a broad therapeutic window. The
underlying molecular mechanism is still not definite, but it involves
oxidative stress and inflammation: for example, Nec-1 alleviates gluta-
thione (GSH) depletion in hemin-induced cell death and inhibits NLRP3
inflammasome activation; the attenuated oxidation and inflammation
ameliorates brain swelling and blood-brain barrier disruption, finally
inhibits the formation of brain edema [54,55,138]. In researches of
traumatic brain injury (TBI) and spinal cord injury (SCI), necroptosis
plays a significant role in neural cell death and participates in both
primary and secondary injury [47,48]. The Nec-1 protection is associ-
ated with Akt/mTOR activation, mitochondrial dysfunction and ERS
[46,49,139]. Several researches reported that Nec-1 also inhibited
apoptosis/autophagy [95,101], yet contradicted results were reported
by Liu et al. that Nec-1 did not alter apoptosis [48], suggesting that there
is crosstalk among necroptosis, apoptosis and autophagy in the patho-
genesis of traumatic injury.

3.4. Metabolism-related cardiovascular diseases

In cardiovascular diseases, the death of cardiomyocytes is proved to
be irreversible, which means poor prognosis. Previously, necrosis and
apoptosis are regarded as main forms of cardiac cell death. With more
and more studies investigating into programmed cell death, necroptosis
has been proved to be another important pathway of cell death in car-
diovascular diseases [140]. For example, expression levels of RIP1, RIP3
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and MLKL are upregulated in clinical samples of atherosclerosis, [141],
RIP3 mediates adverse remodeling after MI [142], and RIP1-RIP3
pathway is activated in acute myocarditis [45]. Since acute cardiovas-
cular events like acute MI are inextricably linked with I/R, which has
been discussed above (Section 3.3), here we would like to focus on
metabolism-related cardiovascular diseases, including diabetic cardio-
myopathy and atherosclerosis.

Hyperglycemia is a risk factor of cardiovascular diseases, and people
with diabetes face higher risk of developing cardiovascular disease,
including atrial fibrillation and coronary heart disease [143]. High
glucose (HG) is closely associated with vascular endothelial dysfunction,
causing damage to endothelial cells. Since necroptosis has been so active
in pathological processes of cardiovascular diseases like cardiac I/R, as
demonstrated above in Section 3.3, it is natural to question whether it
participates in HG-induced endothelial dysfunction. Liang et al. firstly
reported the contribution of necroptosis in HG-induced injury in cardiac
cells and role of Nec-1 in reducing cytotoxicity, oxidative stress and
dissipation of mitochondrial membrane potential (MMP) [39]. Similar
results were obtained by later researches in both cardiac cells and
endothelial cells [38,40,41]. However, current studies only provide an
elusive description on this Nec-1 protective effect, and the underlying
molecular mechanism remains to be investigated. Here, we would like to
discuss the potential mechanisms related to advanced glycation end
products (AGEs) and Ca'/calmodulin-dependent protein kinase II
(CaMKII). One of the major modifications under hyperglycemic condi-
tions is the glycation of proteins or lipids, leading to the formation of
AGEs. In the pathogenesis of hyperglycemia-induced cardiovascular
dysfunction, AGE pathway has been proved to be a crucial mediator of
HG-induced detrimental effects [143]. When AGEs combine to the re-
ceptor for advanced glycation end products (RGAG), NADPH oxidase is
activated, leading to excessive generation of ROS [144]. Cellular
oxidative stress induces, or at least promotes necroptosis signaling
pathway under HG condition (as observed by Liang et al. [40]). Ac-
cording to the study of Zhang et al., RIP3 interacts with and allosterically
activates glycogen phosphorylase (PYGL), a key metabolic enzyme of
glycogenolysis [145]. PYGL catalyzes the breakdown of glycogen into
glucose-1-phosphate, and glucose-1-phosphate is subsequently con-
verted into glucose-6-phosphate [1,146]. Then glycolysis begins and
each molecule of glucose is split into two molecules of pyruvate [1,146].
Pyruvate produces lactate, which induces ROS [1]. Besides,
necroptosis-induced glycogenolysis also produces methylglyoxal, which
covalently binds to proteins and forms AGEs [147]. From above, we can
see that there is an active interaction among AGE pathway, necroptosis
pathway and ROS production. Therefore, we speculate the application of
Nec-1 inhibits necroptotic signaling, ameliorates ROS, and finally re-
duces AGEs in HG-induced cell injury and diabetic cardiomyopathy.
Another target of Nec-1 might be CaMKII. CaMKII is a key substrate of
RIP3 [148] and is abundant in cardiac tissues, involved in myocardial
injuries by regulating i-type calcium channel and function of sarco-
plasmic reticulum [149,150]. Although currently there is no proof that
Nec-1 directly targets CaMKII, Szobi et al. found that inhibition of
CaMKII normalizes the upregulated RIP1 levels and Reventun et al. re-
ported reduced p-CaMKII expression after Nec-1 application [151],
indicating a potential interaction (direct or indirect) between RIP1 and
CaMKII [152].

Atherosclerosis is closely related to lipid metabolism, and people
with hyperlipemia are more likely to develop atherosclerosis [153].
Among the factors of dyslipidemia, the most noticeable one is excess low
density lipoprotein (LDL), especially oxidized LDL (ox-LDL) [154]. The
accumulation of ox-LDL is a crucial stimuli of cell death, inducing not
only apoptosis but also necrosis, which finally leads to the formation of
intravascular necrotic cores [155]. Moreover, ox-LDL promotes the
formation of foam cells from macrophages [156]. In 1997, Crisby et al.
highlighted in their study that necrosis (they referred to it as oncosis)
was a more common form of cell death than apoptosis in atherosclerotic
plaques [157]. Further study of Grootaert et al. found that deletion of
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Caspase-3 promoted atherosclerotic plaque progression in Apoe-/- mice,
rather than inhibiting it [158]. This suggests that anti-apoptosis is not a
favorable strategy but anti-necrosis might be. However, necrosis is
probably not an ideal target because it is largely uncontrollable and a
single necrosis inhibitor cannot efficiently block all necrosis stimuli.
Therefore, necroptosis could be a better target. In 2013, Lin et al. re-
ported the proatherogenic role of RIP3-mediated necrosis [159]. They
found that knocking out Rip3 in Ldlr-/- and Apoe-/- background mice
significantly reduced the size of atherosclerotic lesions. Later in 2016,
Karunakaran et al. innovatively demonstrated the macrophage nec-
roptosis pathway could be applied as a both diagnostic and therapeutic
tool to treat atherosclerosis [2]. Using a novel radiotracer developed
with Nec-1, they found that radiolabeled Nec-1 localized specifically to
atherosclerotic plaques in Apoe -/- mice, and Nec-1 uptake was corre-
lated to lesion areas [2]. These exciting findings provide a new insight
into the promising Nec-1 therapy of atherosclerosis, because this ther-
apy appears to be nontoxic and shows efficiency in established athero-
sclerotic lesions. Another in vitro study further found that Nec-1
treatment could ameliorate eNOS/NO reduction, reduce vascular
adhesion molecules (VCAM-1 and E-selectin) and inhibit NF-kB pathway
in ox-LDL induced endothelial injury [160]. The role of
necroptosis/Nec-1 in atherosclerosis is probably also associated with
lipid peroxidation (necroptosis-mediated lipid peroxidation has been
well discussed in the review of Vandenabeele et al. [1]): lipid peroxi-
dation increases ox-LDL accumulation and ox-LDL induces more nec-
roptotic cell death. Moreover, the strong pro-inflammatory effect of
necroptosis (compared with other forms of cell death, necroptosis is
more pro-inflammatory) further promotes atherosclerotic development.
Therefore, targeting necroptosis in atherosclerosis with Nec-1 is a
promising strategy, targeting both oxidative stress and inflammatory
responses.

3.5. Neurodegenerative diseases

Neurodegeneration refers to a process of losing neurological function
as a result of aging or pathological changes, which is due to neural cell
degeneration and death. Some neurodegenerative diseases are common
among the elderly population, like Alzheimer’s disease (AD) and Par-
kinson’s disease (PD), and some neurodegenerative diseases are heri-
table, like Huntington’s disease (HD). Whether age-related or genetics-
related, neural cell death plays an important role in the pathogenesis
of these neurodegenerative diseases. For example, neuronal cell death in
hippocampus and cortex is defined as a part of the etiology of AD. The
role of apoptosis in neurodegenerative diseases like AD has been
investigated by many researches during last two decades [161,162], and
recent researches demonstrate that necroptosis also participate. Several
neurodegenerative disorders have been proved to corelate with activa-
tion of necroptosis, including AD [163,164], PD [165], amyotrophic
lateral sclerosis (ALS) [61], Huntington’s disease (HD) [60], glaucoma
[166] and retinitis pigmentosa [167]. Since the role of necroptosis in
AD, PD, ALS and HD has been summarized in several reviews [3,33], we
would like to discuss retinal degeneration in the following paragraph,
focusing on the Nec-1 protection in retinal degeneration.

Retinal degeneration is a pathological process of progressive retinal
cell death, which may finally result in vision loss. There are several
causes of retinal degeneration, including aging, heredity, diabetic reti-
nopathy and retinal detachment [168]. Murakami el al reported that
necroptosis was the major mechanism of cell loss in a dsRNA-induced
mouse model of retinal degeneration, which is contrary to previous
studies attributing apoptosis as a main mediator of retinal pigment
epithelial (RPE) cell death in response to prooxidants [62]. Their finding
was confirmed by Hanus et al. in both in vitro [169] and in vivo [63]
studies, highlighting the mechanism of necroptosis in RPE degeneration.
In the experiments of both Murakami el al and Hanus et al., subretinal/
retro-orbital injection of Nec-1 protects RPE from degeneration [62,63],
providing therapeutic prospects in RPE degeneration-related diseases
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like age-related macular degeneration (AMD). The mechanism of this
interplay among retinal degeneration, necroptosis and Nec-1 has not yet
been well investigated, current researches could only provide evidence
for the involvement of oxidative stress and neuroinflammation [170,
171]. Here we speculate that lysosomal dysfunction may also be an
important factor. In the development of retinal degenerative diseases
like AMD, lysosomal dysfunction is closely related to RPE degeneration,
especially deregulation of cathepsins, a group of lysosomal hydro-
lases/proteases [172]. Under normal conditions, cathepsins regulate
intracellular homeostasis by degrading proteins, however, imbalanced
cathepsins is correlated with AMD. Cathepsin p-deficient mice were
observed with hallmarks of AMD, which might be a result of impaired
degradation of rod outer segments [173,174]. However, contrary result
was reported by Ogawa et al. that mRNA and protein levels of cathepsin
S was upregulated in the RPE/choroid of aged mice [175]. These find-
ings underline the significance of a balanced lysosomal function. Nec-
roptosis execution is associated with lysosomal dysfunction (as reviewed
by Vandenabeele et al. [1]). Necroptosis-induced calpains and lipid
peroxidation cause lysosomal membrane destabilization, or to be more
specific, lysosomal membrane permeabilization (LMP) [1]. LMP leads to
the spillage of cathepsins, and this might be the mechanism of
necroptosis-induced injury in RPE. Therefore, Nec-1 treatment could
protect against retinal degeneration not only by
anti-oxidation/anti-inflammation, but also by restoring lysosomal
function. The protection of Nec-1 in other retinal degenerative disease
models like glaucoma, retinal detachment and retinal I/R injury are

Table 2
Compounds of necrostatin family.
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summarized in Table 1.

Apart from retinal degeneration, the protective effect of Nec-1 has
been observed in other neurological disease models as well (like PD
[176] and axonal degeneration [177]). It is also reported that Nec-1
could ameliorate neural cell injury induced by aluminum, a common
metal material which can be transported to the brain and contribute to
AD etiology [178]. Although the application of Nec-1 may face chal-
lenges like relatively short half-time for effective work in neurological
system, the significance and potential therapeutic effects of Nec-1
should not be ignored.

4. Role of Nec-1 analogues in disease models

Since the discovery of necroptosis in driving inflammation and dis-
ease pathology, gradually it has been verified as a promising therapeutic
target. The ability to inhibit or block necroptosis is the main charac-
teristic of necrostatin family members, and here is a short list of Nec-1
and Nec-1 analogues (Table 2). Nec-1 is regarded as a potent nec-
roptosis inhibitor, but it needs further optimization due to off-target
effect and poor metabolic stability. Although not every necrostatin
family member has been thoroughly studied, the key target has been
proved to be RIP1, whose kinase activity is inhibited when necrostatins
are applied. With more and more researches investigating the pharma-
cologic features of Nec-1, there are also several papers focused on Nec-1
analogues, providing a basic overview of these chemicals, including
chemical structures and pharmacologic\toxicological features of Nec-1

Name Target CAS Number Molecular Formula Structural Formula
Necrostatin-1 RIP1 4311-88-0 C13H;3N308 Q
—
N
Necrostatin-1, Inactive Control ‘
(Nec-1i) N
RIP1 64419-92-7 C12H;11N30S Q
N
"
Necrostatin 2 racemate
(Nec-1s) N
RIP1 852391-15-2 Cy3H;2CIN30, Q
~N
n o
Necrostatin 2 \
N
[
]
RIP1 852391-19-6 C13H12CIN302 q
N
....... . .
Necrostatin 2 S enantiomer |
‘ N
RIP1 852391-20-9 C13H;2CIN30, Q
> N
—
N 0
Necrostatin-5
N
RIP1 337349-54-9 C19H17N30,S, . c=N
Necrostatin-7
Not reported 351062—-08-3 C16H10FN50S, M
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analogues [25,29]. However, the potential role of Nec-1 analogues in
disease models has not been systematically reviewed or summarized yet.
Nec-1 analogues share some properties in common with Nec-1, which
means they probably have similar functions (like anti-inflammation or
anti-oxidation effects) when applied in diseases; on the other hand,
Nec-1 analogues have their own unique attributes in aspects to molecule
activity and stability compared with Nec-1, which could result in
different effects and perhaps make them a better alternative of Nec-1 in
some diseases or circumstances. Thus, we will give a quick glimpse of
Nec-1 analogues and focus on two analogues: Nec-1i and Nec-1 s.

4.1. Nec-1i

Necrostatin-1 inactive (Nec-1i) is the demethylated variant of Nec-1,
with minor inhibitory effect on the phosphorylation of RIP1, performing
more than 100-fold less inhibitory activity compared with Nec-1 [25].
Possessing the characteristics mentioned above, Nec-1i has been used as
a vehicle of Nec-1 in many disease models [152,179,180]. However,
recent researches found that Nec-1i is actually not as “inactive” as its
name suggests. Takahashi et al. proved that both Nec-1 and Nec-1i have
inhibition effects on IDO enzyme activity, which involves immune
regulation. In a mouse necroptosis assay, the inhibitory effect of Nec-1i
on RIP1 was only 10 times less than Nec-1, although Nec-1i has no effect
on necroptosis in human cells. Moreover, in vivo studies suggest that
Nec-1i has the capability to protect against SIRS induced by TNF and the
effect is almost equipotent to Nec-1-induced inhibitory effect in SIRS
[25]. These findings are just some preliminary researches on Nec-1i,
whether it has any clinical implications still needs more investigation.

4.2. Nec-1s

Necrostatin-1 stable (Nec-1 s), or 7Cl-O-Nec-1, is a stable form of
Nec-1 analogues, exhibiting inhibitive effect of RIP1 in a dose-
dependent manner which is more potent than Nec-1 [24,181].
Although Nec-1 has already been used in various studies and is proved
to have protective effect on plenty necroptosis-related diseases, it has
following shortcomings: (1) Nec-1 has off-target effect on IDO; (2)
Nec-1 has a short half-life of about 1 h. Compared to Nec-1 and Nec-1i,
Nec-1 s does not inhibit IDO, proved to be a more specific RIP1 inhibitor.
Besides, Nec-1 s is able to protect against SIRS induced by TNF without
paradoxical sensitizing effect [25]. In view of the above-mentioned
facts, Nec-1 s with improved stability can be used as a superb alterna-
tive of Nec-1. In the folic acid-induced AKI mouse model, both pre-
treatment and posttreatment of Nec-1 s protected against the second
wave of cell death in AKI [68]. Wang et al. [91] conducted a research on
abdominal aortic aneurysm (AAA) and found that Nec-1 was not able to
lessen the aortic expansion significantly in elastase-induced AAA mouse
model, whereas the mean aortic diameter of Nec-1 s group was evidently
smaller compared with DMSO group. In the study of progression of
existing aneurysms, Nec-1 s was proved to resolve the inflammatory
response, marked by mitigated macrophage infiltration and reduced
MMP9 [91]. More surprisingly, the histological result of Nec-1 s treated
mice showed almost normal looking arterial structure, without pro-
gressive elastin degradation [91]. The reports about Nec-1 s in disease
models are summarized in Table 3. These researches demonstrated the
potential of Nec-1s to be a stronger therapy with improved
performance.

5. Nec-1 and COVID-19

As of now, coronavirus disease 2019 (COVID-19) has swept the
globe, impacting everyone and every nation. Upon coronavirus infec-
tion, the immune system is quickly activated, and continuous infection
causes continuous inflammatory response. The inflammatory response
begins with an initial recognition of coronavirus, and then mediates
immune cells recruitment and tissue repair. However, coronavirus may
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Table 3
Role of Nec-1 s in diseases.
Diseases Role of Nec-1s References
Acute kidney injury Nec-1 s ameliorates cell death and kidney [68]
(AKI) dysfunction in AKI
Abdominal aortic Nec-1 s lessens aortic expansion and [91]

improves aortic structure pathologically in

AAA mouse model

Nec-1 s prevents 2-methoxy-6-acetyl-7- [182]
methyljuglone-induced cell death in

HCT116 and HT29 colon cancer cells

Nec-1 s protects Kupffer cells and mitigates [75]
inflammation in IR

SIRS Nec-1 s prevents mortality in TNF-induced [25]
SIRS mouse model

Nec-1 reduces myelin loss and inflammation [183]
Nec-1 alleviates rheumatoid arthritis in the [122]
collagen-induced arthritis mouse model

with lower arthritis score and arthritis

incidence

aneurysm (AAA)

Colon cancer

I/R injury

Multiple sclerosis
Rheumatoid arthritis

induce excessive and prolonged cytokine responses, namely cytokine
storm in some severe individuals [184]. Cytokine storm causes acute
respiratory distress syndrome or multiple-organ dysfunction, which
leads to physiological deterioration and death [185]. Therefore, cyto-
kine storm is probably the reason why some patients with mild symp-
toms suddenly become critically ill, especially for young men with
strong immune system. The subsequent cytokine storm leads to SIRS,
causing damages to kidney [186], liver [187] and myocardium [188]
and finally resulting in multiple organ dysfunction syndrome. According
to latest researches and clinical data, cytokine storm is closely related to
prognosis of patients. Serum cytokine and chemokine levels are signif-
icantly higher in ICU-patients than patients with mild to moderate
clinical symptoms [189]. Thus, cytokine storm is charged with being the
mechanism explaining the morbidity and mortality of current COVID-19
cases. Therefore, seeking for new strategies to control cytokine storm in
severe COVID-19 patients becomes a matter of great urgency.
Although many researchers believe the timely control of cytokine
storm in its early stage could be the key to improve prognosis, there is no
effective drug to lower mortality of COVID-19 patients. As demonstrated
above, necroptosis is a key factor in inflammatory diseases, and Nec-1 is
an anti-inflammation compound by targeting RIP1. Necroptotic cell
death causes pro-inflammatory responses, releasing cytokines including
IL-6, TNF-a, and IL-1p [190], which have been proved as key cytokines
in disease development of COVID-19 [191,192]. Therefore, targeting
necroptosis by using Nec-1 could be a potential strategy to fight against
COVID-19. In the research of Zelic et al. [193], RIP1 kinase-inactive
knock-in mice were observed to be resistant to SIRS model and cyto-
kine storm, indicating the essential role of necroptosis and RIP1 in SIRS,
thus researchers further predicted that RIP1 inhibitors may be beneficial
to sepsis or systemic inflammation patients [193,194]. In fact, Nec-1 is
indeed associated with systemic inflammation. In the rat model of acute
pancreatitis, rats treated with Nec-1 displayed significant milder
symptoms and pathophysiological characteristics, and Nec-1 alleviated
the extent of systemic inflammatory response caused by acute pancre-
atitis, the underlying mechanism of this protective effect is probably
related to RIP1/NF-kB p65/AQP8 axis [195]. Although there is no
research directly showing the relation between necroptosis and
COVID-19, or the effect of Nec-1 in COVID-19, the strong
anti-inflammation ability of Nec-1 makes us predict that Nec-1/Nec-1
analogues might have the capability to alleviate cytokine storm, sys-
temic inflammation and thus COVID-19. Since Nec-1 can inhibit both
RIP1 and IDO, its promising anti-inflammation effect in COVID-19 may
undergo multiple pathways. By targeting RIP1, it can alleviate both
necroptotic and apoptotic cell death, reduce DAMPs release and
pro-inflammatory cytokines, inhibit inflammatory pathway NF-kB and
ameliorate oxidative stress; by targeting IDO, it may also reduce
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inflammatory responses. Besides, coronaviruses is a group of RNA vi-
ruses, and it has been proved that RNA virus can promote inflammasome
activation via RIP1/RIP3/DRP1 pathway, which can be inhibited by
Nec-1 and Nec-1 s [196]. Thus, it is possible that Nec-1 or its analogues
can alleviate inflammation and cytokine release induced by COVID-19.
Furthermore, Nec-1 has protective effects on kidney, liver and cardio-
vascular system (Table 1), which means that Nec-1 or its derivatives
might also help to prevent and protect against multi-organ complica-
tions of COVID-19 patients.

Some studies suggest that necroptosis is an alternate cell death form
of apoptosis during virus infection [197]. Apoptosis is important in host
defense against viral infection, damaged cells undergo apoptotic cell
death upon infection, which inhibits virus replication [198]. It is
observed that some viruses could prevent apoptosis by inhibiting
caspase-8, thus necroptosis is initiated as an alternative form of cell
death [199] (some viruses could even inhibit necroptosis [200,201]). So
here comes the question: will Nec-1 inhibition of necroptosis promote
virus infection? It is indeed that necroptosis plays a role in cell demise
after viral infection, but whether it favors host antiviral responses or
aggravates tissue inflammation and damage is not validated, or at least
controversial. It is possible that necroptosis inhibits viral replication by
inducing cell death during the early stage of virus infection, but it may
also promote virus spread by cell rupture in the following stages. What’s
more, researchers found that the necroptotic cell death activated by
influenza A virus infection does not depend on RIP1 [202] (yet it is
usually RIP1-dependent in inflammatory responses). Therefore, using
Nec-1 to control cytokine storm, which usually happens during an
advanced stage, does not necessarily influence host antiviral immunity.
Besides, it is observed in patients that T lymphocytes become func-
tionally exhausted with disease progression [203]. Thus Nec-1 may also
ameliorate T cell exhaustion of COVID-19 patients by regulating host
defense.

6. Conclusion

Although necroptosis was defined as a new form of cell death just
fifteen years ago, scientists have achieved much progress. From the
fundamental mechanism to its role in various diseases, the picture of
necroptosis is becoming clear and detailed. The clinical significance of
targeting necroptosis is supported by more and more researches, thus
necroptotic inhibitors have been attached with great significance for
both scientific and clinical researches. Since the discovery of nec-
roptosis, the specific necroptotic inhibitor Nec-1 has been applied in
many disease models and it is actually the most used one among all
necroptotic inhibitors. Furthermore, lots of studies have proved the
therapeutic effects of Nec-1 in various disease models, therefore we
propose that Nec-1 and its derivatives could have great clinical poten-
tial. Currently, some other RIP1 inhibitors are now undergoing clinical
trials [204,205]. Although Nec-1 has drawbacks like metabolic insta-
bility and off-target effect, its protection in disease models and potential
for optimization cannot be ignored. In fact, some classic drugs like
aspirin is also characterized by short half-life [206], and off-target effect
on IDO may endow Nec-1 with more potent anti-inflammation ability. In
this review, we summarized the effects Nec-1 exhibits in disease models
and research progress of recent studies. Apart from RIP1-dependent
mechanism, we discussed other possible RIP1-independent factors
(such as RIA and IDO) of Nec-1 protection. After probing into inflam-
mation and I/R injury, we innovatively reviewed the role of Nec-1 in
disease models of diabetic cardiomyopathy, atherosclerosis and retinal
degeneration. Finally, we predicted that Nec-1 might help to ameliorate
cytokine storm in COVID-19. Although many researchers have thrown
spotlight on necroptosis inhibition, some questions remain unclear. For
example, the effect of Nec-1 on apoptosis is perplexing. Some studies
observed inhibitory effect on apoptosis, while the other claimed no in-
fluence. Here we attribute this divergence to different underlying
pathways of RDA and RIA. Nec-1 inhibits apoptosis by targeting RIP1
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when the cell undergoes signaling pathway of RDA, yet it loses this
anti-apoptosis effect when the pathway is RIA. Considering the effects
on necroptosis, apoptosis and inflammatory responses, here is another
open question: does Nec-1 affect one or multiple RIP1-dependent
pathways? The findings and remaining questions suggest that the mo-
lecular network of Nec-1 administration in diseases is quite complicated,
remaining to be explored deeper by scientists. There is still a long road of
scientific researches before the clinical practice of Nec-1 or its de-
rivatives, which is hopeful to be an attractive strategy.
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