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Nizhny Novgorod, Russia

In the last few years, necroptosis, a recently described type of cell death, has been
reported to play an important role in the development of various brain pathologies.
Necroptosis is a cell death mechanism that has morphological characteristics
similar to necrosis but is mediated by fundamentally different molecular pathways.
Necroptosis is initiated by signaling through the interaction of RIP1/RIP3/MLKL
proteins (receptor-interacting protein kinase 1/receptor-interacting protein kinase
3/mixed lineage kinase domain-like protein). RIPK1 kinase is usually inactive under
physiological conditions. It is activated by stimulation of death receptors (TNFR1,
TNFR2, TLR3, and 4, Fas-ligand) by external signals. Phosphorylation of RIPK1 results
in the formation of its complex with death receptors. Further, complexes with the
second member of the RIP3 and MLKL cascade appear, and the necroptosome is
formed. There is enough evidence that necroptosis plays an important role in the
pathogenesis of brain ischemia and neurodegenerative diseases. In recent years, a
point of view that both neurons and glial cells can play a key role in the development
of the central nervous system (CNS) pathologies finds more and more confirmation.
Astrocytes play complex roles during neurodegeneration and ischemic brain damage
initiating both impair and protective processes. However, the cellular and molecular
mechanisms that induce pathogenic activity of astrocytes remain veiled. In this
review, we consider these processes in terms of the initiation of necroptosis. On
the other hand, it is important to remember that like other types of programmed
cell death, necroptosis plays an important role for the organism, as it induces a
strong immune response and is involved in the control of cancerogenesis. In this
review, we provide an overview of the complex role of necroptosis as an important
pathogenetic component of neuronal and astrocyte death in neurodegenerative
diseases, epileptogenesis, and ischemic brain damage.

necroptosis, RIP1 kinase, RIP3 kinase, astrocyte, neurodegenerative disease, ischemia

Introduction

For many years, apoptosis was considered to be the only form of regulated cell death,
while necrosis was regarded as a process of unregulated accidental cell death (ACD). The initial
characterization of apoptosis and necrosis focused on morphological features. Apoptotic cells
shrivel and demonstrate nuclear condensation and membrane vesicles, while necrotic cells swell
and rupture. Further research showed that apoptosis depends on the activity of one or more
members of the cysteine protease family (caspases). This cell death is caused by the ligation
of specific cell surface receptors, DNA damage, excessive reactive oxygen species (ROS), and
multiple types of cellular stress.
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After identifying the major molecular pathways of apoptosis,
it was also found that apoptosis-inducing stimuli cause caspase-
independent cell death with morphological features similar to
necrosis, including cell swelling, organelle dysfunction, and plasma
membrane rupture (Chen et al., 2019a). The discovery of new genetic
and biochemical pathways of regulation, as well as specific chemical
inhibitors of necrosis, determined that some processes of necrosis
can also be considered as a molecularly controlled regulated form of
cell death. Regulated necrosis includes several cell death modalities:
necroptosis, parthanatos, ferroptosis or oxytosis, mitochondrial
permeability transition (MPT) dependent necrosis, pyroptosis, and
pyronecrosis, netosis. Necroptosis mediated by receptor-interacting
protein kinase 3 (RIPK3) and its substrate, the pseudokinase mixed
lineage kinase domain-like protein (MLKL), is the most characterized
form of regulated necrosis (Sun and Wang, 2014). Unlike apoptosis,
necroptosis is not associated with caspases (Holler et al., 2000; Datta
et al.,, 2020).

Mechanism of necroptosis

The molecular mechanism of necroptosis has been described
relatively recently (Sun and Wang, 2014). Receptor-interacting
serine/threonine-protein kinase 1 (RIPK1) was found to play a
key role in the induction and course of necroptosis. Activation
of specialized cell receptors triggers necroptosis. These receptors
include the tumor necrosis factor receptor (TNFR1) by TNF (Laster
et al,, 1988), death receptors (e.g., Fas/FasL) (Holler et al., 2000),
Toll-like receptors (Kaiser et al,, 2013) and cytosolic nucleic acid
sensors such as RIG-I (circulating in cytosol) and STING (on the
membrane of the endoplasmic reticulum), which induce the release of
type-I interferon (IFN-1) and TNF and thus promoting necroptosis
(Brault et al.,, 2018). The cGAS-STING and RIG-I-MAVS molecular

Abbreviations: 4HBD, 4-helical bundle domain; ACD, accidental cell death;
AD, Alzheimer's disease; ALS, Amyotrophic lateral sclerosis; ATP, Adenosine
triphosphate; Ap, beta-amyloid; Bax, apoptosis regulator BAX; Bcl-2, apoptosis
regulator Bcl-2; BDNF, brain-derived neurotrophic factor; CNS, the central
nervous system; DAMPs, damage-associated molecular patterns; DNA,
deoxyribonucleic acid; DNL788, RIPK-1 inhibitor; E3 PDC, E3 subunit of
pyruvate dehydrogenase complex; EVs, extracellular vesicles; FADD, Fas-
associated death domain protein; Fas receptor, a death receptor; FasL, Fas
ligand; IP, inositol phosphate; GDNF, glial cell line-derived neurotrophic factor;
GFAP, glial fibrillary acidic protein; GSK3145095, RIPK1 inhibitor; GSK'840,
RIPK3 inhibitor; GSK'872, RIPK3 inhibitor; GW806742X, MLKL inhibitor;
HIV-1, the human immunodeficiency viruses; HMGB1, high-mobility group
box protein; IDN-6556, pancaspase inhibitor; IFN-1, interferon type I; IKK
kinase, Inhibitory-kB Kinase (IKK); IL-18, interleukin 18; IL-1a, interleukin
1 alpha; iPSCs, induced pluripotent stem cells; MAPK, mitogen-activated
protein kinase; miRNA, microRNA; MLKL, mixed lineage kinase domain-
like protein; MPT, mitochondrial permeability transition; MPTP, 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine; mRNA - messenger ribonucleic acid;
MS, Multiple sclerosis; MyD88, myeloid differentiation primary response
gene 88; NDRG2, NDRG Family Member 2 gene; Nec-1, Necrostatin-1;
NFkB, Nuclear factor kappa B; NLRP3, NLR Family Pyrin Domain-Containing
Protein 3; PD, Parkinson's disease; PIP, phosphatidylinositol phosphates;
pMLKL, phosphorylated MLKL; pro-BDNF, precursor of BDNF; RIG-I, retinoic
acid-inducible gene 1; RIP1 (RIPK1), receptor-interacting protein kinase 1;
RIP3 (RIPK3), receptor-interacting protein kinase 3; ROS, reactive oxygen
species; SAR443820, RIPK-1 inhibitor; SOD1, superoxide dismutase 1; SpvB,
the bacterial Salmonella effector; STING, stimulator of interferon genes
protein; TAK-632, Pan-Raf kinase inhibitor; TLR, toll-like receptor; TNFR,
tumor necrosis factor receptor; TNF, tumor necrosis factor; TRIF, TIR domain-
containing adapter-inducing interferon-f; UVRAG, UV radiation resistance-
associated gene protein- autophagy signaling regulator; WT, wild type; Zharp-
99, a potent inhibitor of RIPK3 kinase; ZIKV, Zika virus.
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cascades are critical cytosolic receptor systems that recognize and
respond to DNA and RNA nucleic acids, respectively, protecting the
cell from invading microbial pathogens (Zevini et al., 2017). Most of
these pathways trigger nuclear factor kappa B (NfkB)-dependent pro-
inflammatory and survival signals. However, additional inhibition of
the proteolytic enzyme caspase-8 triggers the necroptosis pathway.

RIPK1 is recruited as part of an oligomeric complex including
Fas-associated death domain protein (FADD), caspase-8, and
caspase-10 (Tenev et al,, 2011). In the absence of caspase-8 activity,
RIPK1 recruits and phosphorylates RIPK3 to form a complex termed
the ripoptosome (Li et al.,, 2012). RIPK1/RIPK3 complex recruits
and phosphorylates MLKL, thereby forming necrosomes (Figure 1;
Murphy etal,, 2013; Liu et al., 2019b). Early studies suggested that the
RIPK1/RIPK3/MLKL complex causes mitochondrial destabilization
and subsequent cell death (Wang et al, 2012); however, this
hypothesis was refuted (Murphy et al., 2013). To date, two pathways
of cell death under the action of MLKL are considered possible. First,
MLKL may be a plasma membrane platform for opening calcium or
sodium ion channels, thereby allowing ion influx, cell swelling, and
rupture (Chen et al,, 2014). Other studies suggest that MLKL itself
forms pores in the plasma membrane through an interaction between
a positively charged site in the 4-helical bundle domain (4HBD) and
negatively charged phosphatidylinositol phosphates (PIP) present on
the membrane (Quarato et al., 2016).

Moreover, MLKL seems to be affected by other factors. For
example, it was demonstrated that phosphorylation of MLKL by
RIPK3 alone is not sufficient for its action on the membrane. In
addition, MLKL requires the interaction of its N-terminal domain
with highly phosphorylated inositol phosphate (IP) (Dovey et al,
2018).

Although mitochondrial damage and ROS production are not
considered necroptosis activators, a recent study by Yang and
colleagues showed that RIPK3 instead has a downstream effect on
mitochondria. RIPK3 directly phosphorylates and activates the E3
subunit of pyruvate dehydrogenase complex and promotes aerobic
respiration and production of mitochondrial ROS (Yang et al,
2018b). This finding may explain the connection between necroptosis
and mitochondrial destabilization.

It is known that the externalization of phosphatidylserine (PS)
to the outer surface of the plasma membrane during apoptosis is
necessary for the recognition and absorption of dying cells (the “eat
me” signal) and for the modulation of the immune response. It is of
great interest whether there is a similar pathway in the development
of necroptosis. In a number of cell lines, it has been shown that
PS is externalized into the outer plasma membrane of necroptotic
cells before the integrity of the plasma membrane is lost. In four
different models of phagocytosis, necroptotic cells with externalized
PS were shown to be phagocytosed more efficiently than viable
cells but less efficiently than apoptotic cells. In addition, another
feature of cell death that has been suggested to distinguish apoptosis
from inflammatory-lytic forms of cell death is the formation of
“apoptotic bodies”. These extracellular vesicles (EV) are 0.5 to
2 pm in size and contain nucleic acids, proteins, and organelles
that can serve as damage-associated molecular patterns (DAMPs)
when released into the environment. Extracellular vesicle secretion
is an important mechanism used by cells to release biomolecules. It
has recently been shown that necroptotic cells also secrete smaller
(~0.2-0.8 wm) EVs before cell viability or membrane integrity loss
occurs. These EVs, called “necroptotic bodies,” exhibited PS on the
membrane’s outer surface (like apoptotic cells). Some of them also
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FIGURE 1
Molecular pathways of necroptosis. Activation of the tumor necrosis factor rec

bundle domain (4HBD) and negatively charged phosphatidylinositol phosphate

and the transcription factor NF-«B.
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oligomeric complex including RIPK1, Fas-associated death domain protein (FADD), caspase-8, and caspase-10 is formed and if caspase-8 activity is
absent, RIPK1 recruits and phosphorylates RIPK3 to form a ripoptosome complex. Further the RIPK1/RIPK3 complex recruits and phosphorylates MLKL,
thereby forming necrosomes. MLKL forms pores in the plasma membrane through an interaction between a positively charged site in the 4-helical

ATP) can be released during this process. Also, necroptosis possibly leads to destabilization of mitochondria and the production of reactive oxygen
species (ROS). RIPK1 promotes the expression of pro-inflammatory genes by activating the mitogen-activated protein kinase (MAPK) signaling pathway

eptor (TNFR1), death receptors, Toll-like receptors triggers necroptosis. An
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contain proteins, including pMLKL and RIPK3. Unlike “apoptotic
bodies,” “necroptotic bodies” do not appear to contain DNA. These
necroptotic bodies can probably modulate the inflammatory response
of surrounding cells (Edry-Botzer and Gerlic, 2017; Gupta et al,
2022). It remains to be investigated whether “necroptotic bodies” can
undergo phagocytosis.

Another important aspect of the development of necroptosis
is the active generation of damage-associated molecular patterns
(DAMPs) during necroptotic cell death (Degterev et al, 2005).
Once oligomerized MLKL binds to the cell membrane, causing its
permeabilization, there is a massive release of various intracellular
components, including DAMPs such as high-mobility group
box (HMGB)l and histones as well as heat shock proteins,
members of the IL-1 family and ATP, which further initiate and
exacerbate the development of inflammatory processes, the so-
called sterile inflammation (Murai et al., 2018). This explains the
role of necroptosis in the development of neuroinflammation in
various neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, multiple sclerosis, and amyotrophic lateral
sclerosis (Yuan et al, 2019). Several studies suggested that RIPK1
may also directly control inflammatory gene expression and induce
inflammation independent of necroptosis-induced DAMP release.
For example, RIPK1 was confirmed to promote the expression of
pro-inflammatory genes by activating the mitogen-activated protein
kinase (MAPK) signaling pathway and the transcription factor NF-kB
(Li et al., 2022a).

Thus, by virtue of the immunogenic DAMPs signals emitted
by dying neurons, chronic neuroinflammation can be induced
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by activating microglia and astrocytes (Bajwa et al, 2019). On
the other hand, in the context of neuroinflammation activation,
DAMPs are able to induce phagocytosis of dying cells. For the
functioning of the nervous system, an important process in the
developing and mature brain is phagocytosis. Neuronal sorting,
as a result of which a significant part of neurons dies and
must be removed by phagocytes, is an important stage in the
development of the brain (Damisah et al,, 2020). In the mature
brain, under physiological conditions, some unused synapses,
periodically dying cells, and emerging cell fragments (debris) must
also be regularly removed to maintain homeostasis. Furthermore,
in various injuries of the nervous tissue, including ischemic stroke,
phagocytosis appears to be especially important for cleaning the
area of damage from dead neurons and glial cells and a positive
outcome of the inflammatory process (Zhang et al., 2019b). While
phagocytosis is mainly associated with microglia (professional
phagocytes in the central nervous system (CNS), it may also involve
non-professional phagocytes (e.g., astrocytes or oligodendrocytes)
(Galloway et al, 2019). It is important to note that in diseases
associated with abnormal protein aggregation (e.g., Alzheimer’s
disease), phagocytes can engulf protein conglomerates, helping to
slow down the progression of the disease (Gabandé-Rodriguez et al,,
2020).

Necroptosis has two different outcomes for disease progression.
On hand, necroptosis promotes cell death
neuroinflammation neurodegenerative

the one and

in several conditions
(Yuan et al, 2019). On the other hand, necroptosis may induce

an immune response that prevents tumor progression or creates
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an immunosuppressive microenvironment (Gong et al, 2019
Mishchenko et al., 2022).

An increase in TNF expression is found mainly in neurons and
glia of the region of ischemia after a stroke. Dying cells are also
detected in this area. It indicates that stimulation of the Fas/TNFR
family induces cell death and then exacerbates cerebral ischemia and
reperfusion injuries (Khoury et al., 2020). The findings indicate that
RIP3 deletion, MLKL deletion, or necroptotic loss of function is a
potential therapeutic strategy for neuroprotection in ischemic stroke
(Zhang et al., 2020c).

Microglia, the primary immune cells of the central nervous
system, undergo necroptosis in various pathological processes.
Activated microglia release pro-inflammatory cytokines and promote
nervous cell necroptosis (Jiang et al., 2018). After oxygen-glucose
deprivation neurons released proinflammatory IL-18 and TNF and
induced M1 polarization of microglia. RIP3-deficient ischemia-
exposed neurons secrete anti-inflammatory cytokines IL-4 and IL-10
and induced M2 polarization (Yang et al,, 2018a). Thus, RIP3 and
MLKL induce microglial polarization toward the M1 phenotype.
It was also found that M1 microglia and their receptors damage
epithelial cells and destroy the blood-brain barrier (Chen et al,
2019a).

Necroptosis and astrocytes

Astrocytes are the most abundant glial cells in the human brain.
They play an important role in the protection of neurons from
various damages and regulation of neurons’ functions (Davila et al,,
2013; Khakh and Deneen, 2019). The role and function of astrocytes
are thoroughly investigated for many neurodegenerative diseases, as
presented in a large number of reviews (Almad and Maragakis, 2018;
Li et al,, 2019; Chen et al, 2020b; Majo et al., 2020). Astrocytes
are critical for normal CNS functions, including maintenance of
glutamate and extracellular potassium concentrations and water
homeostasis (Sofroniew and Vinters, 2010; Elorza-Vidal et al., 2019;
Mahmoud et al, 2019). They play a role in synaptic activity
(Philippot et al, 2021; Semyanov and Verkhratsky, 2021), are
involved in the synthesis of neurotrophic factors (Mizuta et al., 2001)
and neurosteroids (Ubuka and Tsutsui, 2022), episodic memory
(Loprinzi, 2019), and adaptation to ischemic injury (Hirayama and
Koizumi, 2018; Mitroshina et al., 2020; Song et al., 2021). Astrocytes
may limit Alzheimer’s (McAlpine et al., 2021) and Parkinson’s disease
(Zhang and Lu, 2021). Thus, astrocyte death has a significant effect
on brain damage. It can be the first link in a chain reaction of
many cell deaths. For example, necroptotic astrocytes can cause
neuronal death (Chen et al,, 2021c), contribute to the development
of amyotrophic lateral sclerosis (Re et al.,, 2014), multiple sclerosis
(Zelic et al,, 2021) and epilepsy (Wu et al., 2021b). Although direct
inhibition of necroptosis can prevent neuronal death, the underlying
mechanism of neuronal loss during neurodegeneration, caused by
necroptotic astrocytes, is unknown. A decrease in the number of
astrocytes, which play a nutritional function for neurons, can cause a
decrease in nutrient intake and, consequently, the death of neuronal
cells.

Neuronal apoptosis significantly increased upon treatment with
a conditioned medium taken from astrocyte cultures in which
necroptosis was induced. Necroptosis induction was found to alter
the production of neurotrophic factors. An increase in the glial
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cell line-derived neurotrophic factor (GDNF) and brain-derived
neurotrophic factor (BDNF) expression in necroptotic astrocytes
in vitro and an increase in their release of pro-BDNF in extracellular
vesicles (EVs-NAS) were revealed. It was demonstrated that the
treatment of neurons with such extracellular vesicles has a negative
effect on their survival. At the same time, neuronal apoptosis induced
by EVs-NAS can be significantly attenuated by blocking pro-BDNF
antibodies (Chen et al., 2021¢).

It was found that reactive astrocytes first undergo necroptosis
after spinal cord injury, while necroptotic astrocytes are less
likely to contribute to neuronal survival (Fan et al, 2016). The
induction of necroptosis is probably associated with the polarization
of M1 microglia/macrophages and the development of chronic
inflammation.

A conditioned medium of M1 microglia/macrophages can induce
necroptosis of astrocytes. Depletion of microglia in vivo significantly
reduces necroptosis of astrocytes. This may be due to an increase in
the expression of toll-like receptor 4 (TLR4) by microglia polarized
toward the M1 phenotype. M1 microglia/macrophages can induce
astrocyte necroptosis by activating TLR4 and myeloid differentiation
primary response gene 88 (MyD88) signaling. Inhibition of astrocytic
necroptosis can restore the neurotrophic function of astrocytes,
promoting the survival of neurons surrounding the lesion center. If
astrocyte recovery does not occur, neurons undergo apoptosis during
secondary injury (Fan et al,, 2016).

Astrocytes
and physiological heterogeneity (Pestana et al, 2020). The
morphofunctional heterogeneity of astrocytes and the role of various

show significant morphological, molecular,

subtypes in the development of pathologies are currently being
actively studied. There are several approaches to the classification
of astrocyte subtypes. One of the first approaches was the division
into inflammatory (neurotoxic) astrocytes (A1) and neuroprotective
astrocytes (A2).In Al astrocytes, the expression of genes of the
classical complement cascade, which has previously been shown
to destroy synapses, as well as pro-inflammatory cytokines, etc., is
activated. It is assumed that A1 astrocytes can be neurotoxic and have
a negative effect on nerve cells in various pathologies. In contrast,
many neurotrophic factor genes are activated in A2 astrocytes,
suggesting that A2 astrocytes may play a neuroprotective role. Type
Al astrocyte activation is induced by activated microglia during
neuroinflammation, trauma, and neurodegenerative processes.
In this case, Al astrocytes lose a significant part of their normal
astrocytic functions (the ability to promote the survival and growth
of neurons, form synapses, and perform normal phagocytosis);
they become neurotoxic, which leads to the death of neurons and
oligodendrocytes. Al astrocytes are formed after CNS damage and in
many neurodegenerative diseases (Alzheimer’s disease, amyotrophic
lateral sclerosis, and multiple sclerosis). Inhibition of Al astrocyte
formation after acute CNS injury prevents neuronal death. The role
of reactive astrocytes in the development of necroptosis in the CNS
has only begun to be explored, so there is little data on this topic.
For example, in the rat model of transient middle cerebral artery
occlusion and the in vitro glucose-oxygen deprivation model with
reoxygenation, RIP1K levels were significantly increased in reactive
Al astrocytes. RIP1K knockdown or delayed (6-hour therapeutic
window), administration of the RIPIK inhibitor Nec-1 suppressed
the expression of glial scar markers and reduced infarct volume and
neurological deficit (Ni et al., 2018; Zhu et al., 2021b).

The study by Fan et al, 2016 is of particular interest. It shows
that astrocytes are the main cell type that undergoes necrosis after
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spinal cord injury. The critical role of microglia/macrophages
M1 in
demonstrated. Reducing the population of microglia/macrophage

inducing astrocyte necroptosis in vitro has been
MI significantly decrease astrocyte necroptosis. In addition, it has
been shown that inflammatory responsive genes TLR4 and myeloid
differentiation primary response gene 838 (MyD88) are induced
in necroptotic astrocytes. Thus, there is an association between
microglia/macrophages M1 and necroptosis-type death of astrocytes,
which is currently poorly researched. In the future, researchers
will have to study in detail the interactions between microglia and
reactive astrocytes, as well as investigate in more detail reactive
astrocytes of phenotype A2.

Summarizing the available data on the role of necroptotic
astrocytes and other types of glial cells in the development of
various CNS pathologies, we can say that in recent years a concept
postulating that neuroinflammation is one of the key mechanisms
responsible for damage to the nervous system and the development
of neurodegenerative diseases has been formed. Microglia and
astrocytes, which regulate and modify each others activity and
secretory profiles, and also affect the activity and functioning of
neurons, are involved in the development of neuroinflammation.
Liddelow et al.,, 2017 have shown that activated microglia can induce
the activation of astrocytes into the Al phenotype by secreting
pro-inflammatory cytokines IL-1a, TNF, and Clq, which leads to
neuronal death. Activated microglia alone are insufficient to induce
neuronal death, but Al astrocytes induced by microglia cause
neurodegeneration by secreting a neurotoxin and releasing many
complement components. In addition, Al astrocytes inhibit the
proliferation and differentiation of oligodendrocyte progenitor cells
and lead to the death of mature oligodendrocytes, which plays an
important role in the development of demyelinating diseases.

Similar data is available for traumatic brain injury. In mice with
traumatic brain injury, progressive chronic damage to the cerebral
cortex and hippocampus, as well as an increase in phosphorylated
MLKL (pMLKL) levels were observed. In RIPKI- or RIPK3-
deficient knockout mice, chronic brain damage significantly declined
within 1-3 months, and the volume of injury decreased to 80%
(according to magnetic resonance imaging data). At the same time,
there was no difference in the severity of symptoms between the
knockout and wild-type (WT) mice in the acute period after injury.
Neuroprotection in the late period was accompanied by a decrease in
the level of astrocyte and microglia activation and an improvement
in memory function compared to WT animals. In neuronal RIPK1
deficient mice, there was a decrease in glial scar formation and GFAP
expression level. A complete knockout of RIPK1 in all types of nerve
cells did not improve motor deficits and memory, although under
physiological conditions (without trauma modeling), there were no
memory impairments in complete knockouts (Wehn et al., 2021).

However, the binary classification of astrocytes cannot describe
the entire diversity of the heterogeneity of different populations
of astrocytes (Escartin et al., 2021). For example, transcriptome
studies have identified several unique clusters of reactive astrocytes in
autoimmune diseases (Wheeler et al., 2020) and Alzheimer’s disease
(Habib et al., 2020).

In addition, morphologically different astrocytes in different parts
of the brain have been described. Regional heterogeneity of astrocytes
has been shown to underlie different responses to treatment for
bacterial infections, stroke, and possibly Norrie disease (Gudkov
et al,, 2023). Probably, further studies will reveal the features of
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cell death and the role of heterogeneity of astrocytic populations in
various CNS diseases.

Ischemic stroke

Due to its growing incidence, stroke is the leading cause of long-
term disability and death (Barthels and Das, 2020). Ischemic stroke
accounts for 70-80% of all strokes worldwide, and survivors often
have sensorimotor impairment in one or more areas of the body
(Barthels and Das, 2020). Ischemia disrupts the blood supply to brain
tissue, which subsequently promotes a cascade of pathophysiological
reactions leading to various types of cell death, including autophagy,
apoptosis, necroptosis, and ferroptosis (Davidson et al, 2020).
Necroptosis was shown to cause and exacerbate brain tissue damage
after cerebral ischemia and reperfusion injury (She et al., 2020; Zhang
etal., 2020c). After ischemic stroke, there is an increase in TNE, whose
binding to death receptors TNFR1 contributes to the activation of the
molecular cascade controlled by RIP1 (Frank and Vince, 2019).

In ischemic injury, the overall level of damage depends on
the damage received not only by neurons but also astrocytes
(Nakashima et al, 1995). Despite some evidence that neurons,
rather than astrocytes, are primarily exposed to necroptosis in
ischemic injury (Han et al, 2019), the role of astrocytes remains
underestimated. It is assumed that astrocytes can participate in
the restoration of neurons and synaptic connections after cerebral
ischemia (Hirayama and Koizumi, 2018). There is evidence that
pharmacological inhibition of astrocyte necroptosis by necrostatin-
1 (Nec-1) provides neuroprotection against ischemic brain injury.
Therefore, RIPK1 can be considered a target for the treatment of
cerebral ischemia. Studies by Zhu et al. have demonstrated that the
tumor suppressor NDRG2 is involved in the regulation of cerebral
ischemic injury and astrocytic necroptosis. NDRG2 knockout led to
a significant decrease in GFAP expression levels, and a significant
increase in the protein and mRNA expression levels of RIPK1 in
astrocytes (Zhu et al,, 2020).

Neurodegenerative diseases

Alzheimer’s disease

Perhaps the necroptotic death of nerve cells causes the loss
of neurons at the early stages of Alzheimer’s disease (AD), when
beta-amyloid (AB) plaques and neurofibrillary tangles are not yet
formed. RIPK1 was found to be activated in brain samples of
patients with AD, and there is a correlation between markers of
necroptosis and the stage of disease development (Caccamo et al,
2017; Salvadores et al,, 2022). One of the proposed mechanisms
causing necroptosis in AD is the activation of the TNF/TNFRI1
inflammatory cascade. TNF levels are elevated in cerebrospinal fluid
and plasma in aging, mild cognitive impairment, and in patients with
AD. A high level of TNF is a potential marker of the progression of
cognitive impairment to AD. Upon TNF stimulation, accumulated
p62 recruits RIPK1, induces its self-oligomerization, and activates
the downstream RIPK1/RIPK3/MLKL cascade, leading to neuronal
activity necroptosis (Jayaraman et al., 2021; Xu et al., 2021a).

Neuronal necroptosis triggered by TNF is also modulated by
autophagy impairment associated with inhibiting the key autophagy
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signaling regulator UVRAG (Xu et al,, 2021a). Activated microglia
play an important role in TNF production and subsequent induction
of necroptosis (Salvadores et al.,, 2022). In addition, necroptosis is
involved in rod degeneration in AD at an early stage of the disease,
even before AP plaques are detected in the brain (Zhang et al., 2021b).
At the same time, no colocalization of the necroptosis marker pMLKL
with astrocytes or microglia was observed in AD (Jayaraman et al,,
2021). Inhibition of necroptosis with pharmacological blockers or
genome editing agents reduces APo-induced neurodegeneration and
memory impairment in mice (Caccamo et al., 2017; Salvadores et al,,
2022) and zebrafish (Gao et al., 2022).

Parkinson's disease

Parkinson’s disease (PD) is a common neurodegenerative disease
characterized by the death of midbrain dopamine neurons (de Lau
and Breteler, 2006). The etiology of PD is complex and includes
the formation of reactive oxygen species and oxidative stress,
mitochondrial dysfunction, chronic inflammation, and neuronal
death. So far, the pathogenesis of Parkinson’s disease was not well
described. Apoptosis was thought to be the primary mechanism of
neuronal death in PD, but now there is evidence of an important
role of other pathways of regulated cell death, including necroptosis,
which probably contribute to neurodegeneration in the disease
(Venderova and Park, 2012). The activation of necroptosis in the
post-mortem brain tissue of patients with Parkinson’s disease was
revealed (Onate et al., 2020).

It is known that the aggregation of a-synuclein plays a key
negative role. Astrocytes in the midbrain play a complex role in PD,
initiating both (Chou et al, 2021) and protective (Tsunemi et al,
2020) processes that vary depending on the course of the disease.
Interestingly, the accumulation of a-synuclein in astrocytes induces a
powerful inflammatory response, and the activated molecular cascade
involves RIPK signaling and causes their necroptosis (Onate et al,,
2020). However, it was suggested that, in this case, activation of the
RIPK-controlled cascade does not lead to necroptosis, the canonical
outcome of this pathway (Chou et al., 2021). Apparently, the action of
a-synuclein on astrocytes in PD causes a new, as yet unstudied, type
of cell death or a special form of necroptosis.

For example, the study by Chou (Chou et al, 2021) showed
that a-synuclein preformed fibrils (PFFs) cause pathogenic activation
of human midbrain astrocytes, characterized by inflammatory
transcriptional responses, suppression of phagocytic function, and
the formation of neurotoxic activity. These effects are mediated
by RIPK1 and RIPK3 kinases but are independent of MLKL and,
accordingly, the development of necroptosis. Treatment of astrocyte
cultures with synuclein led to the activation of genes regulating
Al astrocyte activation. Inhibition of Inhibitory-kB Kinase (IKK)
kinase and, consequently, the NF-kB cascade prevented Al astrocyte
activation. Probably, astrocyte activation occurs through RIPK-
dependent activation of NF-kB signaling.

The role of increased interaction between RIPK1 and pMLKL
and the formation of necrosome complexes in the striatum in
axonal neurodegeneration was demonstrated in a toxicological model
of PD. However, no such activation of necroptosis was shown in
astrocytes [93].

Suppression  of necroptosis by Nec-1 reduced 6-
hydroxydopamine-induced death of PC12 cells (Wu et al.,, 2015),
protected mice from dopamine cell loss in the modeling of PD
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using subchronic administration of MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine), which causes permanent symptoms of
Parkinson’s disease (20 mg/kg MRTR intraperitoneally daily within
5 days), and also increased survival of iPSCs derived from patients
with PD (Iannielli et al., 2018). However, the use of a Nec-1s inhibitor
did not fully protect against dopaminergic neurodegeneration at
subacute concentrations of MPTP (40 mg/kg) (Dionisio et al., 2019).

RIP3  knockout (RIP3ko) lacked dopaminergic
neurodegeneration in the substantia nigra in a MPTP model of

mice

Parkinson’s disease. In addition, these mice showed a decrease
in the level of apoptosis, possibly due to the increased levels of
the anti-apoptotic protein Bcl-2 in the midbrain but not in its
other parts. Moreover, astrocyte cultures obtained from RIP3
knockout animals showed a decrease in mRNA expression of
pro-inflammatory cytokines TNE, NLR family pyrin domain-
containing protein 3 (NLRP3), and IL-1f after lipopolysaccharide
stimulation, which indicates the necroptosis-independent role of
RIP3 in the development of inflammation. Interestingly, in RIP3ko
mice, increased GFAP production in astrocytes in the midbrain was
observed when PD was modeled. It indicates long-term astrogliosis in
this area of the brain. However, there was no activation of microglia,
which proves a non-inflammatory phenotype of astrocytes. In
addition, RIP3ko animals showed normalization of GDNF levels in
the midbrain. It is known that the decrease in GDNF production
is one of the most important causes of dopaminergic neuron death
(D’Anglemont de Tassigny et al., 2015; Chmielarz and Saarma,
2020). Probably, non-inflammatory astrogliosis allowed to normalize
GDNF production, thereby enhancing the neurotrophic function of
astrocytes and preventing neuronal death of substantia nigra cells
(Dionisio et al., 2019).

The study by Yong-Bo Hu et al. (2019) is of particular interest.
A specific siRNA, miR-425, which targets RIPKI transcripts and
promotes MLKL phosphorylation and necroptosis, was found to
be associated with the death of dopaminergic neurons. Necroptosis
activation and miR-425 deficiency in the substantia nigra were
observed in mice in a pharmacological model of PD (MPTP)
and post-mortem brain tissues. Genetic knockdown of miR-425
in PD modeling exacerbated motor deficits and dopaminergic
neurodegeneration through early activation of necroptotic genes. The
administration of miR-425 mimetics (AgomiR-425) attenuated the
activation of necroptosis and the loss of dopaminergic neurons and
also improved the motor functions of experimental animals (Hu et al.,
2019).

Multiple sclerosis

Multiple sclerosis (MS) is a chronic autoimmune disease of the
CNS characterized by neuroinflammation, demyelination, and axonal
degeneration (Oh et al., 2018; Dobson and Giovannoni, 2019). RIPK1
levels were shown to correlate with multiple sclerosis progression
(Zelic et al,, 2021). An increase in the expression of RIPK1, RIPK3,
and MLKL was detected in post-mortem brain samples of patients
(Ofengeim et al., 2015).

In MS, RIPK1 can be activated in microglia, astrocytes, and
oligodendrocytes (Dhib-Jalbut and Kalvakolanu, 2015; Ofengeim
et al,, 2015). RIPK1 activation in microglia and astrocytes in vitro
induce an inflammatory transcriptional response, which leads to
destruction of oligodendrocytes. Interestingly, in MS microglia
RIPK1 activity mediates inflammation and cell death, but astrocytes
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have lower MLKL expression and do not undergo necroptosis.
So, differences in expression levels RIPK1, RIPK3, and MLKL and
sensitivity level among different cell types may explain the variable
susceptibility to death (Zelic et al., 2021).

However, RIPK1 activation mediates a strong inflammatory
response in astrocytes, suggesting that RIPK1 can propagate
neurotoxic inflammation. This leads to the death of oligodendrocyte
precursors and triggers demyelination processes. Therapeutic
administration of a RIPK1 inhibitor to mice attenuates the disease
phenotype in a dose-dependent manner (Zelic et al., 2021).

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease characterized by the loss of both cortical and spinal motor
neurons. Patients diagnosed with ALS initially experience muscle
weakness or convulsions, eventually leading to paralysis and death,
usually within 3-5 years (Wijesekera and Nigel Leigh, 2009). ALS
is often associated with mutations in superoxide dismutase 1
(SOD1). Glial cells, primarily astrocytes, determine the rate of disease
progression in SOD1-mutated mice, which are an experimental
model of ALS (Yamanaka et al, 2008). Astrocytes obtained from
SOD1 mutant mice were selectively toxic to mouse and human motor
neurons (Nagai et al., 2007; di Giorgio et al., 2008), as were astrocytes
obtained from patients with various forms of ALS (Haidet-Phillips
et al.,, 2011). At the same time, it is noted that the death of motor
neurons caused by astrocytes obtained from patients with ALS occurs
through necroptosis (Re et al., 2014). Thus, it is likely that astrocyte
necroptosis initiates neuronal loss in ALS.

Most authors agree that necroptosis plays a key role in motor
neuron degeneration in amyotrophic lateral sclerosis (Haidet-Phillips
et al,, 2011). A number of studies demonstrated an increase in the
expression of key signaling markers of necroptosis (RIPK1, RIPK3,
and MLKL) both in mouse models and post-mortem spinal cord
tissues of patients with sporadic ALS (Ito et al., 2016). However, some
studies do not support these findings. For example, in a study by
Wang (Wang et al,, 2020), in mice in which the MLKL gene was
deleted to eliminate this critical effector of necroptotic cell death,
the manifestation, progression, and outcome of the disease did not
change. Thus, the role of necroptosis in ALS is controversial and
needs further research.

Epilepsy

Epilepsy is a multi-etiologic disease that has many forms. It is
a chronic relapsing brain disease with a high incidence, up to 1-
2% of the population. Medial temporal lobe epilepsy is the most
common and severe form of focal epilepsy in adults. This form of
epilepsy is characterized by hippocampal sclerosis. In recent years,
there has been increasing evidence that dysfunctional astrocytes
play a crucial role in the development of medial temporal lobe
epilepsy. In hippocampal sclerosis, there is often a massive loss of
neurons. Astrogliosis is also observed, especially in the hilus of the
dentate gyrus and in the CA3 and CA1 regions of the hippocampus,
which indicates the role of dysfunctional microglia and astrocytes in
disease initiation.

It was shown that after pilocarpine- or kainate-induced status
epilepticus, mice have a significant decrease in the density of
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astrocytes in the CA1 stratum radiatum (SR) of the hippocampus
(Kim et al, 2010). In addition, an increase in the expression of
RIPK3 and MLKL in astrocytes was demonstrated. Four hours
after SE induction, necrosome complexes and translocation of
phosphorylated MLKL to the nucleus and plasma membrane were
detected. At the same time, there was no activation of caspases and
genes associated with apoptosis. The production of pro-inflammatory
cytokines, including TNF, probably plays a critical role in the
induction of necroptosis in status epilepticus. Subsequently, the
number of astrocytes was restored to the initial values, which was
accompanied by increased proliferation (Wu et al., 2021b).

In neurons, an increase in the expression of RIP3 and p-MLKL
was also noted in the acute period after status epilepticus (Scharfman
and Buckmaster, 2014; Cai et al,, 2017). The maximum expression
was observed after 72 hours, after 7 days, it decreased. In the
amygdala and piriform cortex, cells that die through necroptosis and
express MLKL on the plasma membrane were found (Cai et al., 2017).

Injection of necrostatin-1 into the cerebral ventricles reduced
damage to hippocampal tissue in mice in a kainate model of epilepsy.
In addition, necrostatin-1 significantly suppressed necroptosis-
associated proteins (MLKL, RIP1, and RIP3) and apoptosis-
associated proteins (cleaved caspase-3, apoptosis regulator BAX) and
increased the expression of the anti-apoptotic Bcl-2 protein (Lin et al.,
20204a).

Huntington’s disease

Huntington’s disease (HD) is an autosomal dominant genetic
disease and a progressive disorder of motor, cognitive and mental
functions. After diagnosis, the median life expectancy is 15 to 18 years
(Caron et al,, 1993). The disease is caused by an abnormal expansion
of CAG trinucleotide repeats in the huntingtin (HTT) protein gene
on chromosome 4, which prevents proper protein folding (Bates et al.,
2015). The function of normal HTT remains unclear. However, it is
assumed that it can be involved in selective autophagy (Ochaba et al,,
2014) and mitophagy (Franco-Iborra et al., 2021). In addition, HTT
is able to interact with the cytoskeleton (Taran et al., 2020). However,
it has long been known that mutant huntingtin (mHTT) causes the
formation of insoluble aggregates, acquires the ability to interact
with new proteins, affects the regulation of gene transcription, and
stimulates the loss of mitochondrial function (Cisbani and Cicchetti,
2012). Tt results in the loss of neurons, which is especially noticeable
in the structures of the striatum, caudate nucleus, and putamen
(MacDonald et al., 1993). To date, the main way to maintain the
quality of life of patients with HD is the reversal of manifestations
using pharmacological therapy, antipsychotics, and psychotropic
drugs (Caron et al,, 1993).

It is assumed that inhibition of necroptosis in HD can prevent
cell death and partially reverse the symptoms of the disease. For
example, transplantation of stem cells into the degenerated striatum
can protect neurons and improve locomotor activity in a rat model
of Huntington’s disease. This fact has been associated with the
inhibition of necroptosis (Bayat et al., 2021). Moreover, the use of the
necroptosis inhibitor Nec-1 can extend lifespan and delay the onset of
disease in HD mice (Zhu et al., 2011). However, an increase in RIPK1
expression induces mitophagy and alleviates neurodegeneration
(Khalil et al,, 2015). Nevertheless, there is very little data on the role
of necroptosis in the development of Huntington’s disease, so more
in-depth studies are required.
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Spinocerebellar ataxias

Spinocerebellar ataxias (SCAs) are a group of autosomal
hereditary diseases, including more than 40 types. The prevalence
of this group of diseases is about 1:10 000 (Ruano et al, 2014).
Some types of SCAs affect the cerebellum and spinal cord, but in
most cases, SCAs are characterized by damage to other parts of
the brain, such as the brainstem and basal ganglia. Genetically,
SCAs are divided into two groups: SCAs caused by a triplet
repeat expansion are more common, and SCAs caused by non-
repeat mutations are less common (Klockgether et al,, 2019). The
clinical manifestations of SCAs mainly include impaired sense of
balance and coordination, dysarthria, vision problems, and cognitive
impairment (Sullivan et al, 2019). There are few studies on the
role of necroptosis in this group of diseases. It has been shown
that transgenic mice with the Atxn2-CAG100-KIN model of ataxia
demonstrate an increase in the expression of RIPK1 (Canet-Pons
et al, 2021) and RIPK3 (Murru et al,, 2019), which contributes
to the activation necroptosis in SCA types 2 and 28, respectively.
The activation of ERK1/2-RIP3 and ERK-MSKI1 cascades, which
promote neurodegeneration in spinocerebellar ataxia type 1 (SCA1),
has a similar effect (Park et al., 2013). Thus, it can be assumed that
inhibition of necroptosis can help correct the manifestations of SCAs.
For example, Saeidikhoo et al. have already shown that implantation
of Sertoli cells has a neuroprotective effect and improves motor
function in animals by counteracting necroptosis in cerebellar ataxia
(Saeidikhoo et al,, 2020). However, there are almost no such pilot
studies, and in the future, researchers will have to study this issue in
detail.

Sphingolipidoses

Sphingolipids are amphiphilic molecules that are poorly soluble
in water and aggregate in aqueous solutions (Sandhoff, 2013).
Sphingolipidoses are a class of hereditary lysosomal storage diseases
in which sphingolipids accumulate in one or more organs as a
result of a primary deficiency of enzymes or activator proteins
involved in their degradation pathway. Another name for such
diseases is lysosomal storage disorders (LSDs). Thus, these are
diseases characterized by the accumulation of macromolecules in
the late endocytic system. They are caused by hereditary defects
in genes encoding mainly lysosomal enzymes or transmembrane
lysosomal proteins (Yanez et al., 2020). Depending on the defect,
various cells can be the target of lysosomal accumulation, for example
macrophages are a common target, but neuronal cells, endothelial
cells, cardiomyocytes, etc. can also be affected (Vanier et al,, 2016).
Normally, sphingolipids are catabolized in lysosomes by specialized
proteins. Mutations in certain genes form stable micelles with a
molecular weight of more than 1000 kDa (Hollak, 2022).

There is no therapy for most sphingolipidoses, especially those
that are typical for the nervous tissue, however, enzyme replacement
therapy is currently used for some diseases (Sandhoff, 2013). The
most common sphingolipidoses resulting in brain damage are
Niemann-Pick disease, Krabbe disease, and Gaucher disease. In a
mouse model of Krabbe disease, an increase in RIPKI expression
in microglial cells and activation of cascades controlled by it,
which lead to neuroinflammation, were found. It is interesting to
note that RIPK1 knockout in twitcher mice (a line for modeling

Frontiers in Aging Neuroscience

10.3389/fnagi.2022.1016053

Krabbe disease) did not slow down the disease progression, and
the symptoms did not differ from normal twitcher mice, which,
apparently, may be due to the feature of the line where genes
downstream in the RIPK1 cascade are already defective, so its
contribution is unnoticed (Cachdon-Gonzdlez et al., 2021). It is also
known that RIPK1 and RIPK3 expression levels are increased in
the brains of mice with Gaucher disease and Niemann-Pick disease
(Vitner et al, 2014; Cougnoux et al,, 2016). An increase in RIPK1
was observed in the brain of a person who died of HD (Vitner
et al, 2014), and increased expression of RIPK3 and MLKL was
found in macrophages derived from stem cells from patients with
Gaucher disease, indicating that necroptosis plays a role in triggering
inflammation-related cell death in Gaucher disease (Messelodi et al.,
2021).

Although necroptotic cell death has been shown to develop
in these diseases, the mechanisms of its activation are still
undetermined. One of the possible pathways is the interaction of
tyrosine kinase c-Abl with RIPK3. When c-Abl is inhibited, a decrease
in RIPK3 signaling has been observed in models of Gaucher disease.
It has also been found that c-Abl mediates RIPK3 phosphorylation
in the activation site (Yanez et al., 2021). To date, in clinical practice,
there are no registered drugs for the treatment of sphingolipidoses,
the main action of which is the inactivation of necroptosis. However,
some studies can initiate the creation of such drugs. For example,
it has been shown that the effect on necroptosis can be a potential
therapeutic target, at least in Niemann-Pick disease (Cougnoux et al,,
2018).

Frontotemporal dementia

Frontotemporal dementia (FTD) is the second most common
cause of early dementia after AD, manifesting itself before the
age of 65 (Olney et al.,, 2017). Frontotemporal dementia has both
sporadic forms and genetically determined causes since about
40% of cases have a family origin (Shpilyukova et al, 2020).
FTD is characterized by the deposition of abnormal DNA-binding
protein 43 (TDP-43) or tau protein aggregates in the frontal and
temporal lobes of the brain, resulting in neuronal degeneration,
behavioral abnormalities, or language dysfunction with progressive
degeneration of the frontal and temporal lobes. Dobson-Stone et al.
demonstrated that an overactive CYLD M719V mutant gene could
contribute to the pathogenesis and development of frontotemporal
dementia. It might at least in part lead to neurodegeneration via
inappropriate necroptosis of neurons (Dobson-Stone et al., 2020a,b).
The pathogenesis of FTD is associated with changes in the TAR DNA-
binding protein 43 (Carlos and Josephs, 2022). It has been shown that
in this type of dementia, TDP-43 undergoes additional ubiquitination
(Arai et al,, 2006). It has also been found that a 1.6- and 2.5-fold
increase in the expression of RIPK1 and MLKL, respectively, occurs
through the TDP-43 activation, which suggests the activation of
necroptosis in FTD (Wang et al., 2018). In parallel, there is a decrease
in the expression of the endogenous RIPK1 inhibitor TANK-binding
kinase 1 (TBK1), which leads to neuroinflammation, additional TDP-
43 aggregation, axonal degeneration, loss of neurons and behavioral
deficits, and the further manifestation of signs of ALS and FTD
(Freischmidt et al,, 2017). Thus, necroptosis plays an important role
in the pathogenesis of FDT.
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Depression

Major depressive disorder (MDD) according to the DMS-5
classification or depressive episode and recurrent depressive disorder
according to ICD-10, 11, is a widespread mental illness, often
associated with stress, which affects more than 300 million people
worldwide. MDD entails severe consequences, secondary morbidity,
and even death (Walker et al.,, 2015). Depression is a polyetiological
disease with an incompletely investigated etiology. Over the past 2-
3 years, the first evidence of the correlation between the pathogenesis
of mental disorders, including depression, and the development
of necroptosis has appeared. For example, an increase in the
expression of RIPK1, RIPK3, MLKL, and p-MLKL was observed
when modeling chronic unpredictable mild stress in animals and
developing depressive-like behavior. The administration of Nec-
1 reduced behavioral changes and reduced the development of
neuroinflammation (He et al., 2021).

The study by Sun et al, 2022 showed that the deletion of
nerve injury-induced protein (Ninj2) in oligodendrocytes in mice
inhibits their development and myelination and leads to an impaired
neuronal morphology and activity, which is of great interest. Ninj2
competitively inhibits the TNF/TNFRI signaling pathway by binding
directly to TNFR1 in oligodendrocytes. Ninj2 knockout activates
TNF-induced necroptosis and increases the production of C-C motif
chemokine ligand 2 (Ccl2), which may mediate signal transduction
from oligodendrocytes to neurons. The use of Nec-1s to inhibit
necroptosis restored the development of oligodendrocytes, improved
neuronal excitability, and alleviated depressive-like behavior in
animals.

Sepsis-associated encephalopathy (SAE) is a complication of
sepsis that leads to mental health problems and depression. Chronic
depressive-like behavior, as well as a significant increase in neuronal
apoptosis and necroptosis, were detected in mice with a sepsis
model by cecal ligation and puncture (CLP). Inhibition of myeloid
differentiation factor 2 (MD2), a mediator of both apoptosis
and necroptosis, reduced neuronal death and improved depressive
behavior in animals (Fan et al., 2022). Summing up, necroptosis and
RIPK1 may also be a target for the correction of depressive disorders.

Thus, the role of necroptosis for the organism as a whole and
for the brain in particular is dual. On the one hand, necroptotic
death causes the loss of neurons in ischemic and neurodegenerative
diseases. On the other hand, necroptosis may induce an immune
response that is extremely important for preventing tumors
formation (Figure 2).

Table 1 summarizes the data on the activation of necroptosis in
neurons and astrocytes in various CNS pathologies.

Viral, bacterial and parasitic diseases

Necroptosis can be caused not only by internal diseases and
injuries but also by parasites and viruses. For example, infection
with the parasitic nematode Angiostrongylus cantonensis is the
leading cause of eosinophilic meningitis in the Pacific and Caribbean
(Guerino et al, 2017). Extensive brain damage is observed during
infection. The pathogenesis is still poorly understood, but apoptosis
and necroptosis were found to occur in microglia, astrocytes,
and neurons after infection with A. cantonensis. Thus, treatment
with inhibitors of apoptosis and necroptosis in combination with
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antiparasitic drugs may be a promising treatment strategy (Mengying
etal., 2017).

Necroptosis may play a key role in pathogenesis and has an
impact on viral replication in viral diseases. Previously, necroptosis
was mainly studied in the context of response to microbial or viral
action. It was found that some bacteria and viruses are able to
block necroptosis, acting, for example, on RIPK1 (Li et al., 2013),
on the DNA-dependent activator of interferon regulatory factors
(DAJ, also known as ZBP1 or DLM-1)-RIPK3 complex (Upton
et al,, 2012), RIPK1/RIPK3 (Upton et al, 2008) or TIR domain-
containing adapter-inducing interferon-p (TRIF)/RIPK3 (Kaiser
etal,, 2013). Herpesviruses encode inhibitors that block both caspase-
dependent apoptosis and receptor-interacting protein (RIP) kinase-
mediated necroptosis (Yu et al., 2016). Cowpox virus actively inhibits
necroptosis (Liu et al,, 2021c). Influenza A virus can block the
course of apoptosis and necroptosis in the cell, turning it into a
“factory” for making copies of itself (Balachandran and Rall, 2020),
and orthopoxviruses have developed a mechanism that helps block
necroptosis in the host cell (Liu et al,, 2021c). The fact that viruses
during evolution devolved the ways to avoid cell necroptosis indicates
the importance of this pathway in combating microbial infection
(Bertheloot et al., 2021).

Hepatitis C virus-induced apoptosis blockade by blocking caspase
8 in human embryonic kidney 293T cells (Prikhod’ko et al., 2004),
however, it induces necroptosis as well by activating RIPK3 (Jung
et al,, 2020). Influenza A virus (Zhang et al., 2020b), Coxsackievirus
A6 (Zhang et al., 2020a), respiratory syncytial virus (Simpson et al,,
2020), and the bacterial Salmonella effector SpvB (Dong et al., 2022
can also induce necroptosis by activating RIPK3 and MLKL that
has been shown at primary wild-type murine embryo fibroblasts
(Zhang et al,, 2020b), human rhabdomyosarcoma cells, human
embryonic kidney cells 293T cells (Zhang et al., 2020a), human and
murine airway epithelial cell (Simpson et al., 2020), human colorectal
adenocarcinoma cells CaCo-2 and Hela (Dong et al., 2022).

Astrocytes may be the main target for various neurotropic viruses
such as Zika virus (van den Pol et al,, 2017; Wen et al., 2021) or
they may act in as a repository for the human immunodeficiency
viruses HIV-1 (Khan et al., 2022). Zika virus (ZIKV) is a flavivirus
spread by blood-sucking insects, mainly mosquitoes. Zika virus can
cause neurological disorders in humans. It is transmitted through the
placental barrier and can cause severe fetal developmental disorders:
neurodevelopmental disorders and microcephaly. Necroptosis of
astrocytes was found to be triggered by viral load, while apoptosis
or pyroptosis of astrocytes is not observed in the Zika virus (Wen
et al.,, 2021). When neurons are infected with the Zika virus, RIPK
signaling is activated, which limits virus replication (Daniels et al,
2019), however, it does not always lead to the activation of necroptosis
and cell death (Daniels et al,, 2017). The choice of the type of cell
death in infected astrocytes is of particular interest. Necroptosis
is usually avoided as it causes extensive inflammation, which can
lead to dire consequences (Orozco and Oberst, 2017). The virus
probably blocks other safer ways of programmed death, so the
only process left for the cell is necroptosis (Wen et al, 2021).
Interestingly, inhibition of RIPK3 by GSK’872 reduces necroptotic
astrocyte death in Zika virus, whereas necrostatin-1 (an inhibitor
of RIPK1) has no protective effect, suggesting that ZIKV-induced
necroptosis in astrocytes is independent of RIPK1. Perhaps, in this
case, the induction of necroptosis is mediated by the activation
of the nucleotide cytoplasmic sensor of the interferon-inducible
protein Z-DNA binding protein 1, which can activate RIPK3
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Necroptosis in brain

! |

Neuro oncology Neurodegeneration

aseptic

Astrocytes (ischemia, AD) — o T

DAMPs
l L Microgliosis (M1 activation)

neuron
death

Anti-tumor specific

i ; N 1 trophic functions
immunity activation

| protective functions
Neurons (trauma)

FIGURE 2
Double-Edged sword of necroptosis in CNS.

TABLE 1 Dynamics of the components of the necroptosis pathways involved in various CNS pathologies.

Pathology Neurons Astrocytes Microglia Inflammation| References
’ Increase ’ Decrease ‘ Increase ’ Decreaseﬂ Increase ’ Decreaseﬂ Increase ’
Ischemic RIPK1, RIPK3, MLKL RIPK1, VEGFR-3, RIPK3 TNE IL-1B,iNOS, | Qu et al, 2016; Hirayama
stroke pMLKL RIPK3, MLKL, IL-6, TRAIL, FasL, | and Koizumi, 2018;
pMLKL ROS, p47, gp9l, Koizumi et al., 2018; Chen
phox et al,, 2019a; Zhu et al,
2020, 2021b; Lule et al,
2021; Wang et al., 2021
Trauma RIP1, GRP78, p-AMPKa, p-NF-kB, NLRP3, RIPK3, TNE IL-18, IL-6, Lau and Yu, 2001; Liu et al.,
CHOP, RIPK3, SOD1, Nrf-2 ASC, IL-1B, IL-6 p-MLKL RIP1, p-p65, 2018; Bao et al., 2019; Chen
MLKL, PARP NF-«kB et al.,, 2020a; Zhao et al.,
2020; Hu et al., 2021
Alzheimer’s pRIPK3, pMLKL, CASP3, cIAPI, RIPK1, GFAP Ibal, YM1 Argl ROS, TNE IL-18, Koper et al, 2020;
disease PRIPK1, TNFRI, cFLAR 1L-6, iNOS Jayaraman et al, 2021;
TNFR2, RIPK3, Park et al., 2021
MLKL, MEG3
Parkinson’s p-RIPK3, p-MLKL, | GDNE, ATP pMLKL pMLKL TNE IL-1B, IL-6, Dionisio et al, 2019
disease RIPK1, RIPK3, NLRP3 Alegre-Cortés et al., 2020;
MLKL, ROS Lin et al, 2020b; Onate
etal., 2020
Multiple TNFR1, RIPK1, Naspase3 RIPK1, CXCLI, RIPK1, CX3CR1, TNE iNOS, IL-6, Yuan et al, 2019; Picon
sclerosis pMLKL, pRIPK3, CXCL2, CCL2, RIPK3, Siglech CXCL1, CXCL2, etal., 2021; Zelic et al., 2021
FADD RGS1 MLKL, CCL2, CCL3,
CXCL1, CCL4, IFNy,
CXCL2 Mirl155hg,
Bhlhe40
Epilepsy MLKL, p-MLKL, Naspase3 MLKL, LC3B, Kir4.1 pMLKL, Ibal HMGBI1, TNE Jia et al,, 2019; Wu et al,,
RIPK3 Naspase8, TRAP1, IL-6 2021b; Huang et al., 2022
HSP90«, RIPK3

(Wen etal, 2021). ZBP1 also plays a role in HSV-1 restriction and
further initiation of cell death by apoptosis or necroptosis, reducing
the release of viral particles (Jeffries et al,, 2022). New mediated
pathways for the influence of viruses on the activation of necroptosis
can also be identified. For example, it is known that viral infection
is often accompanied by the secretion of TNF (Gyurkovska and
Ivanovska, 2016). In turn, TNF can induce necroptosis and apoptosis
in neurons and astrocytes, respectively (Zhou et al., 2022).

Viruses, bacteria, and parasites have a multidirectional effect on
the course of necroptosis in different cells of the body, influencing
both activation of death and its inhibition which depends on the type
of infection and associated conditions (Figure 3).
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RIP kinase inhibitors and their
potential use in the treatment of CNS
diseases

To date, seven members of the RIPK family have been identified.
Kinases of this group are important mediators of cell survival and cell
death programming (Cuny and Degterev, 2021) and are promising
molecular targets for therapeutic effects. Apparently, RIPK1 and
RIPK3 play a key role in the development of necroptosis. Therefore,
in this section of the review, we will focus on inhibitors of these
kinases. More than 40 RIPKI inhibitors and more than 10 RIPK3
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FIGURE 3

Effect of viruses, bacterial and other pathogens on the development
of necroptosis and apoptosis. Pathogens can be conventionally
divided into three groups: activating apoptosis, activating necroptosis,
or blocking cell death. Many pathogens, such as the hepatitis E virus,
have developed evolutionary adaptations to prevent apoptosis by
blocking Caspase 8. In this case, the infected cell will live longer and
more copies of the virus will be produced. However, this contributes
to the activation of another type of cell death, necroptosis, via RIPK3
activation. Enteropathogenic E. coli can inhibit the main proteins of
necroptosis and prevent this type of cell death. Interestingly, the Zika
virus causes necroptosis in the cell, which limits the replication of the
virus and has no apparent evolutionary advantage but causes
extensive inflammation in the brain

inhibitors have already been developed (Martens et al., 2020; Zhuang
and Chen, 2020).

RIPK1 Inhibitors

RIPK1 appears to be an important target in the pharmaceutical
industry, not only because of its key role in TNF signaling
responses. The kinase structure of RIPK1 is well suited for the
development of specific pharmacological small molecule inhibitors.
No pharmacological inhibitor of RIPKI-mediated cell death is
currently used in clinical practice (Moerke et al, 2019), but there
are both ongoing and completed clinical trials that will be discussed
further. To date, many low-molecular compounds that have an ability
to inhibit RIPK1 have been identified. Let us consider the inhibitors
most used in the scientific literature, and compounds undergoing
clinical trials.

(Nec-1), 5-(indol-3-ylmethyl)-3-methyl-2-thio-hydantoin, was
the first RIPK-1 inhibitor developed in 2005 (Degterev et al., 2005).
It is currently the most widely used RIPK inhibitor in the scientific
literature and is considered the gold standard for published articles.
There were studies conducted on the potential therapeutic effect
of Nec-1 in many diseases affecting all organ systems. Briefly,
the neuroprotective effect of necrostatin in ischemic injuries (Liu
et al, 2019a; Mitroshina et al, 2022), hydrocephalus (Liu et al,
2021a), mitochondrial dysfunction (Apaijai et al., 2021), intracranial
hypertension (Qian et al,, 2022) was revealed. Necrostatin reduces
postoperative cognitive dysfunction (Yin et al, 2022), neonatal
neurotoxicity (Xu et al., 2021b), and cardiotoxicity (Erdogmus Ozgen
etal,, 2022). Necrostatin reduces osteoblast death after glucocorticoid
treatment (Feng et al.,, 2018), reduces fibrosis of the fat graft, a severe
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complication after transplantation (Chen et al., 2021b), stimulates
hair growth (Zheng et al,, 2020) and interstitial pulmonary fibrosis
(Mou and Mou, 2020), reduces jejunal injury and improves digestive
and barrier function in intestinal injury (Liu et al,, 2021b). There
is conflicting data on the role of necrostatin in neurodegenerative
diseases. According to the results of some studies, the use of Nec-
1 does not affect the death of rotenone-exposed neurons in a
model of Parkinson’s disease and also does not fully protect against
neurodegeneration when modeling PD using MPTP (Dionisio et al,,
2019; Alegre-Cortés et al, 2020). On the other hand, necrostatin
protects dopaminergic neurons differentiated from fibroblasts of
PD patients (Iannielli et al., 2018), suppresses cell death in models
of Alzheimer’s disease (Yang et al, 2019; Gao et al, 2022) and
Parkinson’s disease (Wu et al., 2015; lannielli et al., 2018; Lin et al.,
2020b).

Despite the fact that there are many studies using Nec-1 as an
inhibitor of RIPK1, there is some evidence that it is not selective and
is involved in the inhibition of RIPK3 and MLKL (Lin et al., 2020b;
Xu et al., 2021a).

Phenytoin is a compound structurally similar to necrostatin. It
was registered as an antiepileptic drug and has the second name
Phenhydan. Phenhydan was investigated as a potential therapeutic
agent for the treatment of early epileptic encephalopathies (Sanofi,
2021a). It was shown to be a potent inhibitor of necroptosis and
apoptosis. For example, Phenytoin was shown to attenuate RIPK1
activity in vitro and block the upstream steps of necrosome formation
in cells undergoing necroptosis (von Missenhausen et al., 2018).
Phenhydan blocked the activation of necrosome formation/activation
as well as death receptor-induced NF-«B signaling by affecting cell
membrane function such as lipid raft formation (Moerke et al., 2019).
Phenhydan appears to act as a death receptor signaling modulator
by affecting the properties of the plasma membrane’s lipid bilayer,
thereby modifying the behavior of several membrane-associated
proteins, including TNFRI1. In this regard, studies on the expanded
use of this drug as a potential treatment for ischemic brain injuries
and a number of neurodegenerative diseases are of great interest
(Moerke et al., 2019).

A number of inhibitors are currently undergoing clinical toxicity
testing. Their therapeutic effect in various diseases is being studied.
The RIPK-1 inhibitor DNL788 or SAR443820 is being investigated
as a treatment for multiple sclerosis and its pharmacokinetic
parameters in healthy subjects (Sanofi, 2021b). Efficacy of the
SAR443122 inhibitor in cutaneous lupus erythematosus (Sanofi,
2022b) and immunomodulatory properties in patients with severe
COVID-19 (Sanofi, 2022a) are being evaluated. The effect of
GFH312 and GSK2982772 inhibitors on healthy individuals is
being studied. They are considered a treatment for inflammatory
conditions (GlaxoSmithKline, 2018, 2019a,b; GenFleet Therapeutics,
2022). The efficiency of the GSK2982772 inhibitor in patients with
psoriasis (GlaxoSmithKline, 2020b, 2021a), rheumatoid arthritis
(GlaxoSmithKline, 2021b), and ulcerative colitis (GlaxoSmithKline,
2020a) is of particular interest to researchers. The RIPK1 inhibitor
GSK3145095 was tested for its ability to modulate the immune
response by sensitizing tumors to checkpoint blockade (Harris et al,,
2019). The SAR inhibitor 443060 (DNL 747) was tested in patients
with Alzheimer’s disease and amyotrophic lateral sclerosis (Sanofi,
2022¢). In addition, there is an active search and identification of
new highly selective inhibitors of RIPK1. For example, several new
inhibitors have been described in the first quarter of 2022 (Delehouzé
et al., 2022; Li et al., 2022b; Niu et al., 2022).
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RIPK3 inhibitors

RIPK3 may be a more promising target for therapy. The
inhibition of necroptosis pathway at the level of RIPK3 rather
than RIPKI is expected to be more specific and provide a greater
therapeutic effect. There are currently studies on the role of RIPK3
in the formation of acute respiratory distress syndrome in neonates
(Daping Hospital and the Research Institute of Surgery of the Third
Military Medical University, 2015). Earlier the researchers assessed
the level of RIPK3 as a predictor of mortality in patients with sepsis
(Universitas Sriwijaya, 2019). However, compared to RIPK1, a much
smaller number of selective inhibitors was identified for RIPK3. This
may be due to the fact that inhibition of RIPK3 kinase activity can
induce apoptosis (Kaiser et al., 2013).

GSK’872 is the most used RIPK3 inhibitor. A search on pubmed
reveals 46 articles published in the last 5 years describing the
results of RIPK3 inhibition using GSK’872. It was shown to have
a neuroprotective effect in hydrocephalus (Liu et al,, 2021a) and
to affect reducing collagen expression in fibroblasts in vitro when
modeling fat graft fibrosis (Chen et al,, 2021b). GSK’872 decreases
neurobehavioral brain defects and edema in intracranial hemorrhage
(Chen et al, 2018), protects from emphysema, suppresses the
lung inflammation (Chen et al,, 2021a), prevents from heat stress-
induced intestinal cell death (Li et al., 2020), alleviates liver damage
caused by non-alcoholic fatty disease (Zhang et al,, 2021a), and
reduces astrocyte death caused by Zika virus (Wen et al, 2021).
The triple combination of inhibitors GSK’872, GW806742X (MLKL
inhibitor), and IDN-6556 (pancaspase inhibitor) demonstrated
enhanced inhibition of the necrosis in gout (Zhong et al., 2021).

Dabrafenib is considered a promising therapeutic agent for the
treatment of melanoma (Robert et al., 2015; Dummer et al., 2020),
lung cancer (Shimada et al., 2021; Novartis, 2022), thyroid carcinoma
(Wang et al, 2019; Brandenburg et al,, 2021; Saint Petersburg
State University, 2021) and solid tumors (Geoerger et al,, 2018; Js
InnoPharm, 2022). In addition, when using this RIPK3 inhibitor, a
neuroprotective effect was shown in mice subjected to ischemic brain
injury by photothrombosis (Cruz et al., 2018), it also has potential for
the treatment of renal ischemia (Liu et al., 2020). It promotes recovery
after brain injury (Sugaya et al., 2019) and is considered a drug for
the treatment of Parkinson’s disease (Uenaka et al., 2018). In silico
drug screening by using genome-wide association study (GWAS)
data repurposed dabrafenib, an anti-melanoma drug, for Parkinson’s
disease (P3.8-031) (Uenaka et al., 2018).

The use of GSK’840 and GSK’872, selective RIPK3 inhibitors (Ali
and Mocarski, 2018) may have a therapeutic effect in the treatment
of melanoma (Geserick et al, 2015) and intestinal tumors (Chen
et al,, 2018). They protect against emphysema (Chen et al,, 2021a)
and attenuates brain damage from hemorrhage (Chen et al., 2018).
TAK-632 was described as a Pan-Raf kinase inhibitor (Okaniwa et al.,
2013). Later it was identified that it also targets RIPK3 and RIPK1
(Chen et al, 2019b). An improved TAK-632 with high selectivity
for RIPK1 has now been developed and is a promising candidate
for ulcerative colitis therapy (Zhu et al., 2021a). Zharp-99, a potent
inhibitor of RIPK3 kinase, has the potential for further development
of new approaches for treating necroptosis-associated inflammatory
disorders (Xia et al,, 2020). In general, much attention is now being
paid to the synthesis and testing of new RIPK3 inhibitors (Zhang
et al., 2019a; Xia et al., 2020; Wu et al., 2021a).

It should be noted that despite the great interest of researchers in
the protective effect of necroptosis inhibitors in various pathologies,
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there are very few works devoted to studying necroptosis as a
therapeutic target in neurodegenerative processes. Moreover, the
inhibition of necroptosis in specific cell types, primarily astrocytes,
seems to be very promising.

Conclusion

In recent years, our understanding of the existing types of cell
death has expanded significantly. Necroptosis is a recently described
type of cell death that has similarities with necrosis but is mediated by
fundamentally different molecular pathways. In the present review,
we summarized the latest experimental data on the role of necroptosis
in the pathogenesis of cerebral ischemia and neurodegenerative
diseases as an important pathogenetic component of neuronal and
especially astrocyte death. Over the past decades, all the attention
of neurobiologists and clinicians has been focused on neurons in
the study of molecular and cellular mechanisms of development
of various diseases of the central nervous system. However, this
approach to date does not allow correcting neurodegenerative
changes, and hundreds of research groups have failed in the search
for new therapeutic targets. Up to date, astrocytes are the hope of
researchers around the world. The data we collected indicates that
the death of astrocytes through the necroptotic pathway plays an
important role in the development of neurodegenerative processes
and is involved in the activation of neuronal death. Attempts to use
inhibitors of necroptosis, primarily RIPK1 and RIPK3 kinases, to
correct ischemic damage and neurodegeneration are of considerable
interest. Many works demonstrate significant improvements in the
inhibition of necroptosis when modeling pathologies both in vitro
and in vivo.

However, we must remember that the role of necroptosis in the
CNS is multifaceted. It plays an important physiological role in the
control of neuroinfections, immunological control of carcinogenesis,
and other aspects of CNS functioning. Therefore, the use of inhibitors
of necroptosis should be carefully and comprehensively investigated,
including with respect to long-term effects.

Author contributions
EM and MS wrote the manuscript. EM and MV provided the idea.

MYV revised the manuscript. All authors read and approved the final
manuscript.

Funding

This research was funded by a grant from Russian Science
Foundation (RSF), project no. 22-15-00178.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1016053
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Mitroshina et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Alegre-Cortés, E., Muriel-Gonzilez, A., Canales-Cortés, S., Uribe-Carretero, E.,
Martinez-Chacén, G., Aiastui, A., et al. (2020). Toxicity of Necrostatin-1 in Parkinson’s
Disease Models. Antioxidants 9:524. doi: 10.3390/antiox9060524

Ali, M., and Mocarski, E. S. (2018). Proteasome inhibition blocks necroptosis by
attenuating death complex aggregation. Cell Death Dis. 9:346. doi: 10.1038/s41419-018-
0371-x

Almad, A., and Maragakis, N. J. (2018). A stocked toolbox for understanding the role
of astrocytes in disease. Nat. Rev. Neurol. 14, 351-362. doi: 10.1038/s41582-018-0010-2

Apaijai, N, Jinawong, K., Singhanat, K., Jaiwongkam, T., Kerdphoo, S., Chattipakorn,
S. C,, et al. (2021). Necrostatin-1 reduces cardiac and mitochondrial dysfunction in
prediabetic rats. J. Endocrinol. 251, 27-39. doi: 10.1530/JOE-21-0134

Arai, T., Hasegawa, M., Akiyama, H., Ikeda, K., Nonaka, T., Mori, H., et al. (2006).
TDP-43 is a component of ubiquitin-positive tau-negative inclusions in frontotemporal
lobar degeneration and amyotrophic lateral sclerosis. Biochem. Biophys. Res. Commun.
351, 602-611. doi: 10.1016/j.bbrc.2006.10.093

Bajwa, E., Pointer, C. B., and Klegeris, A. (2019). The role of mitochondrial damage-
associated molecular patterns in chronic neuroinflammation. Mediators Inflamm. 2019,
1-11. doi: 10.1155/2019/4050796

Balachandran, S., and Rall, G. F. (2020). Benefits and perils of necroptosis in influenza
virus infection. J. Virol. 94, e1101-e1119. doi: 10.1128/jvi.01101-19

Bao, Z., Fan, L., Zhao, L., Xu, X,, Liu, Y., Chao, H., et al. (2019). Silencing of A20
aggravates neuronal death and inflammation after traumatic brain Injury: A potential
trigger of necroptosis. Front. Mol. Neurosci. 12:222. doi: 10.3389/fnmol.2019.00222

Barthels, D., and Das, H. (2020). Current advances in ischemic stroke research and
therapies. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 1866:165260. doi: 10.1016/j.
bbadis.2018.09.012

Bates, G. P., Dorsey, R., Gusella, J. F., Hayden, M. R,, Kay, C., Leavitt, B. R, et al. (2015).
Huntington disease. Nat. Rev. Dis. Primers 1:15005. doi: 10.1038/nrdp.2015.5

Bayat, A. H., Saeidikhoo, S., Ebrahimi, V., Mesgar, S., Joneidi, M., Soltani, R., et al.
(2021). Bilateral striatal transplantation of human olfactory stem cells ameliorates motor
function, prevents necroptosis-induced cell death and improves striatal volume in the rat
model of Huntington’s disease. J. Chem. Neuroanat. 112:101903. doi: 10.1016/j.jchemneu.
2020.101903

Bertheloot, D., Latz, E., and Franklin, B. S. (2021). Necroptosis, pyroptosis and
apoptosis: An intricate game of cell death. Cell Mol. Immunol. 18, 1106-1121. doi:
10.1038/s41423-020-00630-3

Brandenburg, T., Muchalla, P., Theurer, S., Schmid, K. W., and Fiihrer, D. (2021).
Therapeutic effect of combined dabrafenib and trametinib treatment of braf v600e-
mutated primary squamous cell carcinoma of the thyroid: A case report. Eur. Thyroid
J. 10, 511-516. doi: 10.1159/000518055

Brault, M., Olsen, T. M., Martinez, J., Stetson, D. B., and Oberst, A. (2018). Intracellular
nucleic acid sensing triggers necroptosis through synergistic type I IFN and TNF
signaling. J. Immunol. 200, 2748-2756. doi: 10.4049/jimmunol.1701492

Caccamo, A., Branca, C,, Piras, I. S., Ferreira, E., Huentelman, M. J., Liang, W. S,,
et al. (2017). Necroptosis activation in Alzheimer’s disease. Nat Neurosci 20, 1236-1246.
doi: 10.1038/nn.4608

Cacho6n-Gonzalez, M. B., Wang, S., and Cox, T. M. (2021). Expression of Ripkl and
DAM genes correlates with severity and progression of Krabbe disease. Hum. Mol. Genet.
30, 2082-2099. doi: 10.1093/hmg/ddab159

Cai, Q., Gan, J,, Luo, R, Qu, Y, Li, S, Wan, C, et al. (2017). The role of necroptosis
in status epilepticus-induced brain injury in juvenile rats. Epilepsy Behav. 75, 134-142.
doi: 10.1016/j.yebeh.2017.05.025

Canet-Pons, J., Sen, N. E., Arsovi, A., Almaguer-Mederos, L. E., Halbach, M. V.,
Key, J., et al. (2021). Atxn2-CAG100-KnockIn mouse spinal cord shows progressive
TDP43 pathology associated with cholesterol biosynthesis suppression. Neurobiol. Dis.
152:105289. doi: 10.1016/j.nbd.2021.105289

Carlos, A. F., and Josephs, K. A. (2022). Frontotemporal lobar degeneration with TAR
DNA-binding protein 43 (TDP-43): Its journey of more than 100 years. J. Neurol. 269,
4030-4054. doi: 10.1007/s00415-022-11073-3

Caron, N. S., Wright, G. E,, and Hayden, M. R. (1993). “Huntington disease” in
GeneReviews [Internet], eds M.P. Adam, D. B. Everman, G. M. Mirzaa, R. A. Pagon, and
S. E. Wallace (Seattle, WA: University of Washington, Seattle), 1993-2023

Frontiers in Aging Neuroscience

10.3389/fnagi.2022.1016053

organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Chen, A.-Q,, Fang, Z., Chen, X.-L., Yang, S., Zhou, Y.-F,, Mao, L., et al. (2019a).
Microglia-derived TNF-o mediates endothelial necroptosis aggravating blood brain—
barrier disruption after ischemic stroke. Cell Death Dis. 10:487. doi: 10.1038/s41419-019-
1716-9

Chen, D., Gregory, A. D, Li, X., Wei, J., Burton, C. L., Gibson, G., et al. (2021a). RIP3-
dependent necroptosis contributes to the pathogenesis of chronic obstructive pulmonary
disease. JCI Insight 6:e144689. doi: 10.1172/jci.insight.144689

Chen, T., Pan, H,, Li, J., Xu, H,, Jin, H., Qian, C,, et al. (2018). Inhibiting of RIPK3
attenuates early brain injury following subarachnoid hemorrhage: Possibly through
alleviating necroptosis. Biomed. Pharmacother. 107, 563-570. doi: 10.1016/j.biopha.2018.
08.056

Chen, T., Zhu, J., Wang, Y.-H., and Hang, C.-H. (2020a). Arc silence aggravates
traumatic neuronal injury via mGluR1-mediated ER stress and necroptosis. Cell Death
Dis. 11:4. doi: 10.1038/s41419-019-2198-5

Chen, X., Deng, Z., Feng, J., Chang, Q., Lu, F., and Yuan, Y. (2021b). Necroptosis in
macrophage foam cells promotes fat graft fibrosis in mice. Front Cell Dev Biol. 9:651360.
doi: 10.3389/fcell.2021.651360

Chen, X,, Li, W,, Ren, J., Huang, D., He, W., Song, Y., et al. (2014). Translocation
of mixed lineage kinase domain-like protein to plasma membrane leads to necrotic cell
death. Cell Res. 24, 105-121. doi: 10.1038/cr.2013.171

Chen, X., Zhuang, C., Ren, Y., Zhang, H., Qin, X., Hu, L., et al. (2019b). Identification
of the raf kinase inhibitor TAK-632 and its analogues as potent inhibitors of necroptosis
by targeting RIPK1 and RIPK3. Br. J. Pharmacol. 176, 2095-2108. doi: 10.1111/bph.1
4653

Chen, Y., Qin, C., Huang, J., Tang, X., Liu, C., Huang, K,, et al. (2020b). The role of
astrocytes in oxidative stress of central nervous system: A mixed blessing. Cell Prolif.
53:€12781. doi: 10.1111/cpr.12781

Chen, Z., Tang, H.-B., Kang, J.-J., Chen, Z.-Y., Li, Y.-L., Fan, Q.-Y,, et al. (2021c).
Necroptotic astrocytes induced neuronal apoptosis partially through EVs-derived pro-
BDNF. Brain Res. Bull. 177, 73-80. doi: 10.1016/j.brainresbull.2021.09.014

Chmielarz, P., and Saarma, M. (2020). Neurotrophic factors for disease-modifying
treatments of Parkinson’s disease: Gaps between basic science and clinical studies.
Pharmacol. Rep. 72, 1195-1217. doi: 10.1007/s43440-020-00120-3

Chou, T.-W., Chang, N. P., Krishnagiri, M., Patel, A. P, Lindman, M., Angel, J. P,,
et al. (2021). Fibrillar a-synuclein induces neurotoxic astrocyte activation via RIP kinase
signaling and NF-kB. Cell Death Dis. 12:756. doi: 10.1038/s41419-021-04049-0

Cisbani, G., and Cicchetti, F. (2012). An in vitro perspective on the molecular
mechanisms underlying mutant huntingtin protein toxicity. Cell Death Dis. 3:¢382. doi:
10.1038/cddis.2012.121

Cougnoux, A., Clifford, S., Salman, A., Ng, S. L., Bertin, J., and Porter, F. D. (2018).
Necroptosis inhibition as a therapy for Niemann-Pick disease, type C1: Inhibition of
RIP kinases and combination therapy with 2-hydroxypropyl-p-cyclodextrin. Mol. Genet.
Metab. 125, 345-350. doi: 10.1016/j.ymgme.2018.10.009

Cougnoux, A., Cluzeau, C., Mitra, S., Li, R., Williams, I, Burkert, K., et al. (2016).
Necroptosis in niemann-pick disease, type C1: A potential therapeutic target. Cell Death
Dis. 7:€2147. doi: 10.1038/cddis.2016.16

Cruz, S., Qin, Z., Stewart, A., and Chen, H.-H. (2018). Dabrafenib, an inhibitor of RIP3
kinase-dependent necroptosis, reduces ischemic brain injury. Neural Regen. Res. 13:252.
doi: 10.4103/1673-5374.226394

Cuny, G. D., and Degterev, A. (2021). RIPK protein kinase family: Atypical lives of
typical kinases. Semin Cell Dev. Biol. 109, 96-105. doi: 10.1016/j.semcdb.2020.06.014

D’Anglemont de Tassigny, X., Pascual, A., and Lopez-Barneo, J. (2015). GDNF-based
therapies, GDNF-producing interneurons, and trophic support of the dopaminergic
nigrostriatal pathway. Implications for Parkinson’s disease. Front. Neuroanat. 9:10. doi:
10.3389/fnana.2015.00010

Damisah, E. C, Hill, R. A,, Rai, A, Chen, F., Rothlin, C. V., Ghosh, S., et al. (2020).
Astrocytes and microglia play orchestrated roles and respect phagocytic territories during
neuronal corpse removal in vivo. Sci. Adv. 6:eaba3239. doi: 10.1126/sciadv.aba3239

Daniels, B. P., Kofman, S. B, Smith, J. R, Norris, G. T., Snyder, A. G., Kolb, J. P.,
et al. (2019). The nucleotide sensor ZBP1 and kinase RIPK3 induce the enzyme IRGI to
promote an antiviral metabolic state in neurons. Immunity 50, 64.e-76.e. doi: 10.1016/j.
immuni.2018.11.017

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1016053
https://doi.org/10.3390/antiox9060524
https://doi.org/10.1038/s41419-018-0371-x
https://doi.org/10.1038/s41419-018-0371-x
https://doi.org/10.1038/s41582-018-0010-2
https://doi.org/10.1530/JOE-21-0134
https://doi.org/10.1016/j.bbrc.2006.10.093
https://doi.org/10.1155/2019/4050796
https://doi.org/10.1128/jvi.01101-19
https://doi.org/10.3389/fnmol.2019.00222
https://doi.org/10.1016/j.bbadis.2018.09.012
https://doi.org/10.1016/j.bbadis.2018.09.012
https://doi.org/10.1038/nrdp.2015.5
https://doi.org/10.1016/j.jchemneu.2020.101903
https://doi.org/10.1016/j.jchemneu.2020.101903
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1159/000518055
https://doi.org/10.4049/jimmunol.1701492
https://doi.org/10.1038/nn.4608
https://doi.org/10.1093/hmg/ddab159
https://doi.org/10.1016/j.yebeh.2017.05.025
https://doi.org/10.1016/j.nbd.2021.105289
https://doi.org/10.1007/s00415-022-11073-3
https://doi.org/10.1038/s41419-019-1716-9
https://doi.org/10.1038/s41419-019-1716-9
https://doi.org/10.1172/jci.insight.144689
https://doi.org/10.1016/j.biopha.2018.08.056
https://doi.org/10.1016/j.biopha.2018.08.056
https://doi.org/10.1038/s41419-019-2198-5
https://doi.org/10.3389/fcell.2021.651360
https://doi.org/10.1038/cr.2013.171
https://doi.org/10.1111/bph.14653
https://doi.org/10.1111/bph.14653
https://doi.org/10.1111/cpr.12781
https://doi.org/10.1016/j.brainresbull.2021.09.014
https://doi.org/10.1007/s43440-020-00120-3
https://doi.org/10.1038/s41419-021-04049-0
https://doi.org/10.1038/cddis.2012.121
https://doi.org/10.1038/cddis.2012.121
https://doi.org/10.1016/j.ymgme.2018.10.009
https://doi.org/10.1038/cddis.2016.16
https://doi.org/10.4103/1673-5374.226394
https://doi.org/10.1016/j.semcdb.2020.06.014
https://doi.org/10.3389/fnana.2015.00010
https://doi.org/10.3389/fnana.2015.00010
https://doi.org/10.1126/sciadv.aba3239
https://doi.org/10.1016/j.immuni.2018.11.017
https://doi.org/10.1016/j.immuni.2018.11.017
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Mitroshina et al.

Daniels, B. P., Snyder, A. G., Olsen, T. M., Orozco, S., Oguin, T. H. ITI, and Tait, S. W. G.
(2017). RIPK3 restricts viral pathogenesis via cell death-independent neuroinflammation.
Cell 169, 301.e-313.e. doi: 10.1016/j.cell.2017.03.011

Daping Hospital and the Research Institute of Surgery of the Third Military Medical
University (2015). Role and molecular mechanism of farnesoid x receptor(FXR) and
RIPK3 in the formation of acute respiratory distress syndrome in neonates NCT02598648.
Available online at: https://www.clinicaltrials.gov/ct2/show/NCT 02598648

Datta, A., Sarmah, D., Mounica, L., Kaur, H., Kesharwani, R., Verma, G., et al. (2020).
Cell death pathways in ischemic stroke and targeted pharmacotherapy. Transl. Stroke Res.
11, 1185-1202. doi: 10.1007/s12975-020-00806-z

Davidson, S. M., Adameovd, A, Barile, L., Cabrera-Fuentes, H. A., Lazou, A., Pagliaro,
P., et al. (2020). Mitochondrial and mitochondrial-independent pathways of myocardial
cell death during ischaemia and reperfusion injury. J. Cell Mol. Med. 24, 3795-3806.
doi: 10.1111/jcmm.15127

Davila, D., Thibault, K., Fiacco, T. A., and Agulhon, C. (2013). Recent molecular
approaches to understanding astrocyte function in vivo. Front. Cell Neurosci. 7:272.
doi: 10.3389/fncel.2013.00272

de Lau, L. M., and Breteler, M. M. (2006). Epidemiology of Parkinson’s disease. Lancet
Neurol. 5,525-535. doi: 10.1016/S1474-4422(06)70471-9

Degterev, A., Huang, Z., Boyce, M., Li, Y., Jagtap, P., Mizushima, N., et al. (2005).
Chemical inhibitor of nonapoptotic cell death with therapeutic potential for ischemic
brain injury. Nat. Chem. Biol. 1, 112-119. doi: 10.1038/nchembio711

Delehouzé, C., Comte, A., Leon-Icaza, S. A., Cougoule, C., Hauteville, M., Goekjian,
P., et al. (2022). Nigratine as dual inhibitor of necroptosis and ferroptosis regulated cell
death. Sci. Rep. 12:5118. doi: 10.1038/s41598-022-09019-w

Dhib-Jalbut, S., and Kalvakolanu, D. V. (2015). Microglia and necroptosis: The culprits
of neuronal cell death in multiple sclerosis. Cytokine 76, 583-584. doi: 10.1016/j.cyto.
2015.06.004

di Giorgio, F. P., Boulting, G. L., Bobrowicz, S., and Eggan, K. C. (2008). Human
embryonic stem cell-derived motor neurons are sensitive to the toxic effect of glial cells
carrying an ALS-causing mutation. Cell Stem Cell 3, 637-648. doi: 10.1016/j.stem.2008.
09.017

Dionisio, P. A., Oliveira, S. R., Gaspar, M. M., Gama, M. J., Castro-Caldas, M., Amaral,
J. D, et al. (2019). Ablation of RIP3 protects from dopaminergic neurodegeneration in
experimental Parkinson’s disease. Cell Death Dis. 10:840. doi: 10.1038/s41419-019-2078-z

Dobson, R., and Giovannoni, G. (2019). Multiple sclerosis — a review. Eur. J. Neurol.
26, 27-40. doi: 10.1111/ene.13819

Dobson-Stone, C., Hallupp, M., Shahheydari, H., Ragagnin, A. M. G., Chatterton, Z.,
Carew-Jones, F., et al. (2020a). CYLD is a causative gene for frontotemporal dementia -
Amyotrophic lateral sclerosis. Brain 143, 783-799. doi: 10.1093/brain/awaa039

Dobson-Stone, C., Lee, A., Chung, R. S., Hallupp, M., Boccanfuso, L., Oyston, L. ]., et al.
(2020b). Effects of the novel FTD-ALS gene CYLD on cell death mechanisms. Alzheimer’s
Dement. 16:€045017. doi: 10.1002/alz.045017

Dong, K., Zhu, Y., Deng, Q., Sun, L., Yang, S., Huang, K., et al. (2022). Salmonella pSLT-
encoded effector SpvB promotes RIPK3-dependent necroptosis in intestinal epithelial
cells. Cell Death Discov. 8:44. doi: 10.1038/s41420-022-00841-9

Dovey, C. M., Diep, J., Clarke, B. P., Hale, A. T., McNamara, D. E., Guo, H,, et al.
(2018). MLKL requires the inositol phosphate code to execute necroptosis. Mol. Cell 70,
936.e-948.¢. doi: 10.1016/j.molcel.2018.05.010

Dummer, R., Hauschild, A., Santinami, M., Atkinson, V., Mandala, M., Kirkwood,
J. M., et al. (2020). Five-year analysis of adjuvant dabrafenib plus trametinib in stage III
melanoma. N Eng. J. Med. 383, 1139-1148. doi: 10.1056/NEJM0a2005493

Edry-Botzer, L., and Gerlic, M. (2017). Exploding the necroptotic bubble. Cell Stress 1,
107-109. doi: 10.15698/cst2017.11.112

Elorza-Vidal, X., Gaitdn-Pefas, H., and Estévez, R. (2019). Chloride channels in
astrocytes: Structure, roles in brain homeostasis and implications in disease. Int. J. Mol.
Sci. 20:1034. doi: 10.3390/ijms20051034

Erdogmus Ozgen, Z., Erdinc, M., Kelle, I, Erdinc, L., and Nergiz, Y. (2022). Protective
effects of necrostatin-1 on doxorubicin-induced cardiotoxicity in rat heart. Hum. Exp.
Toxicol. 41:096032712110660. doi: 10.1177/09603271211066066

Escartin, C., Galea, E., Lakatos, A., O’Callaghan, J. P., Petzold, G. C., Serrano-Pozo,
A, etal. (2021). Reactive astrocyte nomenclature, definitions, and future directions. Nat.
Neurosci. 24, 312-325. doi: 10.1038/s41593-020-00783-4

Fan, H., Zhang, K., Shan, L., Kuang, F., Chen, K., Zhu, K, et al. (2016). Reactive
astrocytes undergo M1 microglia/macrohpages-induced necroptosis in spinal cord
injury. Mol. Neurodegener. 11:14. doi: 10.1186/s13024-016-0081-8

Fan, Z.,Ma, H,, Li, Y., Wu, Y., Wang, ], Xiong, L., et al. (2022). Neuronal MD2 induces
long-term mental impairments in septic mice by facilitating necroptosis and apoptosis.
Front. Pharmacol. 13:884821. doi: 10.3389/fphar.2022.884821

Feng, M., Qiang, H., Zhang, R.-R., Wang, K.-Z., Wang, C.-S., and Yang, P. (2018).
Necrostatin-1 inhibits the cell death of osteoblasts induced by glucocorticoid. Int. J. Clin.
Exp. Pathol. 11, 675-684.

Franco-Iborra, S., Plaza-Zabala, A., Montpeyo, M., Sebastian, D., Vila, M., and
Martinez-Vicente, M. (2021). Mutant HTT (huntingtin) impairs mitophagy in a cellular
model of Huntington disease. Autophagy 17, 672-689. doi: 10.1080/15548627.2020.
1728096

Frontiers in Aging Neuroscience

10.3389/fnagi.2022.1016053

Frank, D., and Vince, J. E. (2019). Pyroptosis versus necroptosis: Similarities,
differences, and crosstalk. Cell Death Differ. 26, 99-114. doi: 10.1038/s41418-018-0212-6

Freischmidt, A., Miiller, K., Ludolph, A. C., Weishaupt, J. H., and Andersen, P. M.
(2017). Association of mutations in TBKI with sporadic and familial amyotrophic
lateral sclerosis and frontotemporal dementia. JAMA Neurol. 74, 110-113. doi: 10.1001/
jamaneurol.2016.3712

Gabandé-Rodriguez, E., Keane, L., and Capasso, M. (2020). Microglial phagocytosis in
aging and Alzheimer’s disease. J. Neurosci. Res. 98, 284-298. doi: 10.1002/jnr.24419

Galloway, D. A., Phillips, A. E. M., Owen, D. R. ], and Moore, C. S. (2019).
Phagocytosis in the brain: Homeostasis and disease. Front. Immunol. 10:790. doi: 10.
3389/fimmu.2019.00790

Gao, X, Zhang, P., Chen, J., Zhang, L., Shang, N., Chen, J,, et al. (2022). Necrostatin-1
relieves learning and memory deficits in a zebrafish model of Alzheimer’s disease induced
by aluminum. Neurotox. Res. 40, 198-214. doi: 10.1007/s12640-021-00463-6

Gbd 2016 Lifetime Risk of Stroke Collaborators, Feigin, V., Nguyen, G., Cercy, K.,
Johnson, C., Alam, T., et al. (2018). Global, regional, and country-specific lifetime risks
of stroke, 1990 and 2016. N Eng. J. Med. 379, 2429-2437. doi: 10.1056/NEJMoal80
4492

GenFleet Therapeutics (2022). A study of GFH312 in healthy subjects NCT04676711.
Available online at: https://clinicaltrials.gov/ct2/show/NCT04676711

Geoerger, B., Moertel, C. L., Whitlock, J., McCowage, G. B., Kieran, M. W., Broniscer,
A., et al. (2018). Phase 1 trial of trametinib alone and in combination with dabrafenib
in children and adolescents with relapsed solid tumors or neurofibromatosis type 1
(NF1) progressive plexiform neurofibromas (PN). J. Clin. Oncol. 36, 10537-10537. doi:
10.1200/JC0O.2018.36.15_suppl.10537

Geserick, P., Wang, J., Schilling, R., Horn, S., Harris, P. A., Bertin, ], et al. (2015).
Absence of RIPK3 predicts necroptosis resistance in malignant melanoma. Cell Death
Dis. 6, e1884-€1884. doi: 10.1038/cddis.2015.240

GlaxoSmithKline (2018). Phase i study of GSK2982772 in japanese healthy male
participants NCT03590613. Available online at: https://clinicaltrials.gov/ct2/show/
NCT03590613

GlaxoSmithKline (2019a). A safety and pharmacokinetic (PK) study of GSK2982772
in healthy subjects NCT03305419. Available online at: https://clinicaltrials.gov/ct2/show/
NCT03305419

GlaxoSmithKline (2019b). A safety and tolerability study of GSK2982772, in single (in
Both Fed and Fasted States) and repeat oral doses in healthy male subjects NCT02302404.
Available online at: https://clinicaltrials.gov/ct2/show/NCT02302404

GlaxoSmithKline (2020b). Safety, tolerability, pharmacokinetics, pharmacodynamics,
and efficacy of repeat doses of GSK2982772 in subjects with psoriasis NCT02776033.
Available online at: https://clinicaltrials.gov/ct2/show/NCT02776033

GlaxoSmithKline (2020a). GSK2982772 study in subjects with ulcerative colitis
NCT02903966. Available online at: https://clinicaltrials.gov/ct2/show/NCT02903966

GlaxoSmithKline (2021a). A study to evaluate the benefit and safety of GSK2982772
in moderate to severe psoriasis participants NCT04316585. Available online at: https:
[clinicaltrials.gov/ct2/show/NCT04316585

GlaxoSmithKline (2021b). Safety and tolerability, pharmacokinetics (PK),
pharmacodynamics (PD) and efficacy of repeat doses of GSK2982772 in subjects
with moderate to severe rheumatoid arthritis (RA) NCT02858492. Available online at:
https://clinicaltrials.gov/ct2/show/NCT02858492

Gong, Y., Fan, Z, Luo, G, Yang, C., Huang, Q., Fan, K, et al. (2019). The role of
necroptosis in cancer biology and therapy. Mol. Cancer 18.100. doi: 10.1186/s12943-019-
1029-8

Gudkov, S. V., Burmistrov, D. E., Kondakova, E. V., Sarimov, R. M., Yarkov, R. S.,
Franceschi, C,, et al. (2023). An emerging role of astrocytes in aging/neuroinflammation
and gut-brain axis with consequences on sleep and sleep disorders. Ageing Res. Rev.
83:101775. doi: 10.1016/j.arr.2022.101775

Guerino, L. R,, Pecora, I. L., Miranda, M. S., Aguiar-Silva, C., Carvalho, O., dos, S.,
et al. (2017). Prevalence and distribution of Angiostrongylus cantonensis (Nematoda,
Angiostrongylidae) in Achatina fulica (Mollusca, Gastropoda) in Baixada Santista, Sdo
Paulo, Brazil. Rev. Soc. Bras. Med. Trop. 50, 92-98. doi: 10.1590/0037-8682-0316-2016

Gupta, K., Brown, K. A., Hsieh, M. L., Hoover, B. M., Wang, J., Khoury, M. K,
etal. (2022). Necroptosis is associated with Rab27-independent expulsion of extracellular
vesicles containing RIPK3 and MLKL. J. Extracell. Ves. 11:e12261. doi: 10.1002/jev2.
12261

Gyurkovska, V., and Ivanovska, N. (2016). Distinct roles of TNF-related apoptosis-
inducing ligand (TRAIL) in viral and bacterial infections: From pathogenesis to pathogen
clearance. Inflamm. Res. 65, 427-437. doi: 10.1007/s00011-016-0934-1

Habib, N., McCabe, C., Medina, S., Varshavsky, M., Kitsberg, D., Dvir-Szternfeld,
R, et al. (2020). Disease-associated astrocytes in Alzheimer’s disease and aging. Nat.
Neurosci. 23, 701-706. doi: 10.1038/s41593-020-0624-8

Haidet-Phillips, A. M., Hester, M. E., Miranda, C. J., Meyer, K., Braun, L., Frakes,
A, et al. (2011). Astrocytes from familial and sporadic ALS patients are toxic to motor
neurons. Nat. Biotechnol. 29, 824-828. doi: 10.1038/nbt.1957

Han, F.,, Guan, X., Guo, W., and Lu, B. (2019). Therapeutic potential of a TrkB agonistic
antibody for ischemic brain injury. Neurobiol. Dis. 127, 570-581. doi: 10.1016/j.nbd.2019.
04.009

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1016053
https://doi.org/10.1016/j.cell.2017.03.011
https://www.clinicaltrials.gov/ct2/show/NCT02598648
https://doi.org/10.1007/s12975-020-00806-z
https://doi.org/10.1111/jcmm.15127
https://doi.org/10.3389/fncel.2013.00272
https://doi.org/10.1016/S1474-4422(06)70471-9
https://doi.org/10.1038/nchembio711
https://doi.org/10.1038/s41598-022-09019-w
https://doi.org/10.1016/j.cyto.2015.06.004
https://doi.org/10.1016/j.cyto.2015.06.004
https://doi.org/10.1016/j.stem.2008.09.017
https://doi.org/10.1016/j.stem.2008.09.017
https://doi.org/10.1038/s41419-019-2078-z
https://doi.org/10.1111/ene.13819
https://doi.org/10.1093/brain/awaa039
https://doi.org/10.1002/alz.045017
https://doi.org/10.1038/s41420-022-00841-9
https://doi.org/10.1016/j.molcel.2018.05.010
https://doi.org/10.1056/NEJMoa2005493
https://doi.org/10.15698/cst2017.11.112
https://doi.org/10.3390/ijms20051034
https://doi.org/10.1177/09603271211066066
https://doi.org/10.1038/s41593-020-00783-4
https://doi.org/10.1186/s13024-016-0081-8
https://doi.org/10.3389/fphar.2022.884821
https://doi.org/10.1080/15548627.2020.1728096
https://doi.org/10.1080/15548627.2020.1728096
https://doi.org/10.1038/s41418-018-0212-6
https://doi.org/10.1001/jamaneurol.2016.3712
https://doi.org/10.1001/jamaneurol.2016.3712
https://doi.org/10.1002/jnr.24419
https://doi.org/10.3389/fimmu.2019.00790
https://doi.org/10.3389/fimmu.2019.00790
https://doi.org/10.1007/s12640-021-00463-6
https://doi.org/10.1056/NEJMoa1804492
https://doi.org/10.1056/NEJMoa1804492
https://clinicaltrials.gov/ct2/show/NCT04676711
https://doi.org/10.1200/JCO.2018.36.15_suppl.10537
https://doi.org/10.1200/JCO.2018.36.15_suppl.10537
https://doi.org/10.1038/cddis.2015.240
https://clinicaltrials.gov/ct2/show/NCT03590613
https://clinicaltrials.gov/ct2/show/NCT03590613
https://clinicaltrials.gov/ct2/show/NCT03305419
https://clinicaltrials.gov/ct2/show/NCT03305419
https://clinicaltrials.gov/ct2/show/NCT02302404
https://clinicaltrials.gov/ct2/show/NCT02776033
https://clinicaltrials.gov/ct2/show/NCT02903966
https://clinicaltrials.gov/ct2/show/NCT04316585
https://clinicaltrials.gov/ct2/show/NCT04316585
https://clinicaltrials.gov/ct2/show/NCT02858492
https://doi.org/10.1186/s12943-019-1029-8
https://doi.org/10.1186/s12943-019-1029-8
https://doi.org/10.1016/j.arr.2022.101775
https://doi.org/10.1590/0037-8682-0316-2016
https://doi.org/10.1002/jev2.12261
https://doi.org/10.1002/jev2.12261
https://doi.org/10.1007/s00011-016-0934-1
https://doi.org/10.1038/s41593-020-0624-8
https://doi.org/10.1038/nbt.1957
https://doi.org/10.1016/j.nbd.2019.04.009
https://doi.org/10.1016/j.nbd.2019.04.009
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Mitroshina et al.

Harris, P. A., Marinis, J. M., Lich, J. D., Berger, S. B., Chirala, A., Cox, J. A,, et al.
(2019). Identification of a RIP1 kinase inhibitor clinical candidate (GSK3145095) for
the treatment of pancreatic cancer. ACS Med. Chem. Lett. 10, 857-862. doi: 10.1021/
acsmedchemlett.9b00108

He, Y. Y, Xie, X. M., Zhang, H., da Ye, J., Gencer, S., van der Vorst, E. P. C,, et al.
(2021). Corrigendum: Identification of hypoxia induced metabolism associated genes in
pulmonary hypertension. Front. Pharmacol. 12:810178. doi: 10.3389/fphar.2021.810178

Hirayama, Y., and Koizumi, S. (2018). Astrocytes and ischemic tolerance. Neurosci.
Res. 126, 53-59. doi: 10.1016/j.neures.2017.11.013

Ho, C.-Y., Ames, H. M., Tipton, A., Vezina, G., Liu, J. S., Scafidi, J., et al. (2017).
Differential neuronal susceptibility and apoptosis in congenital Zika virus infection. Ann.
Neurol. 82, 121-127. doi: 10.1002/ana.24968

Hollak, C. (2022). “Lipidoses: The sphingolipidoses, lysosomal acid lipase deficiency,
and niemann-pick type C,” in Physician’s guide to the diagnosis, treatment, and follow-up
of inherited metabolic Diseases, eds N. Blau, C. Dionisi Vici, C. R. Ferreira, C. Vianey-
Saban, and C. D. M. van Karnebeek (Cham: Springer). doi: 10.1007/978-3-030-67727-5_
60

Holler, N., Zaru, R., Micheau, O., Thome, M., Attinger, A., Valitutti, S., et al. (2000). Fas
triggers an alternative, caspase-8-independent cell death pathway using the kinase RIP as
effector molecule. Nat. Immunol. 1, 489-495. doi: 10.1038/82732

Hu, Y., Feng, X., Chen, J., Wu, Y., and Shen, L. (2021). Hydrogen rich saline alleviates
early brain injury through inhibition of necroptosis and neuroinflammation via the
ROS/HO 1 signaling pathway after traumatic brain injury. Exp. Ther. Med. 23:126.
doi: 10.3892/etm.2021.11049

Hu, Y.-B., Zhang, Y.-F., Wang, H., Ren, R.-],, Cui, H.-L., Huang, W.-Y,, et al.
(2019). miR-425 deficiency promotes necroptosis and dopaminergic neurodegeneration
in Parkinson’s disease. Cell Death Dis. 10:589. doi: 10.1038/s41419-019-1809-5

Huang, W.-Y,, Lai, Y.-L,, Liu, K.-H,, Lin, S., Chen, H.-Y., Liang, C.-H., et al. (2022).
TNFo-mediated necroptosis in brain endothelial cells as a potential mechanism of
increased seizure susceptibility in mice following systemic inflammation. J. Neuroinflam.
19:29. doi: 10.1186/s12974-022-02406-0

Iannielli, A., Bido, S., Folladori, L., Segnali, A., Cancellieri, C., Maresca, A., et al.
(2018). Pharmacological inhibition of necroptosis protects from dopaminergic neuronal
cell death in Parkinson’s disease models. Cell Rep. 22, 2066-2079. doi: 10.1016/j.celrep.
2018.01.089

Ito, Y., Ofengeim, D., Najafov, A., Das, S., Saberi, S., Li, Y., et al. (2016). RIPK1 mediates
axonal degeneration by promoting inflammation and necroptosis in ALS. Science. 353,
603-608. doi: 10.1126/science.aaf6803

Jayaraman, A., Htike, T. T., James, R., Picon, C., and Reynolds, R. (2021). TNEF-
mediated neuroinflammation is linked to neuronal necroptosis in Alzheimer’s disease
hippocampus. Acta Neuropathol. Commun. 9:159. doi: 10.1186/s40478-021-01264-w

Jeffries, A. M., Suptela, A. J., and Marriott, I. (2022). Z-DNA binding protein 1 mediates
necroptotic and apoptotic cell death pathways in murine astrocytes following herpes
simplex virus-1 infection. J. Neuroinflamm. 19:109. doi: 10.1186/5s12974-022-02469-z

Jia, R, Jia, N., Yang, F,, Liu, Z, Li, R, Jiang, Y., et al. (2019). Hydrogen Alleviates
necroptosis and cognitive deficits in lithium-pilocarpine model of status epilepticus. Cell
Mol. Neurobiol. 39, 857-869. doi: 10.1007/s10571-019-00685-5

Jiang, X., Andjelkovic, A. V., Zhu, L., Yang, T., Bennett, M. V. L., Chen, ], et al. (2018).
Blood-brain barrier dysfunction and recovery after ischemic stroke. Prog. Neurobiol.
163-164, 144-171. doi: 10.1016/j.pneurobio.2017.10.001

Js InnoPharm (2022). LLC. JSI-1187-01 Monotherapy and in combination with
dabrafenib for advanced solid tumors with MAPK pathway mutations NCT04418167.
Available online at: https://clinicaltrials.gov/ct2/show/NCT04418167

Jung, S., Seo, D. J., Yeo, D., Wang, Z., Min, A., Zhao, Z., et al. (2020). Experimental
infection of hepatitis E virus induces pancreatic necroptosis in miniature pigs. Sci. Rep.
10:12022. doi: 10.1038/5s41598-020-68959-3

Kaiser, W. J., Sridharan, H., Huang, C., Mandal, P., Upton, J. W., Gough, P. ], et al.
(2013). Toll-like receptor 3-mediated Necrosis via TRIE, RIP3, and MLKL. J. Biol. Chem.
288, 31268-31279. doi: 10.1074/jbc.M113.462341

Khakh, B. S., and Deneen, B. (2019). The emerging nature of astrocyte diversity. Annu.
Rev. Neurosci. 42, 187-207. doi: 10.1146/annurev-neuro-070918-050443

Khalil, B., El Fissi, N., Aouane, A., Cabirol-Pol, M. J., Rival, T., and Liévens, J. C.
(2015). PINK1-induced mitophagy promotes neuroprotection in Huntington’s disease.
Cell Death Dis. 6:¢1617. doi: 10.1038/cddis.2014.581

Khan, N., Halcrow, P. W., Afghah, Z., Baral, A., Geiger, J. D., and Chen, X. (2022).
HIV-1 Tat endocytosis and retention in endolysosomes affects HIV-1 Tat-induced LTR
transactivation in astrocytes. FASEB J. 36, €22184. doi: 10.1096/fj.202101722R

Khoury, M. K., Gupta, K., Franco, S. R, and Liu, B. (2020). Necroptosis in the
pathophysiology of disease. Am. J. Pathol. 190, 272-285. doi: 10.1016/j.ajpath.2019.10.012

Kim, J.-E., Ryu, H. J., Kim, M.-].,, Kim, D.-W., Kwon, O.-S., Choi, S. Y., et al. (2010).
Pyridoxal-5’-phosphate phosphatase/chronophin induces astroglial apoptosis via actin-
depolymerizing factor/cofilin system in the rat brain following status epilepticus. Glia 58,
1937-1948. doi: 10.1002/glia.21063

Klockgether, T., Mariotti, C., and Paulson, H. L. (2019). Spinocerebellar ataxia. Nat.
Rev. Dis. Primers 5:24. doi: 10.1038/s41572-019-0074-3

Koizumi, S., Hirayama, Y., and Morizawa, Y. M. (2018). New roles of reactive
astrocytes in the brain; an organizer of cerebral ischemia. Neurochem. Int. 119, 107-114.
doi: 10.1016/j.neuint.2018.01.007

Frontiers in Aging Neuroscience

10.3389/fnagi.2022.1016053

Koper, M. J., van Schoor, E., Ospitalieri, S., Vandenberghe, R., Vandenbulcke, M.,
von Arnim, C. A. F,, et al. (2020). Necrosome complex detected in granulovacuolar
degeneration is associated with neuronal loss in Alzheimer’s disease. Acta Neuropathol.
139, 463-484. doi: 10.1007/s00401-019-02103-y

Laster, S. M., Wood, J. G., and Gooding, L. R. (1988). Tumor necrosis factor can induce
both apoptic and necrotic forms of cell lysis. J. Immunol. 141, 2629-2634.

Lau, L. T,, and Yu, A. C.-H. (2001). Astrocytes produce and release interleukin-1,
Interleukin-6, tumor necrosis factor alpha and interferon-gamma following traumatic
and metabolic injury. J. Neurotrauma 18, 351-359. doi: 10.1089/0897715015107
1035

Li, J, McQuade, T., Siemer, A. B., Napetschnig, J., Moriwaki, K., Hsiao, Y.-
S., et al. (2012). The RIP1/RIP3 necrosome forms a functional amyloid signaling
complex required for programmed necrosis. Cell 150, 339-350. doi: 10.1016/j.cell.2012.0
6.019

Li, K, Li, J., Zheng, J., and Qin, S. (2019). Reactive astrocytes in neurodegenerative
diseases. Aging Dis. 10:664. doi: 10.14336/AD.2018.0720

Li, L., Tan, H., Zou, Z., Gong, J., Zhou, J., Peng, N, et al. (2020). Preventing necroptosis
by scavenging ROS production alleviates heat stress-induced intestinal injury. Int. J.
Hyperther. 37, 517-530. doi: 10.1080/02656736.2020.1763483

Li, S, Qu, L., Wang, X,, and Kong, L. (2022a). Novel insights into RIPK1 as a
promising target for future Alzheimer’s disease treatment. Pharmacol. Ther. 231:107979.
doi: 10.1016/j.pharmthera.2021.107979

Li, S, Zhang, L., Yao, Q. Li, L., Dong, N., Rong, J., et al. (2013). Pathogen blocks
host death receptor signalling by arginine GlcNAcylation of death domains. Nature 501,
242-246. doi: 10.1038/nature12436

Li, Z., Hao, Y., Yang, C,, Yang, Q., Wu, S., Ma, H,, et al. (2022b). Design, synthesis,
and evaluation of potent RIPK1 inhibitors with in vivo anti—inﬂammatory activity. Eur. J.
Med. Chem. 228:114036. doi: 10.1016/j.ejmech.2021.114036

Liddelow, S. A., Guttenplan, K. A, Clarke, L. E., Bennett, F. C., Bohlen, C. J., Schirmer,
L., etal. (2017). Neurotoxic reactive astrocytes are induced by activated microglia. Nature
541, 481-487. doi: 10.1038/nature21029

Lin, D.-Q,, Cai, X.-Y., Wang, C.-H.,, Yang, B, and Liang, R.-S. (2020a). Optimal
concentration of necrostatin-1 for protecting against hippocampal neuronal damage
in mice with status epilepticus. Neural Regen. Res. 15:936. doi: 10.4103/1673-5374.26
8903

Lin, Q-S., Chen, P., Wang, W.-X,, Lin, C.-C., Zhou, Y., Yu, L.-H.,, et al. (2020b).
RIP1/RIP3/MLKL mediates dopaminergic neuron necroptosis in a mouse model of
Parkinson disease. Lab. Invest. 100, 503-511. doi: 10.1038/s41374-019-0319-5

Liu, C,, Chen, Y., Cui, W., Cao, Y., Zhao, L., Wang, H., et al. (2021a). Inhibition of
neuronal necroptosis mediated by RIP1/RIP3/MLKL provides neuroprotective effects
on kaolin-induced hydrocephalus in mice. Cell Prolif. 54:e13108. doi: 10.1111/cpr.1
3108

Liu, H., Zhang, M., Dong, X,, Liu, Y., Hao, Y., and Wang, Y. (2019a). Necrostatin-1
protects against ischemia/reperfusion injury by inhibiting receptor-interacting protein 1
in a rat flap model. J. Plastic Reconstr. Aesthetic Surg. 72, 194-202. doi: 10.1016/j.bjps.
2018.10.019

Liu, S., Chen, Y., Wang, S., and Yu, Q. (2020). Protective effect of dabrafenib on renal
ischemia-reperfusion injury in vivo and in vitro. Biochem. Biophys. Res. Commun. 522,
395-401. doi: 10.1016/j.bbrc.2019.11.105

Liu, Y., Liu, T., Lei, T., Zhang, D., Du, S., Girani, L., et al. (2019b). RIP1/RIP3-regulated
necroptosis as a target for multifaceted disease therapy (Review). Int. J. Mol. Med. 44,
771-786. doi: 10.3892/ijmm.2019.4244

Liu, Y., Xu, Q., Wang, Y., Liang, T., Li, X., Wang, D., et al. (2021b). Necroptosis is active
and contributes to intestinal injury in a piglet model with lipopolysaccharide challenge.
Cell Death Dis. 12:62. doi: 10.1038/s41419-020-03365- 1

Liu, Z., Nailwal, H., Rector, J., Rahman, M. M., Sam, R., McFadden, G., et al. (2021c¢).
A class of viral inducer of degradation of the necroptosis adaptor RIPK3 regulates
virus-induced inflammation. Immunity 54, 247.e-258.e. doi: 10.1016/j.immuni.2020.1
1.020

Liu, Z.-M., Chen, Q.-X., Chen, Z.-B., Tian, D.-F,, Li, M.-C., Wang, J.-M., et al. (2018).
RIP3 deficiency protects against traumatic brain injury (TBI) through suppressing
oxidative stress, inflammation and apoptosis: Dependent on AMPK pathway. Biochem.
Biophys. Res. Commun. 499, 112-119. doi: 10.1016/j.bbrc.2018.02.150

Loprinzi, P. (2019). The role of astrocytes on the effects of exercise on episodic memory
function. Physiol. Int. 106, 21-28. doi: 10.1556/2060.106.2019.04

Lule, S., Wu, L., Sarro-Schwartz, A., Edmiston, W. J., Izzy, S., Songtachalert, T., et al.
(2021). Cell-specific activation of RIPK1 and MLKL after intracerebral hemorrhage in
mice. J. Cereb. Blood Flow Metabol. 41, 1623-1633. doi: 10.1177/0271678X20973609

MacDonald, M. E., Ambrose, C. M., Duyao, M. P., Myers, R. H., Lin, C., Srinidhi, L.,
etal. (1993). A novel gene containing a trinucleotide repeat that is expanded and unstable
on Huntington’s disease chromosomes. Cell 72, 971-983. doi: 10.1016/0092-8674(93)
90585-E

Mahmoud, S., Gharagozloo, M., Simard, C., and Gris, D. (2019). Astrocytes maintain
glutamate homeostasis in the CNS by controlling the balance between glutamate uptake
and release. Cells 8:184. doi: 10.3390/cells8020184

Majo, M., Koontz, M., Rowitch, D., and Ullian, E. M. (2020). An update on human
astrocytes and their role in development and disease. Glia 68, 685-704. doi: 10.1002/glia.
23771

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1016053
https://doi.org/10.1021/acsmedchemlett.9b00108
https://doi.org/10.1021/acsmedchemlett.9b00108
https://doi.org/10.3389/fphar.2021.810178
https://doi.org/10.1016/j.neures.2017.11.013
https://doi.org/10.1002/ana.24968
https://doi.org/10.1007/978-3-030-67727-5_60
https://doi.org/10.1007/978-3-030-67727-5_60
https://doi.org/10.1038/82732
https://doi.org/10.3892/etm.2021.11049
https://doi.org/10.1038/s41419-019-1809-5
https://doi.org/10.1186/s12974-022-02406-0
https://doi.org/10.1016/j.celrep.2018.01.089
https://doi.org/10.1016/j.celrep.2018.01.089
https://doi.org/10.1126/science.aaf6803
https://doi.org/10.1186/s40478-021-01264-w
https://doi.org/10.1186/s12974-022-02469-z
https://doi.org/10.1007/s10571-019-00685-5
https://doi.org/10.1016/j.pneurobio.2017.10.001
https://clinicaltrials.gov/ct2/show/NCT04418167
https://doi.org/10.1038/s41598-020-68959-3
https://doi.org/10.1074/jbc.M113.462341
https://doi.org/10.1146/annurev-neuro-070918-050443
https://doi.org/10.1038/cddis.2014.581
https://doi.org/10.1096/fj.202101722R
https://doi.org/10.1016/j.ajpath.2019.10.012
https://doi.org/10.1002/glia.21063
https://doi.org/10.1038/s41572-019-0074-3
https://doi.org/10.1016/j.neuint.2018.01.007
https://doi.org/10.1007/s00401-019-02103-y
https://doi.org/10.1089/08977150151071035
https://doi.org/10.1089/08977150151071035
https://doi.org/10.1016/j.cell.2012.06.019
https://doi.org/10.1016/j.cell.2012.06.019
https://doi.org/10.14336/AD.2018.0720
https://doi.org/10.1080/02656736.2020.1763483
https://doi.org/10.1016/j.pharmthera.2021.107979
https://doi.org/10.1038/nature12436
https://doi.org/10.1016/j.ejmech.2021.114036
https://doi.org/10.1038/nature21029
https://doi.org/10.4103/1673-5374.268903
https://doi.org/10.4103/1673-5374.268903
https://doi.org/10.1038/s41374-019-0319-5
https://doi.org/10.1111/cpr.13108
https://doi.org/10.1111/cpr.13108
https://doi.org/10.1016/j.bjps.2018.10.019
https://doi.org/10.1016/j.bjps.2018.10.019
https://doi.org/10.1016/j.bbrc.2019.11.105
https://doi.org/10.3892/ijmm.2019.4244
https://doi.org/10.1038/s41419-020-03365-1
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.immuni.2020.11.020
https://doi.org/10.1016/j.bbrc.2018.02.150
https://doi.org/10.1556/2060.106.2019.04
https://doi.org/10.1177/0271678X20973609
https://doi.org/10.1016/0092-8674(93)90585-E
https://doi.org/10.1016/0092-8674(93)90585-E
https://doi.org/10.3390/cells8020184
https://doi.org/10.1002/glia.23771
https://doi.org/10.1002/glia.23771
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Mitroshina et al.

Martens, S., Hofmans, S., Declercq, W., Augustyns, K., and Vandenabeele, P. (2020).
Inhibitors targeting RIPKI/RIPK3: Old and new drugs. Trends. Pharmacol. Sci. 41,
209-224. doi: 10.1016/j.tips.2020.01.002

McAlpine, C. S., Park, J., Griciug, A., Kim, E., Choi, S. H., Iwamoto, Y., et al. (2021).
Astrocytic interleukin-3 programs microglia and limits Alzheimer’s disease. Nature 595,
701-706. doi: 10.1038/s41586-021-03734-6

Mengying, Z., Yiyue, X., Tong, P., Yue, H., Limpanont, Y., Ping, H., et al. (2017).
Apoptosis and necroptosis of mouse hippocampal and parenchymal astrocytes, microglia
and neurons caused by Angiostrongylus cantonensis infection. Parasit. Vect. 10:611.
doi: 10.1186/s13071-017-2565-y

Messelodi, D., Bertuccio, S. N., Indio, V., Strocchi, S., Taddia, A., Serravalle, S., et al.
(2021). Ipsc-derived gaucher macrophages display growth impairment and activation of
inflammation-related cell death. Cells 10:2822. doi: 10.3390/cells10112822

Mishchenko, T., Balalaeva, I., Gorokhova, A., Vedunova, M., and Krysko, D. V. (2022).
Which cell death modality wins the contest for photodynamic therapy of cancer? Cell
Death Dis. 13:455. doi: 10.1038/s41419-022-04851-4

Mitroshina, E. V., Krivonosov, M. L, Burmistrov, D. E., Savyuk, M. O., Mishchenko,
T. A., Ivanchenko, M. V., et al. (2020). Signatures of the consolidated response of
astrocytes to ischemic factors in vitro. Int. J. Mol. Sci. 21:7952. doi: 10.3390/ijms21217952

Mitroshina, E. V., Loginova, M. M., Yarkov, R. S., Urazov, M. D., Novozhilova, M. O.,
Krivonosov, M. I, et al. (2022). Inhibition of neuronal necroptosis mediated by RIPK1
provides neuroprotective effects on hypoxia and ischemia in vitro and in vivo. Int. J. Mol.
Sci. 23:735. doi: 10.3390/ijms23020735

Mizuta, 1., Ohta, M., Ohta, K., Nishimura, M., Mizuta, E., and Kuno, S. (2001). Riluzole
stimulates nerve growth factor, brain-derived neurotrophic factor and glial cell line-
derived neurotrophic factor synthesis in cultured mouse astrocytes. Neurosci. Lett. 310,
117-120. doi: 10.1016/S0304-3940(01)02098-5

Moerke, C., Jaco, L., Dewitz, C., Miiller, T., Jacobsen, A. V., Gautheron, J., et al. (2019).
The anticonvulsive Phenhydan® suppresses extrinsic cell death. Cell Death Differ. 26,
1631-1645. doi: 10.1038/s41418-018-0232-2

Mou, F., and Mou, C. (2020). Necrostatin-1 alleviates bleomycin-induced pulmonary
fibrosis and extracellular matrix expression in interstitial pulmonary fibrosis. Med. Sci.
Monit. 26:¢919739. doi: 10.12659/MSM.919739

Murai, S., Yamaguchi, Y., Shirasaki, Y., Yamagishi, M., Shindo, R., Hildebrand, J. M.,
et al. (2018). A FRET biosensor for necroptosis uncovers two different modes of the
release of DAMPs. Nat. Commun. 9:4457. doi: 10.1038/s41467-018-06985-6

Murphy, J. M., Czabotar, P. E,, Hildebrand, J. M., Lucet, I. S., Zhang, J.-G., Alvarez-
Diaz, S., et al. (2013). The Pseudokinase MLKL mediates necroptosis via a molecular
switch mechanism. Immunity 39, 443-453. doi: 10.1016/j.immuni.2013.06.018

Murru, S., Hess, S., Barth, E., Almajan, E. R., Schatton, D., Hermans, S., et al
(2019). Astrocyte-specific deletion of the mitochondrial m-AAA protease reveals glial
contribution to neurodegeneration. Glia 67, 1526-1541. doi: 10.1002/glia.23626

Nagai, M., Re, D. B., Nagata, T., Chalazonitis, A., Jessell, T. M., Wichterle, H., et al.
(2007). Astrocytes expressing ALS-linked mutated SOD1 release factors selectively toxic
to motor neurons. Nat. Neurosci. 10, 615-622. doi: 10.1038/nn1876

Nakashima, M. N., Yamashita, K., Kataoka, Y., Yamashita, Y. S., and Niwa, M. (1995).
Time course of nitric oxide synthase activity in neuronal, glial, and endothelial cells
of rat striatum following focal cerebral ischemia. Cell Mol. Neurobiol. 15, 341-349.
doi: 10.1007/BF02089944

Ni, Y., Gu, W.-W,, Liu, Z.-H., Zhu, Y.-M,, Rong, J.-G., Kent, T. A,, et al. (2018).
RIP1K Contributes to neuronal and astrocytic cell death in ischemic stroke via activating
autophagic-lysosomal pathway. Neuroscience 371, 60-74. doi: 10.1016/j.neuroscience.
2017.10.038

Niu, A, Lin, L., Zhang, D., Jiang, K., Weng, D., Zhou, W,, et al. (2022). Discovery
of novel 2,8-diazaspiro[4.5]decan-1-one derivatives as potent RIPK1 kinase inhibitors.
Bioorg. Med. Chem. 59:116686. doi: 10.1016/j.bmc.2022.116686

Novartis (2022). A study of dabrafenib in combination with trametinib in chinese
patients with BRAF V600E mutant metastatic NSCLC NCT04452877. Available online at:
https://clinicaltrials.gov/ct2/show/NCT04452877

Ochaba, J., Lukacsovich, T., Csikos, G., Zheng, S., Margulis, J., Salazar, L., et al. (2014).

Potential function for the Huntingtin protein as a scaffold for selective autophagy. Proc.
Natl. Acad. Sci. 111, 16889-16894. doi: 10.1073/pnas.1420103111

Ofengeim, D., Ito, Y., Najafov, A., Zhang, Y., Shan, B., DeWitt, J. P., et al. (2015).
Activation of necroptosis in multiple sclerosis. Cell Rep. 10, 1836-1849. doi: 10.1016/j.
celrep.2015.02.051

Oh, J., Vidal-Jordana, A., and Montalban, X. (2018). Multiple sclerosis: Clinical aspects.
Curr. Opin. Neurol. 31, 752-759. doi: 10.1097/WC0.0000000000000622

Okaniwa, M., Hirose, M., Arita, T., Yabuki, M., Nakamura, A., Takagi, T., et al. (2013).
“Abstract C255: Discovery of TAK-632: A selective kinase inhibitor of pan-RAF with
potent antitumor activity against BRAF and NRAS mutant melanomas,” in Therapeutic
agents: Small molecule kinase inhibitors, (Philadelphia, PA: American Association for
Cancer Research), C255-C255. doi: 10.1158/1535-7163.TARG-13-C255

Olney, N. T., Spina, S., and Miller, B. L. (2017). Frontotemporal dementia. Neurol. Clin.
35, 339-374. doi: 10.1016/j.nc1.2017.01.008

Onate, M., Catenaccio, A., Salvadores, N., Saquel, C., Martinez, A., Moreno-Gonzalez,
I, et al. (2020). The necroptosis machinery mediates axonal degeneration in a model of
Parkinson disease. Cell Death Differ. 27, 1169-1185. doi: 10.1038/s41418-019-0408-4

Frontiers in Aging Neuroscience

10.3389/fnagi.2022.1016053

Orozco, S., and Oberst, A. (2017). RIPK3 in cell death and inflammation: The good,
the bad, and the ugly. Immunol. Rev. 277, 102-112. doi: 10.1111/imr.12536

Park, J., Al-Ramabhi, I, Tan, Q., Mollema, N., Diaz-Garcia, J. R., Gallego-Flores, T.,
et al. (2013). RAS-MAPK-MSK1 pathway modulates ataxin 1 protein levels and toxicity
in SCA1. Nature 498, 325-331. doi: 10.1038/nature12204

Park, J., Ha, H.-J., Chung, E. S., Baek, S. H., Cho, Y., Kim, H. K, et al. (2021). O
-GlcNAcylation ameliorates the pathological manifestations of Alzheimer’s disease by
inhibiting necroptosis. Sci. Adv. 7. doi: 10.1126/sciadv.abd3207

Pestana, F., Edwards-Faret, G., Belgard, T. G., Martirosyan, A., and Holt, M. G.
(2020). No longer underappreciated: The emerging concept of astrocyte heterogeneity
in neuroscience. Brain Sci. 10:168. doi: 10.3390/brainscil0030168

Philippot, C., Griemsmann, S., Jabs, R., Seifert, G., Kettenmann, H., and Steinhiuser,
C. (2021). Astrocytes and oligodendrocytes in the thalamus jointly maintain synaptic
activity by supplying metabolites. Cell Rep. 34:108642. doi: 10.1016/j.celrep.2020.10
8642

Picon, C,, Jayaraman, A., James, R., Beck, C., Gallego, P., Witte, M. E,, et al. (2021).
Neuron-specific activation of necroptosis signaling in multiple sclerosis cortical grey
matter. Acta Neuropathol. 141, 585-604. doi: 10.1007/s00401-021-02274-7

Prikhod’ko, E. A., Prikhod’ko, G. G., Siegel, R. M., Thompson, P., Major, M. E., and
Cohen, J. I. (2004). The NS3 protein of hepatitis C virus induces caspase-8-mediated
apoptosis independent of its protease or helicase activities. Virology 329, 53-67. doi:
10.1016/j.virol.2004.08.012

Qian, X., Zhang, C., Zhou, Z, Cao, X., Zhang, C., Chen, T., et al. (2022).
Controlled decompression attenuates brain damage in a rat model of epidural
extreme intracranial hypertension: Partially via inhibiting necroptosis and
inflammatory response. Neurochem. Int. 153:105257. doi: 10.1016/j.neuint.2021.10
5257

Qu, Y., Shi, J,, Tang, Y., Zhao, F,, Li, S., Meng, J., et al. (2016). MLKL inhibition
attenuates hypoxia-ischemia induced neuronal damage in developing brain. Exp. Neurol.
279, 223-231. doi: 10.1016/j.expneurol.2016.03.011

Quarato, G., Guy, C. S, Grace, C. R, Llambi, F., Nourse, A., Rodriguez,
D. A, et al. (2016). Sequential engagement of distinct MLKL phosphatidylinositol-
binding sites executes necroptosis. Mol. Cell 61, 589-601. doi: 10.1016/j.molcel.2016.0
1.011

Re, D. B, Le Verche, V., Yu, C., Amoroso, M. W., Politi, K. A., Phani, S., et al. (2014).
Necroptosis Drives motor neuron death in models of both sporadic and familial ALS.
Neuron 81, 1001-1008. doi: 10.1016/j.neuron.2014.01.011

Robert, C., Karaszewska, B., Schachter, J., Rutkowski, P., Mackiewicz, A., Stroiakovski,
D., et al. (2015). Improved overall survival in melanoma with combined dabrafenib and
trametinib. N Eng. J. Med. 372, 30-39. doi: 10.1056/NEJMoa1412690

Ruano, L., Melo, C,, Silva, M. C., and Coutinho, P. (2014). The global epidemiology
of hereditary ataxia and spastic paraplegia: A systematic review of prevalence studies.
Neuroepidemiology 42, 174-183. doi: 10.1159/000358801

Saeidikhoo, S., Ezi, S., Khatmi, A., Aghajanpour, F., Soltani, R., Abdollahifar, M. A.,
et al. (2020). Effect of sertoli cell transplantation on reducing neuroinflammation-
induced necroptosis and improving motor coordination in the rat model of cerebellar
ataxia induced by 3-acetylpyridine. J. Mol. Neurosci. 70, 1153-1163. doi: 10.1007/s12031-
020-01522-x

Saint Petersburg State University (2021). ESMO 2021(E-Poster) Dabrafenib and
Trametinib Combination as a Neoadjuvant Strategy in BRAF-positive Anaplastic Thyroid
Cancer (ANAPLAST-NEO) NCT04739566. Available online at: https://clinicaltrials.gov/
ct2/show/NCT04739566

Salvadores, N., Moreno-Gonzalez, I, Gamez, N., Quiroz, G., Vegas-Gomez,
L, Escandén, M. et al. (2022). AP oligomers trigger necroptosis-mediated
neurodegeneration via microglia activation in Alzheimer’s disease. Acta Neuropathol.
Commun. 10:31. doi: 10.1186/s40478-022-01332-9

Sandhoff, K. (2013). Metabolic and cellular bases of sphingolipidoses. Biochem. Soc.
Trans. 41, 1562-1568. doi: 10.1042/BST20130083

Sanofi (2021a). Single ascending dose study of SAR443820 in healthy adult chinese
and japanese female and male participants NCT02968966. Available online at: https:
//clinicaltrials.gov/ct2/show/NCT04982991

Sanofi (2021b). Single ascending dose study of SAR443820 in healthy adult chinese
and japanese female and male participants NCT04982991. Available online at: https:
//clinicaltrials.gov/ct2/show/NCT04982991

Sanofi (2022b). Proof of Concept Study of SAR443122 in patients with cutaneous lupus
erythematosus (CLEan) NCT04781816. Available online at: https://clinicaltrials.gov/ct2/
show/NCT04781816

Sanofi (2022a). A Phase 1b trial to evaluate safety and effect of SAR443122 on immune
system in severe COVID-19 NCT04469621. Available online at: https://clinicaltrials.gov/
ct2/show/NCT 04469621

Sanofi (2022c). Study to evaluate DNL747 in subjects with amyotrophic lateral sclerosis
NCT03757351. Available online at: https://clinicaltrials.gov/ct2/show/NCT03757351

Scharfman, H. E.,, and Buckmaster, P. S. eds (2014). Issues in clinical epileptology: A
view from the bench. Dordrecht: Springer Netherlands. doi: 10.1007/978-94-017-8914-1

Semyanov, A., and Verkhratsky, A. (2021). Astrocytic processes: From tripartite
synapses to the active milieu. Trends. Neurosci. 44, 781-792. doi: 10.1016/j.tins.2021.07.
006

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1016053
https://doi.org/10.1016/j.tips.2020.01.002
https://doi.org/10.1038/s41586-021-03734-6
https://doi.org/10.1186/s13071-017-2565-y
https://doi.org/10.3390/cells10112822
https://doi.org/10.1038/s41419-022-04851-4
https://doi.org/10.3390/ijms21217952
https://doi.org/10.3390/ijms23020735
https://doi.org/10.1016/S0304-3940(01)02098-5
https://doi.org/10.1038/s41418-018-0232-2
https://doi.org/10.12659/MSM.919739
https://doi.org/10.1038/s41467-018-06985-6
https://doi.org/10.1016/j.immuni.2013.06.018
https://doi.org/10.1002/glia.23626
https://doi.org/10.1038/nn1876
https://doi.org/10.1007/BF02089944
https://doi.org/10.1016/j.neuroscience.2017.10.038
https://doi.org/10.1016/j.neuroscience.2017.10.038
https://doi.org/10.1016/j.bmc.2022.116686
https://clinicaltrials.gov/ct2/show/NCT04452877
https://doi.org/10.1073/pnas.1420103111
https://doi.org/10.1016/j.celrep.2015.02.051
https://doi.org/10.1016/j.celrep.2015.02.051
https://doi.org/10.1097/WCO.0000000000000622
https://doi.org/10.1158/1535-7163.TARG-13-C255
https://doi.org/10.1016/j.ncl.2017.01.008
https://doi.org/10.1038/s41418-019-0408-4
https://doi.org/10.1111/imr.12536
https://doi.org/10.1038/nature12204
https://doi.org/10.1126/sciadv.abd3207
https://doi.org/10.3390/brainsci10030168
https://doi.org/10.1016/j.celrep.2020.108642
https://doi.org/10.1016/j.celrep.2020.108642
https://doi.org/10.1007/s00401-021-02274-7
https://doi.org/10.1016/j.virol.2004.08.012
https://doi.org/10.1016/j.virol.2004.08.012
https://doi.org/10.1016/j.neuint.2021.105257
https://doi.org/10.1016/j.neuint.2021.105257
https://doi.org/10.1016/j.expneurol.2016.03.011
https://doi.org/10.1016/j.molcel.2016.01.011
https://doi.org/10.1016/j.molcel.2016.01.011
https://doi.org/10.1016/j.neuron.2014.01.011
https://doi.org/10.1056/NEJMoa1412690
https://doi.org/10.1159/000358801
https://doi.org/10.1007/s12031-020-01522-x
https://doi.org/10.1007/s12031-020-01522-x
https://clinicaltrials.gov/ct2/show/NCT04739566
https://clinicaltrials.gov/ct2/show/NCT04739566
https://doi.org/10.1186/s40478-022-01332-9
https://doi.org/10.1042/BST20130083
https://clinicaltrials.gov/ct2/show/NCT04982991
https://clinicaltrials.gov/ct2/show/NCT04982991
https://clinicaltrials.gov/ct2/show/NCT04982991
https://clinicaltrials.gov/ct2/show/NCT04982991
https://clinicaltrials.gov/ct2/show/NCT04781816
https://clinicaltrials.gov/ct2/show/NCT04781816
https://clinicaltrials.gov/ct2/show/NCT04469621
https://clinicaltrials.gov/ct2/show/NCT04469621
https://clinicaltrials.gov/ct2/show/NCT03757351
https://doi.org/10.1007/978-94-017-8914-1
https://doi.org/10.1016/j.tins.2021.07.006
https://doi.org/10.1016/j.tins.2021.07.006
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Mitroshina et al.

She, X., Lan, B, Tian, H., and Tang, B. (2020). Cross talk between ferroptosis and
cerebral ischemia. Front. Neurosci. 14:776. doi: 10.3389/fnins.2020.00776

Shimada, Y., Sato, Y., Tachikawa, R., Hara, S., and Tomii, K. (2021). Gastrointestinal
perforation following dabrafenib and trametinib administration in non-small cell lung
carcinoma with BRAF V600E mutation: A case report and literature review. Invest. New
Drugs 39, 1702-1706. doi: 10.1007/s10637-021-01135-0

Shpilyukova, Y. A., Fedotova, E. Y., and Illarioshkin, S. N. (2020). Genetic
diversity in frontotemporal dementia. Molekuliarnaia Biol. 54, 17-28. doi: 10.31857/
50026898420010139

Simpson, J., Loh, Z., Ullah, M. A, Lynch, J. P., Werder, R. B., Collinson, N., et al. (2020).
Respiratory syncytial virus infection promotes necroptosis and HMGBI release by airway
epithelial cells. Am. J. Respir. Crit. Care Med. 201, 1358-1371. doi: 10.1164/rccm.201906-
11490C

Sofroniew, M. V., and Vinters, H. V. (2010). Astrocytes: Biology and pathology. Acta
Neuropathol. 119, 7-35. doi: 10.1007/s00401-009-0619-8

Song, S., Huang, H., Guan, X,, Fiesler, V., Bhuiyan, M. I. H,, Liu, R,, et al. (2021).
Activation of endothelial Wnt/B-catenin signaling by protective astrocytes repairs BBB
damage in ischemic stroke. Prog. Neurobiol. 199:101963. doi: 10.1016/j.pneurobio.2020.
101963

Sugaya, T., Kanno, H., Matsuda, M., Handa, K., Tateda, S., Murakami, T., et al.
(2019). B-RAFV600E Inhibitor dabrafenib attenuates RIPK3-mediated necroptosis and
promotes functional recovery after spinal cord injury. Cells 8:1582. doi: 10.3390/
cells8121582

Sullivan, R., Yau, W. Y., O’Connor, E., and Houlden, H. (2019). Spinocerebellar ataxia:
An update. J. Neurol. 266, 533-544. doi: 10.1007/s00415-018-9076-4

Sun, L., and Wang, X. (2014). A new kind of cell suicide: Mechanisms and functions of
programmed necrosis. Trends. Biochem. Sci. 39, 587-593. doi: 10.1016/j.tibs.2014.10.003

Sun, Y., Chen, X,, Ou, Z., Wang, Y., Chen, W., Zhao, T, et al. (2022). Dysmyelination
by Oligodendrocyte-Specific Ablation of Ninj2 contributes to depressive-like behaviors.
Ady. Sci. 9:€2103065. doi: 10.1002/advs.202103065

Taran, A. S., Shuvalova, L. D., Lagarkova, M. A., and Alieva, I. B. (2020). Huntington’s
disease-an outlook on the interplay of the HTT protein, microtubules and actin
cytoskeletal components. Cells 9:e2103065. doi: 10.3390/cells9061514

Tenev, T., Bianchi, K., Darding, M., Broemer, M., Langlais, C., Wallberg, F., et al.
(2011). The ripoptosome, a signaling platform that assembles in response to genotoxic
stress and loss of IAPs. Mol. Cell 43, 432-448. doi: 10.1016/j.molcel.2011.06.006

Tsunemi, T., Ishiguro, Y., Yoroisaka, A., Valdez, C., Miyamoto, K., Ishikawa, K.,
et al. (2020). Astrocytes Protect Human Dopaminergic Neurons from a-Synuclein
Accumulation and Propagation. J. Neurosci. 40, 8618-8628. doi: 10.1523/JNEUROSCI.
0954-20.2020

Ubuka, T., and Tsutsui, K. (2022). Neuropeptidergic control of neurosteroids
biosynthesis. Front. Neuroendocrinol. 65:100976. doi: 10.1016/j.yfrne.2021.100976

Uenaka, T., Satake, W., Cha, P.-C., Hayakawa, H., Baba, K, Jiang, S., et al. (2018).
In silico drug screening by using genome-wide association study data repurposed
dabrafenib, an anti-melanoma drug, for Parkinson’s disease. Hum. Mol. Genet. 27,
3974-3985. doi: 10.1093/hmg/ddy279

Universitas Sriwijaya (2019). Resuscitation failure, oxidative stress, and necroptosis
as mortality predictor in septic patient NCT04169412. Available online at: https://
clinicaltrials.gov/ct2/show/NCT04169412

Upton, J. W, Kaiser, W. J., and Mocarski, E. S. (2008). Cytomegalovirus M45 cell
death suppression requires receptor-interacting protein (RIP) homotypic interaction
motif (RHIM)-dependent Interaction with RIP1. J. Biol. Chem. 283, 16966-16970. doi:
10.1074/jbc.C800051200

Upton, J. W., Kaiser, W. J., and Mocarski, E. S. (2012). DAI/ZBP1/DLM-1 Complexes
with RIP3 to mediate virus-induced programmed necrosis that is targeted by murine
cytomegalovirus vIRA. Cell Host Microbe 11, 290-297. doi: 10.1016/j.chom.2012.01.016

van den Pol, A. N,, Mao, G., Yang, Y., Ornaghi, S., and Davis, J. N. (2017). Zika virus
targeting in the developing brain. J. Neurosci. 37, 2161-2175. doi: 10.1523/JNEUROSCI.
3124-16.2017

Vanier, M. T., Caillaud, C., and Levade, T. (2016). “Disorders of sphingolipid synthesis,
sphingolipidoses, niemann-pick disease type C and neuronal Ceroid lipofuscinoses,”
in Inborn metabolic diseases: Diagnosis and treatment, 6th Edn. eds J.-M. Saudubray,
M.R. Baumgartner, A. Garcia-Cazorla and J.H. Walter (Springer: Berlin) 551-575 doi:
10.1007/978-3-662-49771-5_38

Venderova, K., and Park, D. S. (2012). Programmed Cell death in Parkinson’s disease.
Cold Spring Harb. Perspect. Med. 2, 2009365-a009365. doi: 10.1101/cshperspect.a009365

Vitner, E. B., Salomon, R., Farfel-Becker, T., Meshcheriakova, A., Ali, M., Klein, A. D.,
et al. (2014). RIPK3 as a potential therapeutic target for Gaucher’s disease. Nat. Med. 20,
204-208. doi: 10.1038/nm.3449

von Missenhausen, A., Tonnus, W., Himmerkus, N., Parmentier, S., Saleh, D.,
Rodriguez, D, et al. (2018). Phenytoin inhibits necroptosis. Cell Death Dis. 9:359. doi:
10.1038/541419-018-0394-3

Walker, E. R,, McGee, R. E., and Druss, B. G. (2015). Mortality in mental disorders
and global disease burden implications a systematic review and meta-analysis. JAMA
Psychiatry 72, 334-341. doi: 10.1001/jamapsychiatry.2014.2502

Wang, J. R, Zafereo, M. E., Dadu, R., Ferrarotto, R., Busaidy, N. L., Lu, C,, et al.
(2019). Complete surgical resection following neoadjuvant dabrafenib plus trametinib

Frontiers in Aging Neuroscience

17

10.3389/fnagi.2022.1016053

in BRAF V600E -mutated anaplastic thyroid carcinoma. Thyroid 29, 1036-1043. doi:
10.1089/thy.2019.0133

Wang, J., Ho, W. Y., Lim, K., Feng, J., Tucker-Kellogg, G., Nave, K. A, et al
(2018). Cell-autonomous requirement of TDP-43, an ALS/FTD signature protein, for
oligodendrocyte survival and myelination. Proc. Natl. Acad. Sci. U.S.A. 115, E10941-
E10950. doi: 10.1073/pnas.1809821115

Wang, T., Perera, N. D., Chiam, M. D. F., Cuic, B., Wanniarachchillage, N., Tomas,
D., et al. (2020). Necroptosis is dispensable for motor neuron degeneration in a
mouse model of ALS. Cell Death Differ. 27, 1728-1739. doi: 10.1038/s41418-019-0
457-8

Wang, W, Xie, L., Zou, X,, Li, N,, Yang, Y., Wu, Z, et al. (2021). Inhibition of
extracellular signal-regulated kinase/calpain-2 pathway reduces neuroinflammation and
necroptosis after cerebral ischemia-reperfusion injury in a rat model of cardiac arrest.
Int. Immunopharmacol. 93:107377. doi: 10.1016/j.intimp.2021.107377

Wang, Z., Jiang, H., Chen, S., Du, F,, and Wang, X. (2012). The mitochondrial
phosphatase PGAM5 functions at the convergence point of multiple necrotic death
pathways. Cell 148, 228-243. doi: 10.1016/j.cell.2011.11.030

Wehn, A. C,, Khalin, I, Duering, M., Hellal, F., Culmsee, C., Vandenabeele, P., et al.
(2021). RIPK1 or RIPK3 deletion prevents progressive neuronal cell death and improves
memory function after traumatic brain injury. Acta Neuropathol. Commun. 9:138. doi:
10.1186/540478-021-01236-0

Wen, C,, Yu, Y., Gao, C,, Qi, X,, Cardona, C. ., and Xing, Z. (2021). RIPK3-dependent
necroptosis is induced and restricts viral replication in human astrocytes infected with
zika virus. Front. Cell Infect. Microbiol. 11:637710. doi: 10.3389/fcimb.2021.637710

Wheeler, M. A, Clark, I. C,, Tjon, E. C,, Li, Z., Zandee, S. E. J., Couturier, C. P., et al.
(2020). MAFG-driven astrocytes promote CNS inflammation. Nature 578, 593-599.

Wijesekera, L. C., and Nigel Leigh, P. (2009). Amyotrophic lateral sclerosis. Orphanet.
J. Rare Dis. 4:3. doi: 10.1186/1750-1172-4-3

Wu, J., Wang, J., Zhou, S., Yang, L., Yin, J.,, Cao, J., et al. (2015). Necrostatin-1
protection of dopaminergic neurons. Neural. Regen. Res. 10:1120. doi: 10.4103/1673-
5374.160108

Wu, S., Xu, C,, Xia, K, Lin, Y., Tian, S., Ma, H,, et al. (2021a). Ring closure strategy
leads to potent RIPK3 inhibitors. Eur. J. Med. Chem. 217:113327. doi: 10.1016/j.ejmech.
2021.113327

Wu, Z., Deshpande, T., Henning, L., Bedner, P., Seifert, G., and Steinhéuser, C. (2021b).
Cell death of hippocampal CA1 astrocytes during early epileptogenesis. Epilepsia 62,
1569-1583. doi: 10.1111/epi.16910

Xia, K., Zhu, F., Yang, C., Wu, S,, Lin, Y., Ma, H., et al. (2020). Discovery of a Potent
RIPK3 Inhibitor for the amelioration of necroptosis-associated inflammatory injury.
Front. Cell Dev. Biol. 8:606119. doi: 10.3389/fcell.2020.606119

Xu, C., Wu, J.,, Wu, Y, Ren, Z,, Yao, Y., Chen, G., et al. (2021a). TNF-a-dependent
neuronal necroptosis regulated in Alzheimer’s disease by coordination of RIPK1-p62
complex with autophagic UVRAG. Theranostics 11, 9452-9469. doi: 10.7150/thno.62376

Xu, R, Zhu, Y., Jia, J., Li, W. X,, and Lu, Y. (2021b). RIPK1/RIPK3-mediated
necroptosis is involved in sevoflurane-induced neonatal neurotoxicity in the rat
hippocampus. Cell Mol. Neurobiol. 42, 2235-2244. doi: 10.1007/s10571-021-01098-z

Yamanaka, K., Chun, S. J., Boillee, S., Fujimori-Tonou, N., Yamashita, H., Gutmann,
D. H,, et al. (2008). Astrocytes as determinants of disease progression in inherited
amyotrophic lateral sclerosis. Nat. Neurosci. 11, 251-253. doi: 10.1038/nn2047

Yafiez, M. J., Campos, F., Marin, T., Klein, A. D., Futerman, A. H., Alvarez, A. R, et al.
(2021). c-Abl activates RIPK3 signaling in Gaucher disease. Biochim. Biophys. Acta Mol.
Basis Dis. 1867:166089. doi: 10.1016/j.bbadis.2021.166089

Yafez, M. J., Marin, T., Balboa, E., Klein, A. D., Alvarez, A. R., and Zanlungo, S. (2020).
Finding pathogenic commonalities between Niemann-Pick type C and other lysosomal
storage disorders: Opportunities for shared therapeutic interventions. Biochim. Biophys.
Acta Mol. Basis Dis. 1866:165875. doi: 10.1016/j.bbadis.2020.165875

Yang, J., Zhao, Y., Zhang, L., Fan, H, Qi, C, Zhang, K, et al. (2018a).
RIPK3/MLKL-mediated neuronal necroptosis modulates the M1/M2 polarization of
microglia/macrophages in the ischemic cortex. Cereb. Cortex 28, 2622-2635. doi: 10.
1093/cercor/bhy089

Yang, S.-H., Shin, J., Shin, N. N,, Hwang, J.-H., Hong, S.-C., Park, K,, et al. (2019). A
small molecule Nec-1 directly induces amyloid clearance in the brains of aged APP/PS1
mice. Sci. Rep. 9:4183. doi: 10.1038/541598-019-40205-5

Yang, Z., Wang, Y., Zhang, Y., He, X., Zhong, C.-Q., Ni, H,, et al. (2018b). RIP3
targets pyruvate dehydrogenase complex to increase aerobic respiration in TNF-induced
necroptosis. Nat. Cell Biol. 20, 186-197. doi: 10.1038/s41556-017-0022-y

Yin, C,, Zhang, Q., Zhao, J., Li, Y., Yu, J., Li, W,, et al. (2022). Necrostatin-1 against
sevoflurane-induced cognitive dysfunction involves activation of BDNF/TrkB pathway
and inhibition of necroptosis in aged rats. Neurochem. Res. 47, 1060-1072. doi: 10.1007/
s11064-021-03505-9

Yu, X, Li, Y., Chen, Q,, Su, C., Zhang, Z., Yang, C., et al. (2016). Herpes Simplex Virus
1 (HSV-1) and HSV-2 mediate species-specific modulations of programmed necrosis
through the viral ribonucleotide reductase large subunit R1. J. Virol. 90, 1088-1095.
doi: 10.1128/JV1.02446- 15

Yuan, J.,, Amin, P.,, and Ofengeim, D. (2019). Necroptosis and RIPK1-mediated
neuroinflammation in CNS diseases. Nat. Rev. Neurosci. 20, 19-33. doi: 10.1038/s41583-
018-0093-1

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1016053
https://doi.org/10.3389/fnins.2020.00776
https://doi.org/10.1007/s10637-021-01135-0
https://doi.org/10.31857/S0026898420010139
https://doi.org/10.31857/S0026898420010139
https://doi.org/10.1164/rccm.201906-1149OC
https://doi.org/10.1164/rccm.201906-1149OC
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.1016/j.pneurobio.2020.101963
https://doi.org/10.1016/j.pneurobio.2020.101963
https://doi.org/10.3390/cells8121582
https://doi.org/10.3390/cells8121582
https://doi.org/10.1007/s00415-018-9076-4
https://doi.org/10.1016/j.tibs.2014.10.003
https://doi.org/10.1002/advs.202103065
https://doi.org/10.3390/cells9061514
https://doi.org/10.1016/j.molcel.2011.06.006
https://doi.org/10.1523/JNEUROSCI.0954-20.2020
https://doi.org/10.1523/JNEUROSCI.0954-20.2020
https://doi.org/10.1016/j.yfrne.2021.100976
https://doi.org/10.1093/hmg/ddy279
https://clinicaltrials.gov/ct2/show/NCT04169412
https://clinicaltrials.gov/ct2/show/NCT04169412
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.1074/jbc.C800051200
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1523/JNEUROSCI.3124-16.2017
https://doi.org/10.1523/JNEUROSCI.3124-16.2017
https://doi.org/10.1007/978-3-662-49771-5_38
https://doi.org/10.1007/978-3-662-49771-5_38
https://doi.org/10.1101/cshperspect.a009365
https://doi.org/10.1038/nm.3449
https://doi.org/10.1038/s41419-018-0394-3
https://doi.org/10.1038/s41419-018-0394-3
https://doi.org/10.1001/jamapsychiatry.2014.2502
https://doi.org/10.1089/thy.2019.0133
https://doi.org/10.1089/thy.2019.0133
https://doi.org/10.1073/pnas.1809821115
https://doi.org/10.1038/s41418-019-0457-8
https://doi.org/10.1038/s41418-019-0457-8
https://doi.org/10.1016/j.intimp.2021.107377
https://doi.org/10.1016/j.cell.2011.11.030
https://doi.org/10.1186/s40478-021-01236-0
https://doi.org/10.1186/s40478-021-01236-0
https://doi.org/10.3389/fcimb.2021.637710
https://doi.org/10.1186/1750-1172-4-3
https://doi.org/10.4103/1673-5374.160108
https://doi.org/10.4103/1673-5374.160108
https://doi.org/10.1016/j.ejmech.2021.113327
https://doi.org/10.1016/j.ejmech.2021.113327
https://doi.org/10.1111/epi.16910
https://doi.org/10.3389/fcell.2020.606119
https://doi.org/10.7150/thno.62376
https://doi.org/10.1007/s10571-021-01098-z
https://doi.org/10.1038/nn2047
https://doi.org/10.1016/j.bbadis.2021.166089
https://doi.org/10.1016/j.bbadis.2020.165875
https://doi.org/10.1093/cercor/bhy089
https://doi.org/10.1093/cercor/bhy089
https://doi.org/10.1038/s41598-019-40205-5
https://doi.org/10.1038/s41556-017-0022-y
https://doi.org/10.1007/s11064-021-03505-9
https://doi.org/10.1007/s11064-021-03505-9
https://doi.org/10.1128/JVI.02446-15
https://doi.org/10.1038/s41583-018-0093-1
https://doi.org/10.1038/s41583-018-0093-1
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Mitroshina et al.

Zelic, M., Pontarelli, F., Woodworth, L., Zhu, C., Mahan, A., Ren, Y., et al. (2021).
RIPKI activation mediates neuroinflammation and disease progression in multiple
sclerosis. Cell Rep. 35:109112. doi: 10.1016/j.celrep.2021.109112

Zevini, A., Olagnier, D., and Hiscott, J. (2017). Crosstalk between cytoplasmic RIG-I
and STING sensing pathways. Trends. Immunol. 3, 194-205. doi: 10.1016/;.it.2016.12.004

Zhang, H., Xu, L., Qin, X, Chen, X., Cong, H., Hu, L, et al. (2019a). N -(7-Cyano-
6-(4-fluoro-3-(2-(3-(trifluoromethyl)phenyl)acetamido) phenoxy)benzo[d] thiazol-2-
yl)cyclopropanecarboxamide (TAK-632) analogues as novel necroptosis inhibitors
by targeting receptor-interacting protein kinase 3 (RIPK3): Synthesis, structure—
activity relationships, and in vivo efficacy. J. Med. Chem. 62, 6665-6681.
doi: 10.1021/acs.jmedchem.9b00611

Zhang, H., Zhou, L., Zhou, Y., Wang, L., Jiang, W, Liu, L., et al. (2021a). Intermittent
hypoxia aggravates non-alcoholic fatty liver disease via RIPK3-dependent necroptosis-
modulated Nrf2/NF«B signaling pathway. Life Sci. 285:119963. doi: 10.1016/j.1fs.2021.
119963

Zhang, J., Gao, F., Ma, Y., Xue, T., and Shen, Y. (2021b). Identification of early-onset
photoreceptor degeneration in transgenic mouse models of Alzheimer’s disease. iScience
24:103327. doi: 10.1016/j.i5¢i.2021.103327

Zhang, S., Yu, X., Meng, X., Huo, W., Su, Y., Liu, J., et al. (2020a). Coxsackievirus
A6 induces necroptosis for viral production. Front. Microbiol. 11:42. doi: 10.3389/fmicb.
2020.00042

Zhang, T., Yin, C,, Boyd, D. F., Quarato, G., Ingram, J. P., Shubina, M., et al. (2020b).
Influenza virus Z-RNAs induce ZBP1-mediated necroptosis. Cell 180, 1115.e-1129.e.
doi: 10.1016/j.cell.2020.02.050

Zhang, W., Zhao, J., Wang, R, Jiang, M. Ye, Q. Smith, A. D, et al
(2019b). Macrophages reprogram after ischemic stroke and promote efferocytosis and
inflammation resolution in the mouse brain. CNS Neurosci. Ther. 25, 1329-1342. doi:
10.1111/cns. 13256

Zhang, Y., and Lu, K. (2021). Potential protective role of astrocytes in the pathogenesis
of astrocyte-mediated synaptic plasticity of Parkinson’s disease. . Integr. Neurosci. 20:515.
doi: 10.31083/j.jin2002055

Zhang, Y., Li, M., Li, X,, Zhang, H., Wang, L., Wu, X,, et al. (2020c). Catalytically
inactive RIP1 and RIP3 deficiency protect against acute ischemic stroke by inhibiting

Frontiers in Aging Neuroscience

18

10.3389/fnagi.2022.1016053

necroptosis and neuroinflammation. Cell Death Dis. 11:565. doi: 10.1038/s41419-020-
02770-w

Zhao, P., Li, C., Chen, B,, Sun, G., Chao, H., Tu, Y., et al. (2020). Up-regulation of
CHMP4B alleviates microglial necroptosis induced by traumatic brain injury. J. Cell Mol.
Med. 24, 8466-8479. doi: 10.1111/jcmm.15406

Zheng, M., Choi, N,, Jang, Y., Kwak, D. E,, Kim, Y., Kim, W.-S,, et al. (2020).
Hair growth promotion by Necrostatin-1s. Sci. Rep. 10:17622. doi: 10.1038/s41598-020-
74796-1

Zhong, C., Zeng, B., Qiu, J., Xu, L., Zhong, M., Huang, Y., et al. (2021). Gout-associated
monosodium urate crystal-induced necrosis is independent of NLRP3 activity but can be
suppressed by combined inhibitors for multiple signaling pathways. Acta Pharmacol. Sin.
43, 1324-1336. doi: 10.1038/s41401-021-00749-7

Zhou, H., Zhou, M., Hu, Y., Limpanon, Y., Ma, Y., Huang, P, et al. (2022). TNF-
a Triggers RIP1/FADD/Caspase-8-mediated apoptosis of astrocytes and RIP3/MLKL-
Mediated necroptosis of neurons induced by angiostrongylus cantonensis infection. Cell
Mol. Neurobiol. 42, 1841-1857. doi: 10.1007/s10571-021-01063-w

Zhu, J., Xin, M., Xu, C., He, Y., Zhang, W., Wang, Z., et al. (2021a). Ligand-
based substituent-anchoring design of selective receptor-interacting protein kinase
1 necroptosis inhibitors for ulcerative colitis therapy. Acta Pharm. Sin. B 11,
3193-3205.

Zhu, J., Yang, L.-K., Wang, Q.-H,, Lin, W., Feng, Y., Xu, Y.-P,, et al. (2020). NDRG2
attenuates ischemia-induced astrocyte necroptosis via the repression of RIPK1. Mol. Med.
Rep. 22, 3103-3110. doi: 10.3892/mmr.2020.11421

Zhu, S., Zhang, Y., Bai, G., and Li, H. (2011). Necrostatin-1 ameliorates symptoms
in R6/2 transgenic mouse model of Huntington’s disease. Cell Death Dis. 2:e115. doi:
10.1038/cddis.2010.94

Zhu, Y.-M., Lin, L., Wei, C., Guo, Y., Qin, Y., Li, Z.-S., et al. (2021b). The key
regulator of necroptosis, RIP1 kinase, contributes to the formation of astrogliosis and
glial scar in ischemic stroke. Transl. Stroke Res. 12,991-1017. doi: 10.1007/s12975-021-00
888-3

Zhuang, C., and Chen, F. (2020). Small-molecule inhibitors of necroptosis: Current
status and perspectives. J. Med. Chem. 63, 1490-1510. doi: 10.1021/acs.jmedchem.
9b01317

frontiersin.org


https://doi.org/10.3389/fnagi.2022.1016053
https://doi.org/10.1016/j.celrep.2021.109112
https://doi.org/10.1016/j.it.2016.12.004
https://doi.org/10.1021/acs.jmedchem.9b00611
https://doi.org/10.1016/j.lfs.2021.119963
https://doi.org/10.1016/j.lfs.2021.119963
https://doi.org/10.1016/j.isci.2021.103327
https://doi.org/10.3389/fmicb.2020.00042
https://doi.org/10.3389/fmicb.2020.00042
https://doi.org/10.1016/j.cell.2020.02.050
https://doi.org/10.1111/cns.13256
https://doi.org/10.1111/cns.13256
https://doi.org/10.31083/j.jin2002055
https://doi.org/10.1038/s41419-020-02770-w
https://doi.org/10.1038/s41419-020-02770-w
https://doi.org/10.1111/jcmm.15406
https://doi.org/10.1038/s41598-020-74796-1
https://doi.org/10.1038/s41598-020-74796-1
https://doi.org/10.1038/s41401-021-00749-7
https://doi.org/10.1007/s10571-021-01063-w
https://doi.org/10.3892/mmr.2020.11421
https://doi.org/10.1038/cddis.2010.94
https://doi.org/10.1038/cddis.2010.94
https://doi.org/10.1007/s12975-021-00888-3
https://doi.org/10.1007/s12975-021-00888-3
https://doi.org/10.1021/acs.jmedchem.9b01317
https://doi.org/10.1021/acs.jmedchem.9b01317
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	Necroptosis in CNS diseases: Focus on astrocytes
	Introduction
	Mechanism of necroptosis
	Necroptosis and astrocytes
	Ischemic stroke
	Neurodegenerative diseases
	Alzheimer's disease
	Parkinson's disease
	Multiple sclerosis
	Amyotrophic lateral sclerosis
	Epilepsy
	Huntington's disease
	Spinocerebellar ataxias
	Sphingolipidoses
	Frontotemporal dementia
	Depression

	Viral, bacterial and parasitic diseases
	RIP kinase inhibitors and their potential use in the treatment of CNS diseases
	RIPK1 Inhibitors
	RIPK3 inhibitors

	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


