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Abstract: Spinal cord injury (SCI), a complex neurological disorder, triggers a series of devastating neuropathological

events such as ischemia, oxidative stress, inflammatory events, neuronal apoptosis, and motor dysfunction. However,

the classical necrosome, which consists of receptor-interacting protein (RIP)1, RIP3, and mixed-lineage kinase

domain-like protein, is believed to control a novel type of programmed cell death called necroptosis, through tumour

necrosis factor-alpha/tumour necrosis factor receptor-1 signalling or other stimuli. Several studies reported that

necroptosis plays an important role in neural cell damage, release of intracellular pro-inflammatory factors, lysosomal

dysfunction and endoplasmic reticulum stress. Recent research indicates that necroptosis is crucial to the

pathophysiology of a number of neurological disorders and SCIs. In our review, we summarize the potential role of

programmed cell death regulated by necroptosis in SCI based on its molecular and pathophysiological mechanisms.

We also summarize the targets of several necroptosis pathways, which provide a more reliable reference for the

treatment of SCI.

Introduction

Spinal cord injury (SCI), a common clinical traumatic
condition with high mortality and disability rates, is
typically caused by falls and traffic accidents (Ihalainen et
al., 2017). Secondary injury is initiated within minutes of
the primary SCI, leading to vascular rupture and
haemorrhage, local ischemia and destruction of neural tissue
in the area of injury, thereby causing a state of spinal shock.
The disruption of the microenvironment, release of
inflammatory factors, ion imbalance, excessive production of
free radicals and release of excitotoxic substances lead to
pathological apoptosis and proliferation and activation of
neurons, glial cells and oligodendrocytes in the central
nervous system of the spinal cord. This is followed by a
series of clinical symptoms, such as neurological dysfunction
(O’Shea et al., 2017; Bellver-Landete et al., 2019).

Necrosis and apoptosis are currently known to be the
predominant modes of cell death in SCI (Beattie et al., 2002;
Xu et al., 2018). Previous studies suggested that necrosis is a
passive death of cells that is not regulated by genes. However,
recent studies showed that necrosis, like apoptosis, is strictly
regulated by genes, and therefore, this genetically regulated
form of necrosis is termed necroptosis (Degterev et al., 2005).
The morphological features of necroptosis are similar to those
of necrosis, such as cell swelling, cell membrane rupture,
organelle disintegration and protein denaturation. In
addition, there are some specific morphological and
pathophysiological signs of necroptosis: (1) the presence of
autophagy in the necrotic terminals, (2) an increase in the
reactive oxygen radicals in some necrosis-like cells and (3) its
inhibition by the small molecule, receptor-interacting protein
(RIP)-specific inhibitor, Necrostatin-1 (Nec-1) (Han et al.,
2007; Mehta et al., 2007; Ying and Padanilam, 2016).
Necroptosis can cause an inflammatory response, but its
cell death is programmed in a gene-regulated RIP-dependent
manner. Necroptosis is not regulated by a caspase-dependent
pathway (Hitomi et al., 2008; Dunai et al., 2011). Necroptosis
is associated with various diseases, including tumours,
ischemic brain injury, neurodegenerative diseases and viral
myocardial infarction (Degterev et al., 2005; Smith et al.,
2007; Gong et al., 2019).
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Generally, as shown in Fig. 1, the necroptotic pathway
can be activated by several stimuli, including the tumour
necrosis factor receptor (TNFR) superfamily, pattern
recognition receptors (PRRs), T cell receptors and various
chemotherapeutic agents (Lalaoui et al., 2015). Among
them, the TNF-alpha (TNF-α)/TNFR signalling is the most
classical and well-studied pathway (Fulda, 2013).
Necroptosis is a part of an intracellular signalling pathway
transduced by RIP1/3 and mixed lineage kinase domain-like
protein (MLKL) (Sun et al., 2012). TNF binding to TNFR1
causes conformational changes in TNFR1 trimers, leading to
the recruitment of a variety of proteins, including RIPK1,
TNFR-associated death domain, a cellular inhibitor of
apoptosis protein and TNFR-associated factor (Shan et al.,
2018; Yu et al., 2021; Christgen et al., 2022). RIP1 kinase
activity seems essential for necroptosis activation (Holler et
al., 2000). RIP1 is an important effector downstream of
death receptors and PRRs, controlling the pro-survival,
apoptotic, and especially inflammatory necroptotic pathways
(Fiani et al., 2021). The binding of TNFR1 to TNF-α leads
to the recruitment of RIP1 through its death domain, which
activates pro-apoptotic caspase-8. RIP3 and RIP1 interact
through the RIP homotypic interaction motif, leading to the
formation of necrosomes which activate downstream
effector proteins to trigger the necroptosis pathway and
inflammatory response described above (Li et al., 2012).
MLKL has two structural domains, and the 4HB domain is
responsible for the lethal activity of MLKL (Chen et al.,
2014b; Hildebrand et al., 2014); the pseudokinase domain

(PsKD) structural domain plays an important role in
cellular signalling, acting as a dynamic scaffold and helping
in protein-protein interaction (Boudeau et al., 2006). Once
RIP3 is activated, the PsKD structural domain is
phosphorylated and the conformation changes. The 4HB
domain is unlocked and MLKL is released from the RIP3
activation platform (Rodriguez et al., 2016; Grootjans et al.,
2017).

Regulatory Role of Necroptosis in Different Neural Cells
after Spinal Cord Injury

Current evidence suggests that the necroptosis signalling
cascade is critical in neurological diseases and SCI. Kanno et
al. (2015) showed that RIP3 protein levels significantly
increased at the site of injury after spinal cord hemisection
in mice. Twenty-four hours after SCI, they observed an
increase in the number of RIP3-positive cells at the site of
injury, peaking at 3 days and persisting for at least 3 weeks
after injury. As shown in Fig. 2, they also demonstrated for
the first time that RIP3 expression is noticeably increased in
several neural cells present in the injured spinal cord,
including neurons, astrocytes, and oligodendrocytes,
suggesting that necroptosis develops in various neural cells
and contributes to different pathological mechanisms
following SCI. However, in this study, despite the
propidium iodide-labelling and terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) staining of

FIGURE 1. The overview of the molecular mechanism of
necroptosis.

FIGURE 2. Regulatory role of necroptosis in
different neural cells after spinal cord injury.

740 JIAWEI FU et al.



spinal cord sections from the injured mice, the exact
pathological mechanisms of necroptosis and the underlying
molecular mechanisms are not fully elucidated.

Neurons

Wu et al. (2016) found that the proteasome beta-4 subunit
(PSMB4) was notably upregulated in neurons after SCI in
rats, and double staining showed a significant increase in
PSMB4 expression in RIP3-positive neurons, suggesting its
important role in RIP3-regulated neuronal necroptosis. Even
in vitro experiments showed that overexpression and
knockdown of PSMB4 by a plasmid significantly affected the
expression of the RIP3/p-MLKL pathway. Liu et al. (2018)
reported that necroptosis of neurons after SCI is also
regulated by the autophagy-lysosome pathway. They
demonstrated that autophagy was suppressed in mice
following SCI and the first suppression of autophagic flux
was brought on by the quick fall in lysosomal function
observed following SCI, as evidenced by a drop in protein
levels and lysosomal enzyme activity. They observed an
accumulation of necroptotic markers (RIP1, RIP3 and
MLKL), particularly in the neurons showing inhibition of
autophagic flux and lysosomal damage. In vitro experiments
showed that the accumulation of RIP1, RIP3 and MLKL
after lysosomal inhibition led to the formation of
necrosomes and the onset of necroptosis. The authors
treated the injured mice with rapamycin, an inhibitor of the
mammalian target of rapamycin (mTOR) and inducer of
autophagy and lysosomes, and found that rapamycin
reduced the suppression of autophagic flux and RIP1
accumulation. Therefore, in order to prevent necroptosis
after SCI, it may be more beneficial to improve or restore
lysosomal function.

Astrocytes

In addition to the loss of neuronal cells, ongoing tissue loss,
reactive astrocyte proliferation and chronic inflammation
are common in secondary SCI (Ju et al., 2014; Schwab et al.,
2014). Fan et al. (2016) investigated how reactive astrocytes,
a major component of glial scarring, function in SCI. First,
on day-5 post-injury in mice, they performed double
immunostaining with TUNEL, labelled with a yellow
fluorescent protein (YFP)-labelled astrocytes in advance.
They found that YFP/TUNEL double-positive cells were
almost non-existent. Next, they used the markers of
autophagy (Lamp2a, light chain 3 [LC3] and Beclin1) to
double-label with YFP and found that double-positive cells
were still rare. Further, they used PI-labelling with YFP
double-staining and found that the number of double-
positive cells greatly increased and peaked on day-5 post-
injury, suggesting that reactive astrocytes undergo a
pathological process of necrosis rather than apoptosis and
autophagy. To investigate whether reactive astrocytes
undergo necroptosis, the authors double-labelled RIP3 and
MLKL with glial fibrillary acidic protein (GFAP) and found
that approximately 80% of RIP3-positive cells were GFAP-
positive, indicating that after SCI in mice, reactive astrocytes
likely experience RIP3/MLKL-mediated necroptosis. Given

that M1 microglia/macrophages are a significant source of
toxic inflammatory factors following SCI (Kigerl et al.,
2009), the authors performed an in vitro model of M1
microglia/macrophages causing astrocyte necroptosis. With
conditioned media (CM) collected from microglia and
macrophages in various polarization stages, they activated
astrocytes. The astrocytes treated with CM from M1
microglia/macrophages showed higher expression of RIP3
and MLKL than the control and M2 groups. Additionally, in
astrocytes treated with M1 CM, intracellular ATP was
considerably decreased, and the proportion of PI-labelled
cells increased. On the contrary, by depleting M1 microglia
with gadolinium chloride (GdCl3) at the lesion site (Miron
et al., 2013), the authors found that GdCl3 treatment
significantly reduced RIP3 and MLKL expression in the
spinal cord of mice and resulted in smaller spinal cord
cavities and better recovery of motor function. These
findings imply that the induction of necroptosis in
astrocytes following SCI is significantly influenced by M1
microglia/macrophages. They further explored the
necroptotic signalling pathway induced by M1 microglia/
macrophages. Previous studies (Kigerl et al., 2007; He et al.,
2011; Ransohoff and Brown, 2012; Heiman et al., 2014)
have suggested that toll-like receptors (TLRs) have a role in
the necroptosis of macrophages and the activation of
astrocytes after SCI in vitro, and since the studies showed
that most reactive astrocytes were co-labelled with TLR4 by
double immunofluorescence (IF), the authors chose to
validate the more common TLR4/MyD88 signalling
pathway. TLR4 was found to be highly colocalized with
RIP3, and MyD88 was also strongly expressed in reactive
astrocytes in the injured spinal cord in mice, suggesting that
the TLR4/MyD88 signalling pathway is involved in the
activation of necroptosis in astrocytes after SCI. In vivo,
GdCl3 treatment significantly decreased astrocytes that were
expressing TLR4 or MyD88. These experiments suggest that
the necroptosis of astrocytes caused by M1 microglia/
macrophages in mice is mediated by TLR4/MyD88
signalling. However, this study only verified the role of
TLR4 and did not completely exclude the role of other
prominent members of the TLR family.

Microglia

Another study by Fan et al. (2015) investigated the
mechanism of microglia-induced necroptosis in the
endoplasmic reticulum (ER). They found that MLKL is
predominantly expressed in microglia by co-labelling MLKL
protein with ionized calcium-binding adapter molecule 1
(Iba-1), GFAP, CC1 or NeuN (markers for microglia,
astrocytes, oligodendrocytes and neurons, respectively).
Immunohistochemistry and immunoelectron microscopy
showed that MLKL was mainly distributed in the cytoplasm
and membrane of Iba-1-positive cells. In other words,
microglia may have undergone necroptosis after SCI.
Immunoelectron microscopy revealed that both MLKL and
RIP3 were expressed on ER, suggesting that ER is involved
in the pathological process of necroptosis. To investigate
whether microglial necroptosis is associated with ER stress,
triple immunostaining of MLKL, Iba-1 and GRP78 (ER
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stress sensor) was performed. Approximately 68.2% of MLKL/
Iba-1 double-positive cells exhibited positive GRP78,
indicating that ER stress is induced by microglial
necroptosis. For in vitro assessment, the authors constructed
a cell model of necroptosis by inducing oxygen-glucose
deprivation (OGD). OGD treatment induced ER stress
as well as necroptosis in microglia; accordingly,
4-phenylbutyric acid (an ER stress inhibitor) effectively
blocked GRP78 and p-eIF2a (two ER markers) as well as
MLKL and RIP3, suggesting that ER stress is involved in
OGD-induced microglial necroptosis.

Inhibiting Necroptosis-Regulated Cell Death for the
Therapy of Spinal Cord Injury

In recent years, there is still a shortage of research on
programmed cell death (PCD) in SCI, although there is
rising evidence that PCD plays a pivotal role after SCI
(Chen et al., 2014a; Zha et al., 2014). Scholars have
recognized the need to consider therapeutic strategies for
SCI to promote spinal cord repair and regeneration while
limiting cell death and axonal injury (Festoff, 2014). Thus,
inhibition of necroptosis is receiving much attention from
researchers and clinicians as a new therapeutic strategy for
SCI.

Dabrafenib
Dabrafenib, a B-RAFV600E inhibitor and an anticancer agent
(Al-Jundi et al., 2020; Kam et al., 2021; Lorusso et al., 2021),
can selectively inhibit RIP3 (Li et al., 2014). However, the
therapeutic effect of dabrafenib on SCI has not been studied
yet. Sugaya et al. (2019) treated mice with dabrafenib to
assess its effect on the recovery of motor function in mice
with the spinal cord contusion injury model, as shown in
Fig. 3 and Table 1. The total Basso mouse scale (BMS) score
and the BMS sub-score of motor function were consistently
higher in the dabrafenib-treated mice than in the control-
treated mice after injury. The authors further assessed the
motor behaviour of the injured mice using the inclined
plane (IP) test. The IP angle was significantly higher in the
dabrafenib-treated mice, indicating better recovery from
muscle paralysis. Further, the mechanical and thermal
allodynia of the hind limbs in mice were evaluated. The von
Frey test was used to examine the retraction threshold of
the hind paw when the mice were mechanically stimulated,
and the Hargreaves test was used to examine the retraction
latency of the hind limbs when the mice were thermally
stimulated. The dabrafenib-treated mice had longer
retraction latency and better thermal sensitivity than the
control-treated mice. They also found that the number of p-
MLKL positive cells in the spinal cord of dabrafenib-treated
mice was significantly lower compared to that in control-
treated mice. At the epicentre and 500 µm rostral and
caudal from the epicentre, the number of PI-positive cells in
the spinal cord sections of mice receiving dabrafenib
treatment was considerably less than that of mice
undergoing control treatment, indicating that dabrafenib
reduces necrotic cell death by inhibiting the activation of the
RIP3-MLKL pathway. Dabrafenib also dramatically reduced

inflammatory infiltration, vacuolar degeneration and
neuronal loss at the site of the lesion in the white matter of
the spinal cord of injured mice. Immunostaining of
neurofilaments using the anti-RT97 antibody demonstrated
that dabrafenib also reduces axonal damage in the damaged
spinal cord. Overall, Dabrafenib inhibits RIP3-mediated
necroptosis in mice, providing neuroprotection and
promoting functional recovery after SCI. However, this
study did not establish an in vitro cellular model to further
investigate the effects of dabrafenib on neuronal cells.

Growth differentiation factor 11 (GDF-11)
Growth differentiation factor 11, a member of the
transforming growth factor-β (TGF-β) superfamily
(McPherron et al., 1999; Liu, 2006), is an anti-aging factor
that regulates neurogenesis and has neuroprotective effects
following cerebral ischemia injury. Many biological
processes, including histogenesis, embryonic development,
cancer and metabolic disorders, are impacted by its
members (Hanna and Frangogiannis, 2019). GDF-11
reduces neuronal apoptosis and protects against cerebral
ischemia injury (Zhao et al., 2020). It also ameliorates
ischemic stroke in mice by activating autophagy and
stimulating neurogenesis and angiogenesis (Hudobenko et
al., 2020). To investigate the role of GDF-11 in SCI, Xu et
al. (2021) performed western blot analysis and IF to analyse
molecular expression related to cell pyroptosis, autophagy
and necroptosis. GDF-11 was found to significantly promote
the recovery of motor function, increase autophagy, inhibit
cell pyroptosis and attenuate necroptosis after SCI with the
spinal cord contusion injury model. These neuroprotective
effects of GDF-11 can be reversed by the autophagy
inhibitor, 3-methyladenine (3MA), suggesting an important
role of autophagy in the treatment of SCI. As the expression
of transcription factor E3 (TFE3) was significantly higher in
the nucleus but lower in the cytoplasm of neurons in
the GDF-11-treated group, the authors speculated that the
protective effect of GDF-11 is probably related to the
activation of TFE3. The expression levels of pyroptosis-
associated markers (caspase recruitment domain [ASC],
interleukin [IL]-18, IL-1β, gasdermin D [GSDMD], caspase-
1, NLR family pyrin domain containing 3 [NLRP3] and
NLRP1) and necroptosis-associated markers (RIP1, RIP3
and MLKL) were increased whereas vacuolar protein sorting
34, beclin1, cathepsin D, and Microtubule-associated protein
light chain 3 II expression levels were reduced in the TFE3-
silenced group; this group also revealed larger glial scar
areas, lower microtubule-associated protein 2 expression
and fewer synuclein (SYN)-positive synapses. Even BMS
motor scores displayed a tendency to decrease in the TFE3-
silenced group. These findings demonstrated that GDF-11
exerts its neuroprotective effects by enhancing autophagy
and decreasing cell pyroptosis and necroptosis primarily
through nuclear translocation and TFE3 activation. The
authors also investigated whether the AMP-activated protein
kinase (AMPK)-transient receptor potential mucolipin 1
(TRPML1)-calcineurin signalling pathway regulates TFE3
activation following treatment with GDF-11. When the
AMPK blocker, compound C (CC), was administered to the
GDF-11-treated group, protein expression of p-AMPK and
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TFE3 nuclear translocation status were found to be
significantly lower than those in the control group.
Moreover, TRPML1 and calcineurin expression levels were
significantly suppressed after the administration of CC.
Meanwhile, caspase-1, GSDMD, RIP1, RIP3, and p62 had
significantly higher levels of expression in the GDF-11+CC
group than in the GDF-11 group, but LC3II had the
opposite trend. These critical findings finally illustrated that
GDF-11 activates TFE3, enhances autophagy, inhibits cell
pyroptosis and necroptosis and ultimately exerts
neuroprotective effects through the AMPK-TRPML1-
calcineurin signalling cascade. Sutherland et al. (2020), on
the other hand, discovered for the first time that GDF-11 is
neurotoxic to primary neurons in the acute phase of
simulated stroke, mostly via ALK4 receptor signalling.
Therefore, when applying GDF-11 treatment, sufficient
attention needs to be paid to its neurotoxicity.

Necrostatin-1 (Nec-1)
Nec-1, a small molecule inhibitor of necroptosis, targets
RIP1 (Degterev et al., 2008) and plays an essential role in
inhibiting pathological death of various cells and tissues in
the central nervous system, including ischemic brain injury
and neurodegenerative diseases (Xu et al., 2010; Chavez-
Valdez et al., 2012). Studies related to SCI showed that
Nec-1 can alleviate necroptosis by reducing mitochondrial
dysfunction, mitigating endoplasmic reticulum stress
(ERS), effectively controlling inflammation and reactive
oxygen species (ROS) production, and eventually exerting
neuroprotective functions. Wang et al. (2015) found that
Ca2+ concentration in mitochondria significantly increased
in the SCI group, whereas mitochondrial membrane

potential (MMP) decreased at both 12 and 24 h after SCI,
indicating severe mitochondrial membrane damage. After
treatment with Nec-1, Ca2+ concentration gradually
dropped and MMP remarkably hyperpolarized and
incrementally increased, suggesting partial recovery of
mitochondrial membranes. Furthermore, regarding the
significant downregulation of mitochondrial respiratory
chain complex I activity after SCI (22.36 ± 1.55 nmol/L),
Nec-1 treatment blocked the release of cytochrome c and
resulted in a pronounced increase in mitochondrial
respiratory chain complex I activity (26.09 ± 1.87 nmol/L).
Moreover, electron microscopy revealed mitochondrial
swelling, disruption of the inner and outer mitochondrial
membranes, and impairment of the cristae of mitochondria
in the SCI group. However, Nec-1 effectively relieved the
swelling and restored the mitochondrial structure to
normal. Simultaneously, the authors investigated the gene
expression of three major transcription factors (PGC-1,
NRF-1 and Tfam) necessary for mitochondrial biogenesis
and found that Nec-1 reverses the decrease in Tfam after
SCI. The effect of Nec-1 on mitochondrial fusion and
division was further investigated. Expression of
mitochondrial fusion-related genes (Mfn1 and Mfn2) was
increased at 6 h after SCI, whereas their expression was
remarkably suppressed after Nec-1 treatment; Fis1 gene
expression was downregulated after SCI but enhanced after
Nec-1 treatment. Altogether, Nec-1 can treat SCI by
attenuating mitochondrial dysfunction. In another study by
the same authors (Wang et al., 2014), Nec-1 treatment for
SCI not only inhibited necroptosis by inhibiting the
recruitment of RIP1/3-MLKL but also reduced lesions,
inflammatory factors and ROS production in the area of

FIGURE 3. Graphical description of targeting
necroptosis-regulated cell death for spinal
cord injury therapy.
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SCI, thereby improving the pathological condition and blood
supply.

Wang et al. (2017) demonstrated an increase in the
expression of ERS-related genes at 6 and 12 h after SCI,
including C/EBP homologous protein (CHOP),
immunoglobulin-binding protein (BiP/GRP78) and X box-
binding protein-1 (XBP-1); however, these changes were
reversed by Nec-1. IF detected that GRP78, CHOP and
XBP1 proteins were mainly expressed in the cytoplasm of
neurons and astrocytes and less in microglia. Electron
microscopy revealed a decrease in the ribosome shedding of
neuronal ER and the ER structure was more intact
compared to the SCI group after Nec-1 treatment.
Therefore, these investigations suggest that Nec-1 can be a
promising inhibitor of necroptosis, and it deserves further
studies to explore the potential role in the intervention of SCI.

Necrosulfonamide (NSA)
NSA can specifically block MLKL proteins (Sun et al., 2012).
NSA has now been applied to treat Alzheimer’s disease
(AD), psoriatic inflammation, and acute myeloid leukemia
(AML) and protects intervertebral disc degeneration (Duan
et al., 2020; Motawi et al., 2020; Zhang et al., 2020; Chen et
al., 2022). Wang et al. (2018) demonstrated for the first time

that NSA significantly reduces the expression of MLKL in
rats with SCI, whereas it did not significantly alter other
necroptosis-related factors such as RIP1 and RIP3. Similarly,
it did not affect the caspase-3 activity associated with
apoptosis. These critical findings suggest that NSA
specifically inhibits the activation of MLKL, which
ultimately promotes the recovery of motor function in rats
with the spinal cord crush injury model. Based on this
study, Jiao et al. (2019) investigated the molecular
mechanism and therapeutic window behind the inhibition
of MLKL by NSA with the same crush model. They showed
that OGD-treated neuronal cells exhibit higher cell viability
at NSA concentrations of 3 and 10 μM and the increase in
cell viability is time-dependent. They further evaluated the
role of NSA in mitochondrial capacity and antioxidant
capacity in vitro. They demonstrated that NSA restores ATP
and MMP levels and significantly inhibits Bcl-2-associated
X-protein (Bax) protein expression but increases B-cell
lymphoma 2 (Bcl-2) protein expression. Also, NSA
decreases the expression of ROS and malonyldialdehyde but
increases the expression of superoxide dismutase and
glutathione. The former two are commonly used to detect
oxidative function, whereas the latter two are used to detect
antioxidative function.

TABLE 1

Compounds or treatments suppressing necroptosis to treat SCI

No. Compounds or
treatments

Pharmacological effects Effective dose
(kg/bodyweight
or concentration)

Lesion models
(mouse or rat)

References

1 Dabrafenib Inhibits receptor-interacting protein
kinase 3-mediated necroptosis
Attenuates secondary neural tissue
damage
Improves the recovery of locomotor
and
sensory functions

100 mg/kg Spinal cord contusion
injury model (mouse)

Sugaya et al. (2019)

2 Growth differentiation
factor (GDF)-11

Stimulates autophagy improvement
Inhibits pyroptosis and necroptosis

100 ng/kg Spinal cord contusion
injury model (mouse)

Xu et al. (2021)

3 Necrostatin-1 Mitigates mitochondrial dysfunction
Alleviates endoplasmic reticulum
stress and tissue damage
Improves functional recovery
Controls inflammation and reactive
oxygen species production

25 μg/μL or
5 mg/kg

Spinal cord crush
injury model (mouse);
Spinal cord contusion
injury model (rat)

Wang et al. (2019),
Wang et al. (2014)

4 Necrosulfonamide
(NSA)

Improves mitochondrial integrity and
antioxidant
capacity
Improves motor function and spinal
edema

5 mg/kg or
10 mg/kg

Spinal cord crush
injury model (mouse)

Jiao et al. (2019)

5 Quercetin Inhibits M1 macrophages/microglia
polarization

7.5 mg/kg Spinal cord crush
injury model (rat)

Fan et al. (2019)

6 GSK872 Ameliorates the locomotor function
and spinal
cord edema

2 mg/kg Spinal cord crush
injury model (mouse)

Wang et al. (2019)

7 Jia-Ji electro-
acupuncture (EA)

Promotes autophagy flux
Improves locomotor function

—— Spinal cord contusion
injury model (rat)

Hongna et al. (2020)
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To investigate the therapeutic window of NSA in
improving motor function, the authors divided the NSA
treatment groups into NSA-L (1 mg/kg), NSA-M (5 mg/kg)
and NSA-H (10 mg/kg) at different concentrations. The
NSA-M and NSA-H groups were found to have significant
therapeutic effects from day 7 after SCI, as evidenced by a
significant increase in the forelimb grip strength test and
BMS score, as well as a pronounced decline in spinal cord
water content. Both NSA-M and NSA-H groups exhibited
the same neuroprotective function after SCI. In addition, the
experiment was divided into 15 min, 30 min, 1, 3, 6, 12 and
24 h postoperative groups according to the time of NSA
administration (5 mg/kg). The recovery of forelimb grip
strength was found to be optimum for 15 and 30 min
postoperative administration on day 7 after SCI. The later
the NSA was administered, the slower the recovery of
forelimb grip strength. There was also a significant
improvement in BMS scores and a decrease in spinal
oedema in the 1, 3, 6 and 12 h groups from 21 to 28 days
after SCI. These results suggest that in the SCI crush injury
model, NSA administration within 12 h after SCI at a
concentration of 5 mg/kg (or 10 mg/kg) may be effective in
alleviating SCI and improving the mobility of injured mice.

Quercetin
Quercetin, an important flavonoid component of several
herbs (Boots et al., 2008; Hogan et al., 2010; Abarikwu et al.,
2012), has long been used as an antioxidant and anti-
inflammatory agent in herbal medicine. It also reduces
neuronal death and inhibits pyroptosis and inflammatory
responses in SCI (Jiang et al., 2016). Fan et al. (2019)
investigated the effect of quercetin on the survival and
macrophages/microglia polarization of oligodendrocytes
(OLs) after SCI. They performed double staining of RIP3/
CC1, MLKL/CC1 and p-MLKL/CC1 (CC1 is a marker for
OLs) 10 days after SCI and found a significant decrease in
the number of RIP3/CC1, MLKL/CC1 and p-MLKL/CC1
double positives after quercetin treatment, but a significant
increase in CC1 positive cells. It suggests that treatment
with quercetin after SCI significantly reduces necroptosis
and increases the survival rate of OLs. To determine the
effect of quercetin on M1 polarization of macrophages/
microglia, Fan et al. (2019) measured the mRNA levels of
TNF-α, inducible nitric oxide synthase (iNOS) and CD86
(markers of M1 macrophages/microglia) 10 days after injury
and noticed that the mRNA levels of TNF-α, iNOS and
CD86 reduced in the quercetin-treated group. IF showed
that the number of macrophages/microglia which expressed
iNOS in spinal cord sections decreased in the quercetin-
treated group. In contrast, quercetin increased the mRNA
levels of arginase1, IL-4 and CD206 (markers of M2
polarization). The number of arginase1-positive
macrophages/microglia was increased. These notable
findings suggest that quercetin inhibits macrophages/
microglia polarization of the M1 phenotype and promotes
M2 polarization. They cultured OLs and microglia in vitro
and induced necroptosis to further investigate the molecular
mechanisms. After treatment with M1 microglia-CM, ROS
levels in OLs and PI-labelled cells increased, while ATP
levels decreased, indicating the occurrence of necroptosis.

Moreover, M1 CM significantly enhanced the expression of
RIP3, MLKL and p-MLKL, which was blocked by quercetin-
modified M1 CM, whereas quercetin alone had no
remarkable effect on necroptosis in OLs. Detection of
mRNA levels of M1- and M2-related markers revealed that
quercetin decreased the mRNA levels of TNF-α, IL-12 and
IL-1β but increased the mRNA levels of IL-4, IL-10 and
TGF-β in M1 microglia. These significant findings suggest
that quercetin inhibits M1 polarization in macrophages/
microglia, which in turn inhibits necroptosis in OLs.
Furthermore, signal transducer and activator of
transcription 1 (STAT1) and nuclear factor (NF)-κB
signalling pathways were found to be involved in the
biological process of quercetin-regulated necroptosis in OLs.
Altogether, in vivo and in vitro, quercetin markedly reverses
the high expression of iNOS, p-STAT1, NF-κB and p-NF-κB
caused by SCI.

GSK872
GSK872, a specific inhibitor of RIP3, can significantly inhibit
RIP3 activity and its downstream events (Chen et al., 2018).
Wang et al. (2019) reported that SCI can lead to
mitochondrial dysfunction in mice, such as a reduction in
ATP as well as a decrease in antioxidant capacity and MMP.
However, GSK872 improved the levels of ATP and MMP
and increased the antioxidant capacity. In vitro, OGD-
induced neuronal cells were treated with GSK872 to
investigate the cytoprotective effects of GSK872.
Experiments using Cell Counting Kit-8 showed that GSK872
(3 and 10 μM) effectively improves the cell viability of
OGD-induced spinal cord neurons. Dual IF showed that
GSK872 efficiently reduces the expression of p-RIP3 in
neuronal cells. Moreover, GSK872 markedly increased the
levels of ATP and MMP in neuronal cells. The upregulation
of Bcl-2 and decrease in the protein expression of Bax
indicated the protective role of GSK872 in OGD-induced
mitochondrial dysfunction in spinal cord neurons.

Electro-acupuncture (EA)
EA, a traditional method in Chinese medicine wherein needles
are inserted into acupuncture points and connected to a
micro-pulse current to produce synthetic EA stimulation, is
proven to be beneficial for neurological and functional
recovery after SCI (Ding et al., 2011; Huang et al., 2011).
However, its working mechanism is not fully elucidated.
Hongna et al. (2020) reported that treatment with Jia-Ji EA,
6 h after SCI with the spinal cord contusion injury model,
significantly enhances the Basso-Beattie-Bresnahan (BBB)
scores, reduces spinal cord hematoma and necrotic cavities,
ameliorates neuronal swelling and decreases neuronal loss
and inflammatory cell infiltration in rats. They also showed
that EA decreases the expression of necroptosis-related
markers (RIP1, RIP3 and MLKL), promotes LC3 expression,
reduces P62 expression, increases autophagosome formation
and accelerates autophagic flux. When chloroquine (CQ), a
lysosomal inhibitor, was added to EA treatment, it
remarkably decreased the BBB motor scores at 3 and 7 days
after SCI with a significant reduction in the number of
neurons. Electron microscopy revealed a much greater
increase in autophagosomes and a decrease in
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autolysosomes in EA + CQ group than in the EA group. The
effect of EA on RIP1, RIP3, and MLKL protein expression was
partially reversed by CQ, which facilitated the development of
necrotic complexes and increased neuronal necrosis.

Conclusion and Future Directions

A complex series of molecular cascade reactions occur after
SCI, causing damage to various neural cells, thus limiting
the effectiveness of therapeutic interventions in the injured
region. In this review, we summarized the mechanisms of
necroptosis as one of the programmed cell deaths in SCI
and the regulatory role of necroptosis in different neural
cells (e.g., neurons, microglia, astrocytes and
oligodendrocytes). We further investigated the potential
therapeutic approaches to limit necroptosis and explained
the potential mechanisms through which different drugs
exert their therapeutic effects.

Further research is warranted to investigate and develop
therapeutic approaches to inhibit necroptotic pathways and
promote functional recovery after SCI. The RIP1-RIP3-
MLKL signalling pathway plays a critical role in necroptosis,
and most therapeutic options revolve around the inhibition
of these three key molecules, such as Nec-1 specifically
inhibiting RIP1, GSK872 inhibiting RIP3 and NSA
inhibiting MLKL. It is conceivable that soon some essential
molecules may be used to inhibit similar key pathways to
discover new pharmacological treatments for SCI. Further
investigations and more detailed clinical studies should be
conducted in the future to explore the mechanisms of
necroptosis in SCI and its potential role. Moreover, EA,
with a traditional Chinese medicine approach, plays a non-
negligible role in the treatment of SCI. Altogether, our
article highlights that the inhibition of necroptosis-regulated
cell death may soon represent a potential therapeutic
strategy for the treatment of SCI.
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