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� Neuroinflammation plays a key role
in the secondary injury of acute SCI.

� Pyroptosis is defined as a newly
programmed cell death.

� Recent studies show that pyroptosis
play a key role in SCI.

� Some molecules can significantly
inhibit pyroptosis process in SCI.

� Targeting pyroptosis and
inflammasome components can be
novel therapeutic strategies for SCI.
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Background: Currently, spinal cord injury (SCI) is a pathological incident that triggers several neu-
ropathological conditions, leading to the initiation of neuronal damage with several pro-inflammatory
mediators’ release. However, pyroptosis is recognized as a new programmed cell death mechanism reg-
ulated by the stimulation of caspase-1 and/or caspase-11/-4/-5 signaling pathways with a series of
inflammatory responses.
Aim: Our current review concisely summarizes the potential role of pyroptosis-regulated programmed
cell death in SCI, according to several molecular and pathophysiological mechanisms. This review also
highlights the targeting of pyroptosis signaling pathways and inflammasome components and its
optosis-
athogen-
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Neuroinflammation
Pyroptosis
NLRP3
Caspase-1
Therapeutic implications
therapeutic implications for the treatment of SCI.
Key scientific concepts: Multiple pieces of evidence have illustrated that pyroptosis plays significant roles
in cell swelling, plasma membrane lysis, chromatin fragmentation and intracellular pro-inflammatory
factors including IL-18 and IL-1b release. In addition, pyroptosis is directly mediated by the recently dis-
covered family of pore-forming protein known as GSDMD. Current investigations have documented that
pyroptosis-regulated cell death plays a critical role in the pathogenesis of multiple neurological disorders
as well as SCI. Our narrative article suggests that inhibiting the pyroptosis-regulated cell death and
inflammasome components could be a promising therapeutic approach for the treatment of SCI in the
near future.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Nowadays, spinal cord injury (SCI) is an extreme injury, that is
still a challenging clinical and public health concern worldwide [1].
It causes serious motor and neurological dysfunctions and exceed-
ingly reduces the quality of life every year [1]. Recently, SCI is seri-
ously raising the burden of social health care in the world. The
prevalence rate of SCI is nearly 20.7–83 per million in United States
and approximately 8.0–130.6 per million in Europe [2]. Multiple
studies have documented that the similar incidence rates in China
as well as developed countries including United States [3,4]. After
damage, spinal cord causes somemajor and minor pathophysiolog-
ical changes induced by several traumas such as shear stress, tor-
sion and contusion compression [5,6]. Moreover, several studies
have documented that inflammation, tissue ischemia, cell edema,
apoptosis, intracellular ion homeostasis imbalance and other sec-
ondary pathophysiological changes can largely enhance the level
of acute SCI which results in some various neurological dysfunc-
tions after the injury [7,8].

Neuroinflammation hugely triggers a series of secondary injury
which finally leads to neuronal death process [9]. Furthermore, the
cascade of secondary injuries triggers enormous inflammatory
responses in the damaged area. Several studies have illustrated
that inflammation can widely extend to the adjacent tissues, driv-
ing to cell death process and largely inhibit axonal regeneration
and functional outcomes after SCI [10,11]. Current evidences have
illustrated that the activation of inflammasome signaling pathway
plays significant roles in cell pyrophosphorylation and stimulates
the secretion of several inflammatory factors [12,13]. Besides, neu-
roinflammatory responses play crucial roles in the secretion and
release of pro-inflammatory factors such as IL-1b and IL-18, lead-
ing to the initiation of cell death mechanisms [14,15]. The NLRP3
activation and ASC recruitment subsequently mediate the
caspase-1 and regulate the maturation and secretion of pro-IL-1b
and pro-IL-18 inflammatory factors [16]. However, inflammasomes
usually contain NLRP3, ASC and caspase-1, which are clustered
after various endogenous ’risk’ signals [17]. In addition, several
stimulating factors including ROS synthesis can largely trigger
NLRP3 inflammasome and other inflammasome components
[18,19]. Targeting the NLRP3 and other inflammasome components
can significantly expend neuroprotection in SCI mice model.

The morphological characteristics and basic functions of
pyroptosis-regulated cell death were initially established in
macrophages infected with Gram-negative bacteria known as Shi-
gella flexneri in 1992 [20]. Unpredictably, similar findings were first
notated in macrophages infected with Salmonella bacteria in 1999
[21]. Pyroptosis is called as a recently identified programmed cell
death regulated by the activation of caspase-1, caspase-4/5/11
and GSDMD regulated signaling pathways and release of several
inflammatory mediators such as IL-1b and IL-18 [22–25]. Mount-
ing pieces of evidence illustrate that GSDMD indicates a large gas-
dermin family bearing a novel cellular membrane pore-forming
activity [26,27]. Thus, pyroptosis is generally redefined as
gasdermin-mediated programmed necrosis [28]. The gasdermins
are considered as a family of recently discovered pore-forming
effector protein molecules, which lead to the cellular membrane
permeabilization and pyroptosis-regulated cell death initiation
[29]. Emerging evidence also demonstrates that gasdermins are
usually associated with numerous genetic diseases [30,31]. In addi-
tion, recent studies demonstrate that GSDMD-mediated pyroptosis
plays crucial roles in the pathogenesis of multiple neurological dis-
eases [32]. Furthermore, current studies have illustrated that
pyroptosis signaling pathways play vital roles in CNS disorders
[33]. Inflammasomes formation through caspase-1-canonical
and/or caspase-4/5/11-non-canonical pyroptosis signaling path-
ways activation may be triggered via intracellular and extracellular
signaling pathways during several noxious stimuli [34]. Indeed,
LPS derived from several pathogens including bacteria, virus and
toxins senses and stimulates caspase-4/5/11 activation, which
leads to pyroptosis-regulated cell death initiation [35,36]. Previous
studies demonstrate that the p10-form autoprocessed caspase-
4/11 binds the GSDMD-C domain with a high affinity [36,37].
Structural comparison of autoprocessed and unprocessed capase-
11 identifies a b sheet-induced autoprocessing. The binding
enhances dimerization-induced caspases initiation, interpreting a
cleavage autonomously of the cleavage-site tetrapeptide sequence
[38]. During the activation of pyroptosis-signaling pathways, the
pro-caspase-1 can be indirectly connected with the adaptor pro-
tein ASC, which is combined with a pattern recognition receptor
to form a macromolecular complex and these are designated as
inflammasomes [20,39]. After the activation of pro-caspase-1, it
is then cleaved by inflammatory responses to form active
caspase-1. Then, the active caspase-1 may cleave the GSDMD pro-
tein molecule to form active N- and C-terminal kinase portions
[39,40]. Furthermore, N-terminal products noticeably stimulate
cell membrane perforation and cell death mechanisms and largely
trigger a series of inflammatory responses. The GSDMD-NT
strongly binds to phosphatidic acid, phosphatidylserine and phos-
phatidylinositol on the cell membrane, activating oligomerization
and leading to pores formation [34,41,42]. The diameters of the
membrane pores can be 15 nm inner and 32 nm outer, whereas
the diameter of the IL-18 is 4.5 nm, which is readily capable of
transcending through the membrane pores. The GSDMD-CT is usu-
ally soluble and can return to the GSDMD-NT, impeding its activa-
tion process. Moreover, recent evidence has documented that
caspase-1/4/5/11 pathway activation can induce pyroptotic-cell
death mechanism by cleaved GSDMD. In contrast, caspase-3 has
traditionally been regarded as a significant hallmark of apoptosis
for a long time [43–46]. Recent investigations have also illustrated
that caspase-3 activation may influence and regulate GSDME,
which highly leads to triggering pyroptosis mechanisms [46].
GSDME is commonly found in different organs in the body includ-
ing fetal cochlea, heart as well as kidneys [26]. Growing evidence
suggests that GSDME-gene mutation plays a crucial role in the
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Fig. 1. The overview of the critical roles of pyroptosis-regulated cell death in SCI.
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non-syndromic hearing impairment [47]. Caspase-3 is generally
considered as a crucial effector of apoptosis-mediated cell death,
which can stimulate GSDME [48]. Notably, the activated caspase-
3 leads to the cleavage of GSDME and N- and C-terminal domains
formation [49]. GSDME-NT can be stimulated by caspase-3, which
is similar to the GSDMD-NT, leading to the formation of pores in
the cellular membrane region (Fig. 1) [50,51]. The actual role of
GSDME in stimulating pyroptosis upon apoptosis has largely been
constrained in the extensive investigations [51]. During the mito-
chondrial apoptotic process, GSDME plays a redundant role in
channel formation. The study has illustrated that GSDME induces
cellular lysis in macrophages of the ripoptosome in the mitochon-
drial apoptotic process [47]. Tixeira et al. also demonstrated that
GSDME plays a dispensable role in pyroptosis regulation of the
human T cells and monocytes [49]. Caspase-1/11-gene knockout
bone marrow-derived macrophages are generally stimulated with
flagellin, cytochrome-c and Fas ligand [52]. Similar to the
GSDMD-regulated pyroptosis, GSDME-independent secondary
necrotic-mediated cell death can also induce pyroptosis [53].
Emerging evidence reports that caspase-8 activation induces the
NLRP3 inflammasome, indicating that caspases-8 can also trigger
pyroptosis-regulated cell death [54]. Amazingly, Oring and col-
leagues reported that the inhibition of tak1 kinase by the Yersinia
effector protein yopJ attributed caspase-8-dependent cleavage of
GSDMD and resulted in pyroptosis, suggesting that caspase-8 as
a key inducer of pyroptosis-regulated cell death [55]. These
remarkable findings indicate that the caspases-8/GSDMD signaling
pathway could be another initiator of pyroptosis. Unfortunately,
the actual role of casapase-8 dependent pyroptosis in SCI is still
unclear. Further investigations in more detail are highly demanded
to explore the actual mechanism and potential role of casapase-8
dependent pyroptosis in SCI in future. Therefore, GSDME and
GSDMD regulated pyroptosis can open a new window for the
inflammatory pattern of cell death that also requires more investi-
gations on the actual mechanism and significance in numerous dis-
eases progression including CNS disorders, SCI and cancers in
future [30].

Role of pyroptosis-regulated cell death mechanisms in SCI

Current shreds of evidence have been demonstrating that
pyroptosis signaling pathways play critical roles in neurological
disorder as well as SCI [32,56]. J. Wang et al. demonstrated that
the pyroptosis signaling pathways-related proteins such as NLRP3,
ASC, caspase-1 and GSDMD expression levels were remarkably
enhanced in the injured spinal cord rat model compared to the
sham animal model groups [57]. The author and colleagues have
also demonstrated that pro-inflammatory cytokines levels are aug-
mented in the SCI model group compared to the sham groups [57].
Current investigations have demonstrated that the NF-jB molecu-
lar signaling pathway plays important roles in inducing the NLRP3
inflammasome and pro-inflammatory factors release such as IL-1b
and IL-18 in multiple disorders as well as neurological disorders
[58–61]. The authors have also indicated that the NF-kB expression
level was highly enhanced in the SCI model group. Indeed, the
authors explored a correlation between inflammatory responses
and pyroptosis signaling pathways in SCI animal models and
microglia [57]. The NLRP3, ASC, caspase-1, GSDMD, IL-1b and IL-
18 protein expression levels were up-regulated in SCI rats; also
the NLRP3, caspase-1 and GSDMD expression levels were enor-
mously up-regulated in LPS + ATP-induced BV-2 cells. The
GSDMD-mediated neuronal cell death was markedly found in the
previous study. Notably, immunofluorescence findings demon-
strated that the GSDMD protein expression significantly enhanced
in both spinal cord tissues and BV-2 cells in the previous study
[57]. Furthermore, prior evidence have documented that NLRP3
inflammasome considerably subsists in microglia [59,62,63]. The
NLRP3 inflammasome can be activated by PAMPs and PRRs
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[64,65]. PAMPs activate the NF-kB signaling pathway and induce
the NLRP3, other inflammasomes as well as inflammatory cytoki-
nes including pro-IL-1b and pro-IL-18 release. Moreover, DAMPs
activate the NLRP3 inflammasome by recruiting pro-caspase-1 in
large quantities via ASC adaptor protein activation, which results
in the formation of an autocatalytic process that predominantly
stimulates the caspase-1 in SCI animal models [66–68]. Mounting
pieces of evidence have documented that NF-jB pathway can
tremendously trigger the NLRP3 inflammasome activation and
inflammatory factors release after SCI [69]. Zhang et al. illustrated
that pyroptosis plays a critical role in SCI [70]. Owing to, the author
initially detected the mRNA expression level of pyroptosis signal-
ing pathway-regulated key genes after SCI. It has also been docu-
mented that caspase-1, IL-1b and IL-18 mRNA expression levels
are sharply increased on several days of post-injury in SCI model.
In addition, double immunofluorescence staining distinctly illus-
trated that the cleaved-caspase-1 positive neuron significantly
diminished the lesion size in the spinal cord anterior horn of the
injured spinal cord rats group. The pyroptosis-related protein mar-
ker GSDMD, cleaved-caspase-1, cleaved-caspase-11 and inflamma-
tory mediators such as IL-1b and IL-18 protein expression levels
were augmented mainly after SCI. The RT-PCR results in the previ-
ous study have pointed that the time course of the NLRP1 and
NLRP3 mRNA expression was generally persistent with caspase-1
after SCI, illustrating pyroptosis-regulated neuronal cell death
was markedly involved with several inflammasomes signaling
pathway initiation in SCI animal model. The pyroptosis-related
key proteins including GSDMD, NLRP1, NLRP3, cleaved-caspase-1,
IL-1b, expression levels were remarkably enhanced in rat neuronal
cells. Furthermore, the TXNIP protein expression levels were nota-
bly up-regulated in the SCI animal group than the control animal
group. Prior evidences have illustrated that TXNIP molecule can
activate the NLRP3 inflammasome and pyroptosis signaling path-
ways [70–72]. In addition, current evidence has noted the potential
role of AIM2 in the formation of an inflammasome after massive
exposure to an exogenous pathogen or host ectopic nucleic acids
[73–75]. Therefore, the NLRP3 induced pyroptosis-regulated cell
death plays key roles in SCI.

Moreover, current evidence has illustrated that AIM2 is tremen-
dously expressed in neurons after SCI in rodent models [76]. AIM2
inflammasome can be activated in spinal neurons after SCI [77]. In
addition, growing evidence has also documented that neuronal
loss and inflammasomes formation were prevented in the AIM2,
ASC and caspase-1 gene-knockout mice model compared to the
wild-type mice model [78]. Authors from a study documented that
the AIM2 expression level was tremendously enhanced at 4 h and
8 h post I/R-induced spinal tissue in C57BL/6 mice model [79]. The
quantitative results strongly indicated that the dsDNA released in
the serum and CSF both pointed at 4 h post-IR induced mice
injured spinal model. In addition, AIM2 inflammasome elements
such as ASC, cleaved caspase-1 and IL-1b were sharply increased
in the beginning at 4 h post-IR and remained constant with time
during the 24-h reperfusion period. Authors have also ascertained
the specific cellular distribution of the AIM2 molecule in the
injured spinal cord tissues to investigate its pharmacological
mechanism of actions after SCI [79]. Immunofluorescence staining
illustrated that AIM2 molecules were initially augmented in neu-
ronal cells in IR-induced SCI model. It has also been demonstrated
that the AIM2 expression levels were considerably high in dsDNA
in the CSF from IR-induced SCI mice model compared to the CSF
from non-injured mice model, indicating the strong immunogenic-
ity. Moreover, the protein expression of AIM2, ASC and cleaved
caspase-1 levels were largely increased in IR injury-challenged
CSF induced models, meaning that dsDNA can significantly activate
the AIM2 inflammasome. Major inflammasome called NLRP3 is a
mostly higher level in the SCI mice model. Transitionally enhanced
AIM2 molecule and dsDNA levels were found early as 4 h post-
injured SCI model, even though the most severe and persistent
symptoms of motor dysfunction were found at 12 h or later. Thus,
this outstanding evidence strongly concludes that AIM2 inflamma-
some and other inflammasomes are rapidly activated in their com-
mon components, leading to augmented ASC and cleaved caspase-
1 expression levels after SCI. Therefore, the dominance of the rapid
pyroptosis process at high concentrations of dsDNA at 4 h is the
promoter of consequent neuronal death.

Yanagisawa et al. performed studies to investigate the signifi-
cant role of inflammasomes in SCI animal model [80]. Authors of
a study clearly reported that the NLRP3 protein expression levels
were significantly high in the low impact and high impact SCI
groups on day 1, 3 and 7 after injuries [80]. Studies have also illus-
trated that caspase-2 and ASC expression levels were also consid-
erably high in SCI model on day 1, 3 and 7 of post injuries than that
of the sham model, though there was no substantial distinction
between the low impact and high impact SCI model groups.
Immunofluorescence staining clearly indicated that the NLRP3,
ASC and caspase-2 in OPCs expression levels are hugely increased
in the low impact and high impact SCI model groups compared to
the sham group on day 1, 3 and 7 of post injuries [80]. Further-
more, NLRP3 and ASC expression levels in astrocytes were also
increased in the low impact group on day 3 after the injury but
not on day 1, 7 and 14 compared to the control animal group.

Regarding the severity of the injury, the expression of ASC in
OPCs was increased on the first day after injury in the high impact
and low impact model groups compared to the sham operation
group. The comparison of NLRP3 protein expression level between
OPCs and astrocytes demonstrated that OPCs expression was at a
higher level than astrocytes on day 1 after the injury [80]. The
Impedance of the astrocytes to pyroptosis-regulated cell death pro-
cess can be due to other reasons for astrocytes survival after SCI,
leading to glial scar formation. Moreover, the higher expression
levels of inflammasome components were notably found in astro-
cytes on day 3 after SCI. Although its expression level is lower than
that of OPCs, these critical findings finally illustrate that
inflammasome-mediated cell death mechanisms occur in astro-
cytes. Extensive studies have documented that TXNIP overexpres-
sion triggers NLRP3 and caspase-1 activation to initiate pyroptosis
mechanisms [81,82]. Emerging evidence shows that TXNIP overex-
pression highly induces the NLRP3 inflammasome activation in the
injured spinal cord areas and triggers pyroptosis-regulated neu-
ronal cell death mechanisms [80].

S. Xu et al. investigated whether NLRP3/GSDMD could trigger
neuroinflammation after SCI or not [56]. Hence, the author divided
the 20 SCI patients into high-expression and low-expression
groups based on the fact, whether NLRP3/GSDMD gene expression
reached an average level or not. The NLRP3/GSDMD high-
expression group had a lower JOA score and NDI compared to
the NLRP3/GSDMD low-expression group. The NLRP3/GSDMD pro-
tein expression levels were high in the SCI patient samples com-
pared to the normal patient samples. A positive correlation
between NLRP3/GSDMD expression and JOA score was confirmed
by linear regression analysis. The NLRP3 and AIM2 transcript levels
were up-raising after SCI. Moreover, several inflammasome-related
genes such as NLRP3, ASC, IL-1b, IL-18, CASP-1 and GSDMD and
three inflammasome sensors such as NLRP3, NLRP1 and AIM2
demonstrated higher levels in the injured spinal cord mice at day
3 of post injured models [56]. Pro-inflammatory cytokines such
as IL-1b, IL-18 release were also in high levels after SCI, besides,
both GSDMD and N-terminal GSDMD (GSDMD-N, an active form
of GSDMD) expression levels were also increased after SCI. The
GSDMD expression level coincided with CD68 (a marker of macro-
phages/microglia) was increased by immunofluorescence staining
analysis. The NLRP3, ASC, CASP-1 and GSDMD pyroptosis-related
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key genes in transcript levels were also enhanced in BV-2 cells
[56]. The similar changes in NLRP3, GSDMD and ASC protein levels
in response to changes in CD73 has been confirmed by both west-
ern blot analysis and immunofluorescence staining in vitro studies.
The immunofluorescence staining clearly illustrated that GSDMD-
overexpression could induce huge neuronal cell loss after SCI.
These critical findings report that pyroptosis-regulated pro-
grammed cell death process plays critical roles in SCI progression.

It has been claimed from prior studies that the NLRP1b and
NLRP3 mRNA expression levels increased within 6 h, while ASC
remained low in SCI experimental animal model [70]. Previous
studies have also recorded a further rise in NLRP3 and ASC within
72 h and a decline in 7 days [70]. Meanwhile, NLRP1b expression
levels have decreased after 24 h and reached to a baseline value
72 h after the injury. Besides, the NLRP1b mRNA expression level
has been transiently expressed in the sham operation group, then
dramatically decreased to a minimum at 6 and 24 h and recovered
slightly to the basal value at 72 h in SCI models. The expression of
cleaved caspase-1, pro-caspase-1, pro-IL-1b and pro-IL-1b protein
levels were significantly enhanced at 72 h after injury. The NLRP3
and ASC specific-gene expression levels were considerably higher
after SCI. In the previous study, the author and colleagues also
investigated the distribution of ASC+ cells and the co-localization
of ASC+ and NLRP3+ cells in the epicenter of SCI lesion by both
immunohistochemistry and immunofluorescence staining [70].
The number of ASC+ cells remarkably higher after SCI at 72 h com-
pared to the sham animal models. These substantial shreds of evi-
dence strongly indicate that pyroptosis plays a crucial role in SCI.

Emerging evidence has reported that spinal cord neurons can
substantially express P2X7 purinergic receptors and exposure to
ATP led to high-frequency spiking, irreversible enhance cytosolic
calcium and cell death [83]. P2X4 receptors are usually found in
spinal neurons and regulate inflammasomes initiation after SCI
[83]. SCI promotes ATP release in peritraumatic areas [83]. Thus,
the excessive ATP release triggers these purinergic receptors to
stimulate NLRP1 inflammasome formation. Lin and colleagues
reported that NLRP3, NLRP1, ASC and pro-caspase-1 activation
induces neuronal cell death after SCI [84]. Immunofluorescence
staining indicated that the NLRP1 inflammasome overexpression
could cause spinal neuronal cell death. In addition, Zendedel
et al. demonstrated that SCI stimulates a complex scenario of
inflammasome-induced neuronal cell death [81]. These notable
findings suggest that pyroptosis-regulated cell death plays critical
roles in SCI. Besides, pyroptosis-regulated cell death can be extre-
mely pathological term and lead to human diseases progression.
However, further investigations are highly demanded to explore
the actual role of pyroptosis and inflammasome signaling path-
ways in SCI in future.
Inhibiting the pyroptosis-regulated cell death and
inflammasome components for the therapeutic implications of
SCI

Inhibiting pyroptosis and inflammasome components is a novel
therapeutic strategy for SCI therapy, which has recently been
receiving greater attention to the researchers and clinicians. The
term, celastrol (CSL) is known as a triterpenoid methyl triterpene
[85]. It is widely used to treat the cerebral ischemia and Parkin-
son’s disease patients and has substantial anti-inflammatory
effects in CNS [86,87]. In a study, the authors have found a signif-
icant relationship between CSL and pyroptosis process in SCI ani-
mal model [57]. Prior evidence has indicated that CSL
administration can efficaciously decline the GSDMD, NLRP3, ASC
and caspase-1 expression levels in injured spinal rat models [57].
In addition, CSL administration could tremendously inhibit
pyroptosis-regulated neuronal cell death and enhance hindlimb
motor function recovery in SCI rats [57]. Therefore, it had been
clearly confirmed to explore the potential effect of CSL on LPS+
ATP-induced BV-2 cells death in the previous study [57]. The
authors also illustrated that CSL treatments in various concentra-
tions largely reduced the NLRP3, ASC, pro-caspase-1, caspase-1
and GSDMD protein expression levels in LPS+ ATP-induced BV-2
cells. In addition, the authors reported that CSL treatment could
significantly impede pyroptosis-regulated neuronal cell death after
SCI. Besides, previous evidence confirmed that the serum levels of
IL-1b and IL-18 were considerably declined, after CSL administra-
tion in the SCI model group [57]. The IL-1b and IL-18 protein
expression levels were decreased in the CSL treated group. Besides,
the CCK-8 results have confirmed that CSL treatments can signifi-
cantly impede the death of microglia. Furthermore, CSL treatment
significantly declines the expression of NF-kB/P-P65 levels in LPS+
ATP-induced BV-2 cells. More importantly, CSL treatments can lar-
gely reduce inflammatory mediators through inhibiting the pyrop-
tosis and inflammasomes signaling pathways in microglial cells
in vitro experiments [57]. The authors markedly demonstrated that
CSL treatment could impede microglia cell death and improve axo-
nal regeneration via suppressing pyroptosis signaling pathways
and inflammasome components at the injured spinal cord region.
Notably, the histopathological analysis clearly indicated that CSL
treatment at 7 days could tremendously reduce cavity formation
in the injured spinal cord region. These significant findings suggest
that CSL could be a promising therapeutic candidate in targeting
pyroptosis signaling pathways for the therapeutic implications of
SCI in the near future.

MCC950 is regarded as a selective NLRP3 inflammasome
blocker, which has recently been documented to suppress the
canonical and non-canonical NLRP3 inflammasome activation in
several experimental investigations [88–92]. Recently, Jiao and col-
leagues conducted a study on the potential effects of MCC950
treatment in the experimental SCI mice models and in-vitro exper-
iments [93]. Importantly, the authors demonstrated that MCC950
administration could significantly enhance the hind limb move-
ments, grip strength, spinal cord edema and histopathological
scores in the SCI mice models. The authors documented that
MCC950 administration could tremendously impede the NLRP3,
ASC and caspase-1 signaling pathways and pro-inflammatory fac-
tors including TNF-a, IL-1b and IL-18 expression levels in the
injured spinal cord tissue areas. In addition, MCC950 treatments
could decline spinal neuron injury and NLRP3 inflammasome
induction in both LPS and OGD-induced neuronal cells [93]. There-
fore, these significant findings suggest that MCC950 could be a
promising therapeutic candidate by suppressing the NLRP3 inflam-
masome and other inflammasomes for the treatment of SCI in the
near future.

Zheng and colleagues have reported that carbon monoxide
releasing molecule-3 (CORM-3) has substantial neuroprotective
effects in SCI animal model (Table 1) [70]. However, inflamma-
somes play critical roles in inflammatory innate immune responses
after SCI [94]. Accumulating shreds of evidence have clearly
demonstrated that CO has significant anti-inflammatory effects in
SCI. The author and colleagues have explained the potential phar-
macological effects of CO to inhibit the pyroptosis as well as
inflammasome signaling pathways in SCI animal model. The
authors have demonstrated that CORM-3 administration can effi-
caciously impede the activation of caspase-1 and caspase-11 as
well as the release of pro-inflammatory factors such as IL-1b and
IL-18 [70]. The authors also confirmed that the serum IL-1b and
IL-18 levels are lower in the CORM-3 treated rats group compared
to the SCI model group at 3 days of post-injury by ELISA analysis
[70]. After SCI, the caspase-1 mRNA expression levels were notice-
ably increased at day 1 and it was at a constant level till day 7.



Table 1
Compounds suppressing pyroptosis and inflammasome components to treat SCI.

Compounds Mechanisms of pyroptosis and
inflammasomes inhibition

Pharmacological effects Effective dose (kg/B.W) References

Celastrol NLRP3/ASC/ Caspase-1/GSDMD/IL-
1b/IL-18

Impedes neuronal cell death Promotes axonal
regeneration and functional outcomes

1 mg/kg [57]

MCC950 NLRP3/ASC/Caspase-1/TNF-a, IL-1b/
IL-18

Enhances neuroprotection and inhibits neuronal loss
Promotes axonal regeneration and functional recovery

10 or 50 mg/kg [93]

CORM-3 TXNIP/NLRP1/NLRP3/GSDMD/
Cleaved caspase-1

Inhibits neuronal cell death Promotes axonal
regeneration and functional recovery

8 mg/kg [70]

Zinc NLRP3/IL-1b/IL-18 via promoting
Nrf2/HO-1/NQO-1

Promotes axonal regeneration Improves functional
recovery

30 mg/kg [100]

Reduces neuronal loss and cavity formation
Echinacoside NEK7/NLRP3/ASC/Caspase-1/NF-jB /

IL-1b/IL-18
Reduces neuroinflammation and spinal edema Improves
functional recovery

20 mg/kg [68]

Polydatin NLRP3/ASC/Caspase-1/GSDMD//IL-
1b/18

Inhibits neuronal cell deathand cavity formation
Promotes axonal regeneration and functional outcomes

20, 40 mg/kg [106]

Rutin NLRP1/NLRP3/GSDMD/Cleaved
caspase-1/ IL-1b/18

Reduces neuronal loss and cavity formation Promotes
neuroprotection and functional recovery

100 mg/kg [69,110,111]

Promotes axonal regeneration and neuronal tissue
protection

17-estradiol (E2) NLRP1b/NLRP3/ASC/Caspase-1/ IL-
1b/18

Inhibits neuronal loss Improves functional recovery 4 mg/kg [112–116]

Gal-3 TXNIP/NLRP3/ IL-1b/IL-18 Enhances tissue protection Reduces neuronal loss and
neuroinflammation Improves functional recovery

10 mg/kg [118]

Methylene blue NLRP3/NLRC4/ASC/Caspase-1 Inhibits neuronal lossand reduces cavity formation
Promotes axonal regeneration and functional recovery

2 mg/kg [122]

Brilliant blue GP2X/NLRP3/ASC/Cleaved XIAP/
Caspase-1/Caspase-11/IL-1b/IL-18

Reduces neuronal loss and cavity formation Promotes
axonal regeneration and functional outcomes

50 mg/kg [123–125]

Peptide-5 NLRP3/ASC/Caspase-1/IL-18 Maintains neuropathic pain after peripheral nerve injury
Promotes neuronal protection and prevents from
neuronal cell death Enhances neuroprotection

2.5, 5, 10 or 20 mg/kg [126–129]

Wogonoside NLRP3/NF-jB /TLR4 Reduces neuronal loss Improves functional recovery 12, 25 or 50 mg/kg [135]
A-68930 NLRP3/Caspase-1/IL-1b/IL-18 Promotes neuroprotectionand axonal regeneration

Reduces neuronal loss and improves functional recovery
5 mg/kg [140]

Quercetin ROS/NLRP3/IL-1b/IL-18 Promotes neuroprotection axonal regeneration Reduces
neuronal loss and cavity formation

100 mg/kg [145]
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After SCI, CORM-3 treatment efficaciously reduces the NLRP1 and
NLRP3 expression levels. Consequently, these important findings
illustrate that CORM-3 and inhalable CO can significantly reduce
the NLRP1 and NLRP3 inflammasomes activation after SCI. How-
ever, inflammasome-mediated pyroptosis programmed cell death
mechanism was firstly observed in neurons in CNS [32]. CORM-3
efficaciously inhibits the pyroptosis-related protein marker called
GSDMD expression level, indicating that this potent molecule inhi-
bits pyroptosis signaling pathways after SCI. CORM-3 treatments
effectively inhibit the expression of cleaved GSDMD pro-IL-1b,
pro-IL-18 protein levels in the drug-treated injured spinal cord
group and CORM-3 therapy substantially reduces the OGD-
stimulated GSDMD, cleaved-caspase-1, IL-1b, NLRP1 and NLRP3
expression levels in neurons. Previous investigations reported that
endoplasmic reticulum (ER) stress triggers TXNIP-induced NLRP3
inflammasome and other inflammasome components leading to
cell death initiation [95,96]. The authors demonstrated that
COMR-3 treatments could tremendously inhibit IRE1-mediated
inflammasome activation and neuronal cell death after SCI [70].
The authors also demonstrated that inhibiting the IRE1 pathway
could impede the initiation of inflammasomes in OGD neuron in-
vitro studies. IRE1 inhibition by si-RNA interdicted the NLRP1,
NLRP3, GSDMD, cleaved caspase-1 and IL-1b expressions in OGD-
exposed neuron. Recent investigations have illustrated that the
pharmacological inhibition of IRE1 can efficaciously reduce the
activation of inflammasome components and pyroptosis signaling
pathways in SCI animal model [70]. Studies have also documented
that STF-083010 administration mainly alleviates the IRE1 phos-
phorylation in SCI model. STF-083010 administration can reduce
the fluorescence intensity of cleaved caspase-1 in the neuron at
post-SCI and reduce the GSDMD, cleaved GSDMD, cleaved-
caspase1, cleaved-caspase-11, NLRP1, NLRP3 as well as pro-
inflammatory factors such as IL-1b, IL-18, pro-IL-1b and pro-IL-18
expression levels. CORM-3 treatment remarkably improves the
histopathological and functional outcomes and increases neuronal
survival resulting from decreased pyroptosis cell death process
(Fig. 2). Thus, these substantial findings indicate that CORM-3 sig-
nificantly inhibits pyroptosis process and inflammasome compo-
nents in both SCI rat and in-vitro model. Apoptosis has
traditionally been recognized as the most studied cell death mech-
anism in CNS and SCI; previous studies illustrated the relevance of
targeting pyroptosis and inflammasome components to improve
neurological outcomes after SCI [97,98]. Therefore, these findings
also distinctly prove that the exogenous CORM-3 administration
enhances CO concentrations in spinal tissues and attenuates the
neuronal pyroptotic death mechanisms after SCI. This evidence
also suggests that the cell death mechanism might be a potential
target in the IRE1-mediated inflammasome signaling regulation
for SCI therapy in the near future.

Zinc (Zn) plays essential roles in maintaining several cell func-
tions [99]. Mei et al. clearly illustrated the potential effect of Zn
on NLRP3 inflammasome and Nrf2/HO-1 signaling pathways after
SCI [100]. After Zn administration, the NLRP3, ASC and caspase-1
expression levels were found high on day 3 after the injury in SCI
mice model. Immunofluorescence staining indicated that Zn
administration could efficaciously reduce the IL-1b positive neuron
in the spinal cord anterior horn in SCI animal model. Zn adminis-
tration can efficaciously block the NLRP3 inflammasome activation
in SCI. Author and colleagues have assumed that the NLRP3 inflam-
masome is regulated by Zn ion through the Nrf2/HO-1 molecular
signaling pathways activation [100]. The authors injected Zn
intraperitoneally at 2 h and concurrently injected ML385, called
an Nrf2/HO-1 signaling pathway inhibitor in SCI mice models in
the previous investigation. Zn treatment could substantially up-



Fig. 2. Graphical description of targeting pyroptosis-regulated cell death for the therapeutic implications in SCI.
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regulate the nuclear Nrf2, HO-1 and NQO-1-related protein expres-
sion levels. Inflammasome-related protein expressions in the SCI-
ZnG-ml385 group were opposite to the Zn-treated SCI model group
and the NLRP3 protein expression levels remained unchanged. The
authors have also documented that the Nrf2 protein expression
level increased and the NLRP3 protein expression level decreased
in the Zn-treated injured mice group compared with the SCI model
group [100]. Studies have demonstrated that short-term Zn ther-
apy may substantially enhance neuronal survival and functional
recovery through inhibiting the NLRP3 activation and facilitating
the Nrf2 signaling pathway. The authors investigated the substan-
tial therapeutic role in VSC4.1 cells to investigate the Nrf2 signal-
ing pathway in regulating Zn’s activation of NLRP3
inflammasome [100]. Besides, Zn treatment could considerably
increase the Nrf2, HO-1, NQO-1 protein expression levels in
VSC4.1 cells induced with H2O2 and ATP for a particular time and
inhibit the NLRP3 inflammasome initiation [100]. Likewise,
ML385 treatment reversed the potential effect of Zn treatments
in H2O2 and ATP-induced VSC4.1 cells. ML385 treatment also
enhanced the proportion of NLRP3-positive cells; unfortunately,
Zn-therapy could not substantially inverse this event. These find-
ings indicated that Zn treatment could efficaciously impede the
NLRP3 inflammasome activation through the Nrf2/HO-1 signaling
pathways in both in-vivo and in-vitro studies. Therefore, further
investigations should be performed to elucidate in more detail on
the potential role of this agent to inhibit the pyroptosis process
as well as inflammasome components for the therapeutic implica-
tions of SCI in the near future.

ECH is known as phenylethanoid glycoside isolated from Cis-
tanches used as a herbal medicine in whole China [101]. Further
investigations have documented that ECH has significant neuro-
protective activities [102,103]. In a study, Gao and colleagues
focused on exploring the potential therapeutic effects of ECH to
impede the NLRP3 and other inflammasome components in micro-
glia injury and SCI rat model [68]. The authors demonstrated that
ECH administration efficaciously blocked the NEK7, NLRP3,
caspase-1, ASC, as well as inflammatory mediators such as IL-1b,
and IL-18 protein expression levels in the injured spinal cord on
day 3 after the injury [68]. Administration of ECH in various con-
centrations largely impeded the expression of NEK7, NLRP3, ASC,
caspase-1 as well as pro-inflammatory factors including IL-18
and IL-1b levels in LPS/ATP-induced BV-2 cells. Moreover,
immunofluorescence staining distinctly illustrated that the NLRP3
expression level was notably enhanced in the injured spinal cord
tissue sample and BV-2 cells [68]. ECH treatments in a
concentration-dependent manner reduced the fluorescent inten-
sity, demonstrating that ECH evidently reduced the NLRP3 protein
expression in BV-2 cells. Several studies have referred that NF-jB
signaling pathway can actively trigger the NLRP3 and other inflam-
masomes [68]. ECH treatment could impede the NF-jB signaling
pathway-mediated protein expression in LPS/ATP-induced BV-2
cells. Administration of ECH in a concentration-dependent manner
inverted the p-p65 and p-IjBa ratios. In addition, previous pieces
of evidence have reported that ROS production plays a significant
role in inflammasomes activation [104,105]. ECH treatment could
effectively reduce ROS production in PC-12 cells [68]. Therefore,
these significant findings indicate that ECH can efficaciously
reduce inflammasomes activation in SCI.

Polydatin (PD) is known as a glucoside of resveratrol which
plays important roles in various pharmacological activities includ-
ing anti-inflammation as well as anti-oxidation [106,107]. Authors
in a study have found the potential pharmacological effects of PD
in the SCI model [106]. The authors demonstrated that PD treat-
ment substantially reduces the NLRP3, ASC, cleaved caspase-1,
caspase-1 and pro-inflammatory mediators including IL-1b and
IL-18 expression levels in SCI animal model and LPS-induced BV-
2 microglia in-vitro model [106]. After incubation with PD in dif-
ferent concentrations, the phosphorylation levels of NF-jBp65
were noticeably decreased and there was a sharp decline in phos-
phorylated IjB [106]. PD treatments substantially reduced the LPS-
induced NF-jB signaling pathway in BV-2 microglia and impeded
the initiation of NLRP3 inflammasome and iNOS in microglia
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[106], though authors did not identify the pyroptosis marker pro-
tein GSDMD and other signaling pathways in the previous study.
In consequence, this molecule can be a potent drug for targeting
pyroptosis signaling pathways in the therapeutic implications of
the SCI treatment in the near future.

Rutin (RT) is a known flavonoid found in foods and plants which
has significant anti-inflammatory effects [108]. Researchers have
found that RT can efficaciously reduce neuronal damage after
intracerebral hemorrhage in rat model [109] and has significant
neuroprotective effects by enhancing neurotrophy after SCI
[110,111]. Another investigation has reported that RT administra-
tion also decreases the NLRP3, ASC and active-caspase-1 expres-
sion levels in SCI animal model. Besides, RT administration can
substantially minimize the release of pro-inflammatory factors
including IL-1b and IL-18 levels and reduce ROS production after
SCI. Evidence illustrated that ROS could markedly regulate the
NLRP3 inflammasome and other inflammasome components acti-
vation in CNS disorders [69]. The author and colleagues could not
clearly demonstrate the pyroptosis-related protein GSDMD expres-
sion in the previous study. Thus, future investigations are highly
essential on this novel agent to inhibit the pyroptosis signaling
pathways in SCI in the near future. However, these outstanding
findings conclude that this molecule can be a potential pyroptosis
inhibitor for the SCI treatment in the near future.

Previous investigations have demonstrated that estrogen and
progesterone or its metabolites improve functional outcomes after
SCI [112,113]. 17-estradiol (E2) is known as a neuroprotective hor-
mone, plays a significant role as an anti-inflammatory activity in
various neurological disorders as well as SCI [114,115]. A study
also demonstrated that the inflammatory mediators including IL-
1b and IL-18 protein expression as well as serum levels were sub-
stantially attenuated by the E2 administration in the SCI treated rat
group. More importantly, E2 administration largely attenuates the
NLRP1b, NLRP3, ASC and caspase-1 protein expression levels in the
SCI model group. After SCI, the protein and mRNA levels of NLRP3
inflammasome were expressed at 72 h [116]. Furthermore, the
NLRP3 and ASC were significantly associated with oligodendro-
cytes, whereas an inflammasome component is not markedly
expressed in APC+ cells. E2 and progesterone moderately impeded
the demyelination of corpus callosum in a cuprizone induced
experimental SCI animal model. Moreover, E2 treatment effec-
tively inhibits the inflammasomes components and reduces local
inflammatory responses in the injured spinal cord [116]. Therefore,
these investigations indicate that this agent can effectively inhibit
the pyroptosis phenomena and further investigations must be
implemented to analyze the potential effects of this potent agent
to inhibit the pyroptosis process for the intervention of SCI in
future.

Gal-3 is a member of the galectin family, contains a sugar recog-
nition domain with a specific affinity for b-galactoside [117]. W.
Sheng et al. documented that the Gal-3 inhibition could substan-
tially attenuate the TXNIP/NLRP3 over-expression levels in the
injured spinal rat model [118]. Moreover, Gal-3 efficaciously sup-
pressed the Gal-3, TXNIP, NLRP3 and IL-1b proteins expression
level in SCI model, compared to the LPS model group. It has also
been documented that si-TXNIP largely suppresses TXNIP and
NLRP3 expression levels and reduces IL-1b and IL-18 levels in
LPS-induced group and si-NLRP3 considerably down-regulates
the NLRP3 and IL-1b protein expression in-vitro experiment
[118]. Therefore, these substantial findings conclude that inhibit-
ing the TXNIP molecule and NLRP3 inflammasome can be a poten-
tial therapeutic target to prevent the pyroptosis -regulated cell
death after SCI in the near future.

Methylene blue (MB) plays an important role as a neuroprotec-
tive agent in several neurological disorders [119–121]. Lin and col-
leagues revealed that MB has significantly impeded the IL-1b and
IL-18 expression levels instead of their mRNA levels in activated
microglia [122]. Further investigations have documented that MB
administration can significantly inhibit both NLRP3 and NLRC4
inflammasomes activation in microglia and the similar effect of
MB treatment has been found in the rat SCI microglia, except that
the NLRC4 inflammasome activation has not significantly found
[122]. MB treatment markedly reduces the cleaved caspase-1 and
IL-1b expression levels under LPS+ATP stimulation [122]. The
authors then verified the most inflammasomes including NLRP3,
NLRC4 and AIM2 protein expression levels in microglia [122]. Sim-
ilarly, MB treatments sharply declined the NLRP3 and NLRC4 pro-
tein expression levels in stimulated microglia [122]. In addition,
co-immuno-precipitation assay clearly illustrated that MB treat-
ment could induce the strong binding of ASC to NLRP3 and NLRC4
in stimulated microglia. Moreover, MB treatment enormously min-
imizes the ASC to NLRP3 and NLRC4 binding, indicating that this
agent can inhibit the activation of inflammasome components at
the injured spinal cord areas [122]. Although the authors did not
clearly explain the pyroptosis marker including GSDMD and other
signaling pathways, further investigations must be carried out to
clarify more detail on the potential effects of this molecule to inhi-
bit the pyroptotic neuronal cell death mechanism for the novel
therapies of SCI in the near future. Thus, these notable findings
suggested that MB largely suppressed the inflammatory responses
through inhibiting inflammasomes activation after SCI.

BBG is called a P2X7 receptor inhibitor, which notably enhances
functional recoveries after SCI [123,124]. Zhou et al. studied the
potential effect of BBG on inflammasomes-related protein expres-
sion in SCI model [125]. The study also reported that the P2X7,
NLRP3, ASC, cleaved XIAP, caspase-11 and caspase-1 expression
levels were noticeably enhanced in the SCI animal group than
the sham model group. In addition, the P2X7, NLRP3, ASC, cleaved
XIAP, caspase-11 and caspase-1 protein levels were declined in the
BBG treated SCI animal model. Moreover, NLRP1 protein expres-
sion levels did not significantly differ among the SCI model groups
and immunohistochemistry staining also illustrated that the
NLRP3 and ASC protein expression levels were notably decreased
in the BBG treated SCI animal model [125]. BBG administration
can efficaciously reduce the pro-inflammatory factors including
IL-1b and IL-18 expression levels after SCI. Consequently, these
critical findings conclude that BBG administration can significantly
inhibit the inflammasomes-related proteins expression and neu-
ronal cell death in SCI animal model. Therefore, further studies
are required to explain in more detail on the potential effects of
this molecule in inhibiting the pyroptosis-signaling pathways for
the novel therapies of SCI in future.

Cx43 is known as hemichannels in spinal astrocytes, which is
actively involved in maintaining neuropathic pain after peripheral
nerve injury [126]. Peptide5 is known as a Cx43 mimetic peptide,
plays significant roles in blocking hemichannels [127,128]. Tonkin
et al. demonstrated that peptide5, a Cx43 mimetic peptide treat-
ment can markedly attenuate the NLRP3 inflammasome, ASC and
caspase-1 protein expression levels in SCI mice model [129]. More-
over, the NLRP3 overexpression has been reported in the primary
cultures of rat astrocytes, mouse cortical neurons and mouse
microglia but not in the primary human neurons and purified
microglia and the astrocyte cultures from fetal tissues [129–132].
Dual immunofluorescence staining clearly illustrated that NLRP3
was mostly co-localized with NeuN + neurons and IBA-
1 + microglia and only a small amount of GFAP + stellate cells were
co-labeled dual immunofluorescence staining markedly pointed
that NLRP3 was mainly co-localized with NeuN + neurons and
IBA-1 + microglia. Blocking the Cx43 hemichannels with peptide5
significantly ameliorated the mechanical pain hypersensitivity by
inhibiting the NLRP3 inflammasome in the injured spinal cord
[129]. Although the authors did not investigate the pyroptosis sig-
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naling pathway-related proteins, more investigations are urgently
essential to explain the potential effects of this molecule to inhibit
the novel cell death program for the SCI therapy in the near future.

Wogonoside (WG) is derived from Scutellaria baicalensis, plays
vital roles as an antithrombotic and antihypertensive agent, which
is used for the treatment of coronary heart disease [133,134]. In a
study, author and colleagues investigated whether WG agent could
inhibit the inflammatory responses induced by NF-jB and NLRP3
signaling pathways activation in SCI rat model or not [135]. The
authors reported that treatment with 12.5 mg/kg of WG did not
cause notable distinction in the caspase-1 or TLR4 expression
levels, whereas 25 or 50 mg/kg WG enormously reduced the
caspase-1 expression levels in SCI rat model. Besides, WG treat-
ment can considerably reduce the NF-jB and NLRP3 expression
levels [135]. A previous study also illustrated that the caspase-1
and TLR4 expression levels were dramatically augmented in the
SCI group model, relative to the control group treatment with
12.5 mg/kg WG induced no remarkable variation in the caspase-
1 or TLR4 expression levels, whereas 25 or 50 mg/kgWG treatment
notably down-regulated the caspase-1 expression after SCI [135].
More importantly, the authors reported that WG administration
could tremendously promote axonal regeneration and improve
functional outcomes after SCI via suppressing caspases-1-
mediated neuronal cell death [135]. Thus, these substantial find-
ings conclude that WG can be a novel molecule for targeting
pyroptosis in the therapeutic implications of SCI in the near future.

A-68930 stimulates DRD1, plays important roles as an anti-
stress, anti-inflammatory and neuroprotective agent [136–138].
Previous studies have documented that dopamine significantly
reduces the NLRP3 inflammasome activation through DRD1 signal-
ing, and DRD1 can induce the NLRP3 ubiquitination and
autophagy-mediated degradation in the experimental studies
[139]. Moreover, DRD1 signaling can substantially mitigate LPS-
induced inflammatory responses and monosodium urate crystal-
stimulated peritoneal inflammatory responses through inhibiting
the NLRP3 inflammasome [139]. A-68930 can regulate the neuro-
toxin 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine-induced
neuroinflammation and diminish huge neurons loss through
inhibiting the NLRP3 inflammasome in mice model [139]. W Jiang
et al. documented that A-68930 effectively minimized the activa-
tion of NLRP3 inflammasome and inflammatory cytokines release
[140]. The author has also documented that A-68930 administra-
tion substantially reduced the protein expression of active
caspase-1 levels in the drug-treated SCI model group [140]. Impor-
tantly, the authors illustrated that A-68930 treatments could pro-
mote axonal regeneration and impede neuronal loss in the injured
spinal cord area [140]. A-68930 has significant effects on SCI by
inhibiting the inflammasome components and reducing inflamma-
tory responses [140]. Therefore, these notable shreds of evidence
decisively indicate that A-68930 can be potent molecule to inhibit
the pyroptosis-signaling pathways as well as inflammasome com-
ponents for the unique therapeutic strategy of SCI in the future.

Quercetin (QUE) is known as a flavonoid available in abun-
dance. Previous studies have reported that QUE can promote neu-
rological recovery in experimental animal models [141–144]. W
Jiang et al. demonstrated that QUE could considerably impede
the ROS synthesis and NLRP3 activation in SCI animal model
[145]. The author and colleagues have also documented that after
QUE administration, the pro-inflammatory factors including IL-1b
and IL-18 protein expression levels were noticeably down-
regulated at 72 h [145]. Thus, these critical shreds of evidence con-
clude that this potent molecule can considerably impede the
NLRP3 inflammasome in SCI. Further investigations are highly
demanded to elucidate the potential effects of this agent in inhibit-
ing the pyroptosis process for the novel therapies of SCI.
Conclusion and future directions

Multiple pieces of evidence have documented that caspase-1
caspase-4/5/11 signaling pathways play crucial roles in SCI
[56,94]. Besides, emerging evidence has also documented that
NLRP3 inflammasome activation plays key roles in pyroptosis pro-
cess in SCI [146]. In our review, we have briefly described the crit-
ical functions of the activation of NLRP3, other inflammasomes and
pyroptosis process, which are involved in SCI. Furthermore, current
investigations strongly suggest that some essential molecules can
be applied to inhibit those pathways for the novel pharmacological
therapies of SCI in the near future. The actual mechanism of the
discussed potential molecules has remained elusive. In addition,
the investigations on the potential role of pyroptosis-regulated cell
death in SCI are still limited to the experimental studies. Further
investigations or clinical studies in more detail should be con-
ducted to explore the actual mechanism and its potential role of
pyroptosis-regulated cell death in SCI in the near future. Clinical
studies of those agents on stem cells/exosomes/microvesicles can
open a new gateway to find a potential therapeutic approach for
the treatment of SCI in future [56,57,84]. Therefore, our narrative
article suggests that inhibiting the pyroptosis-regulated cell death
and inflammasome components could be a promising therapeutic
approach for the treatment of SCI in the near future.
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