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Abstract

NLRP3 (NLRP3: NOD-, LRR-, and pyrin domain-containing protein 3) inflammasome is the best-described inflammasome
that plays a crucial role in the innate immune system and a wide range of diseases. The intimate association of NLRP3 with
neurological disorders, including neurodegenerative diseases and strokes, further emphasizes its prominence as a clinical
target for pharmacological intervention. However, after decades of exploration, the mechanism of NLRP3 activation remains
indefinite. This review highlights recent advances and gaps in our insights into the regulation of NLRP3 inflammasome.
Furthermore, we present several emerging pharmacological approaches of clinical translational potential targeting the NLRP3
inflammasome in neurological diseases. More importantly, despite small-molecule inhibitors of the NLRP3 inflammasome,
we have focused explicitly on Chinese herbal medicine and botanical ingredients, which may be splendid therapeutics by
inhibiting NLRP3 inflammasome for central nervous system disorders. We expect that we can contribute new perspectives
to the treatment of neurological diseases.

Keywords NLRP3 inflammasome - Neurological diseases - Stroke - Alzheimer’s disease - Neuroinflammation - Chinese
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mtROS Mitochondrial reactive oxygen species

NEK7 NIMA-related protein kinase 7

NF-xB Nuclear factor-kB

NLRC4  NLR family CARD domain-containing protein
4

NLRP3 NOD-, LRR-, and PYRIN domain-containing
protein 3

NOD2 Nucleotide-binding oligomerization
domain-containing protein 2

Nrf2 Erythroid-2-related factor 2

NSAIDs Non-steroidal anti-inflammatory drugs

oxPAPC  Oxidized phospholipid 1-palmitoyl-2-arachi-
donoyl-sn-glycero-3-phosphorylcholine

P2X7 Purinergic 2X7 receptor

PAMPs  Pathogen-associated molecular patterns

PD Parkinson’s disease

PKD Protein kinase domain

PPMS Primary progressive multiple sclerosis
PRRs Pattern recognition receptors
PtdIns4P  Phosphatidylinositol-4-phosphate
RNAi RNA interference

ROS Reactive oxygen species

ROSC Return of spontaneous circulation
RRMS Relapse-remitting multiple sclerosis
SAE Sepsis-associated encephalopathy
SAH Subarachnoid hemorrhage

SCAP SREBP cleavage-activating protein
SREBP  Sterol regulatory element binding protein

TBI Traumatic brain injury

TGN trans-Golgi network
TLR4 Toll-like receptor 4
TLRs Toll-like receptors
TNF Tumor necrosis factor

tPA Tissue plasminogen activator

TREM-1 Receptor expressed on myeloid cells 1

TWIK2  Two-pore domain weak inwardly rectifying
K+ channel 2

TXNIP Thioredoxin-interacting protein
VRAC Volume-regulated anion channel
Introduction

The NLRP3 inflammasome is a protein complex composed
of a sensor protein (NLRP3), an adaptor apoptosis-associ-
ated speck-like protein containing a CARD (ASC), and a
downstream effector (pro-caspase-1) (Fig. 1). Following the
activation of the inflammasome sensor molecule by ago-
nists, ASC self-associates into a helical fibrous assembly
[1] that forms the so-called ASC speck or pyroptosome [2],
which serves as a molecular plateau for caspase-1 activa-
tion by proximally induced autocatalysis [3]. Activated
caspase-1 promotes the maturation and secretion of several

pro-inflammatory cytokines, including interleukin-1f (IL-
1) and interleukin-18 (IL-18). On the one hand, it also
triggers cellular pyroptosis capable of clearing pathogens
and damaged cells [4]. Depending on the sensor, the main
inflammasomes include NLRP3 (NOD-, LRR-, and pyrin
domain-containing protein 3), NOD-like receptor family
CARD domain-containing protein 4 (NLRC4), interferon-
inducible protein AIM2, NLRP1, and others. NLRP3 is a
NOD-like receptor family (NLRs) member and is the best-
described inflammasome sensor, which plays as a key com-
ponent of the innate immune system. NLRP3 contains an
amino-terminal PYRIN (PYD) domain, a nucleotide-binding
NACHT domain, and a carboxy-terminal leucine-rich repeat
(LRR) domain (Fig. 1). The NACHT domain carries ATPase
activity, and the ATP binding is essential for the function of
NLRP3 [5]. Gain-of-function mutations of the Nlrp3 gene
result in a dominantly inherited autoinflammatory disease
called cryptochrome-associated periodic syndrome (CAPS)
[6-8]. Recent research reveals that the inactive endogenous
full-length NLRP3 is formed in a double-ring cage that is
primarily membrane-localized [9]. The location is consistent
with previous studies of NLRP3 on various membranous
organelles [10]. The double-ring cage is combined by LRR-
LRR interactions, while the PYD domain is hidden inside to
prevent premature activation [9]. Furthermore, it has been
demonstrated that this specific cage configuration is required
for the dispersion of the trans-Golgi network (TGN) [9], a
common cellular event during NLRP3 activation [11] that
we will discuss later. Recently, it has been further suggested
that NIMA-related protein kinase 7 (NEK7), a serine—threo-
nine kinase previously involved in mitosis, is required to
activate NLRP3 inflammasome [12, 13]. After being trig-
gered by stimuli, NEK7-NLRP3 interacts to form a complex,
which is essential for the subsequent recruitment of ASC
and the activation of caspase-1. This interaction is thought
to occur downstream of reactive oxygen species (ROS) and
potassium efflux [12] and is specific to NLRP3 rather than
other inflammasome sensors [12, 13].

Up to now, NLRP3 inflammasome is the most investi-
gated inflammasome in the central nervous system (CNS).
It is mainly studied in microglia but can also be expressed in
astrocytes and oligodendrocytes in patients or animal models
with neurologic diseases [14, 15]. Regarding CNS, NLRP3
inflammasome is particularly sensitive to endosome injury
and responds to various aggregated proteins associated with
diseases, such as AP [16] or a-synuclein [17]. Many stud-
ies suggested the involvement of NLRP3 inflammasomes
in neurodegenerative diseases, while the pharmacologic or
genetic deletion or inhibition of NLRP3 inflammasomes
could improve neurologic function [18]. Previous studies
summarized that the use of specific inhibitors of NLRP3
inflammasomes, along with microglial autophagy inducers,
could contribute to the elimination of misfolded proteins,
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Fig.1 A schematic diagram of mediators and stimulators involved in
NLRP3 inflammasome activation and the structure of NLRP3. The
canonical activation of NLRP3 inflammasome consists of two steps:
priming (signal 1) and activation (signal 2). Signal 1 (left), triggered
by the activation of cytokines (such as IL-f, TNF) or pathogen-asso-
ciated molecular patterns (PAMPs), is to initiate the transcription
of NLRP3 and pro-inflammatory genes and upregulate their expres-
sions in cells. The priming step of NLRP3 inflammasome activation
provides cells with permission to be activated subsequently. Signal
2 (right) is trigged by various PAMPs and DAMPs. At present, the
well-accepted upstream signals which could activate NLRP3 inflam-
masome comprise K* efflux, the leakage of cathepsins caused by
lysosomal disruption, impaired mitochondrial function, Ca** influx
and trans-Golgi disassembly. Activation of NLRP3 by agonists
subsequently attracts ASC and caspase-1 to assemble into NLRP3
inflammasome, thereby inducing caspase-1 self-cleavage and activa-
tion. Activated caspase-1 then promotes the maturation and secre-
tion of pro-inflammatory cytokines including interleukin-1f3 (IL-1p)

the scavenging of impaired mitochondria and ROS in neu-
rodegenerative diseases [19]. Recent studies also highlighted
that NLRP3 inflammasome was also engaged in the patho-
logical processes of other neurological disorders, such as
ischemic stroke, which have not traditionally been consid-
ered as inflammatory in nature [20]. Moreover, a number
of inhibitors targeting NLRP3 inflammasomes have demon-
strated therapeutic efficacy in animal experiments or in vivo
models. This paper reviews the latest developments and gaps
regarding NLRP3 inflammasome activation. Meanwhile,
we summarize the recent findings on inhibiting the NLRP3
inflammasome signaling pathway in treating neurological
diseases. Besides small-molecule inhibitors and microRNA

@ Springer

Pyroptosis

and interleukin-18 (IL-18).The non-canonical NLRP3 inflammasome
activation is triggered by caspase-11 in mice (human homologs cas-
pase-4 and caspase-5). After sensing LPS, caspase-11 is activated
via Toll-like receptor 4 (TLR4), leading to the cleavage of gasder-
min D (GSDMD). The cleaved GSMD, N-terminal, forms mem-
brane pores, thereby resulting in potassium efflux and pyroptosis.
The dotted line indicates the pathway where the mechanism is not yet
established. ASC, apoptosis-associated speck-like protein contain-
ing a CARD; CARD, caspase recruitment domain; CLIC, chloride
intracellular channel protein; GSDMD, gasdermin D; N- terminal,
GSDMD amino-terminal cell death domain; IL-1p, interleukin-1p;
IL-18, interleukin-18; IL-1R1, IL-1 receptor type 1; LPS, lipopoly-
saccharide; LRR, leucine-rich repeat; NEK7, NIMA-related kinase 7;
NF-xB, nuclear factor-kB; P2X7, purinergic 2X7 receptor; PtdIns4P,
phosphatidylinositol-4-phosphate; PYD, pyrin domain; ROS, reactive
oxygen species; TLR, Toll-like receptor; TNF, tumor necrosis fac-
tor; TNFR, tumor necrosis factor receptor; TWIK2, two-pore domain
weak inwardly rectifying K.* channel 2

for NLRP3 inflammasomes, we specifically focused on the
remarkable studies of herbal medicines, plant-derived ingre-
dients, and drugs used to treat other diseases, which have
rarely been systematically reviewed in other similar articles.

Activation of NLRP3 Inflammasome
Canonical NLRP3 Activation
It is well established that two-step procedures stimulate the

canonical activation of NLRP3 inflammasome: priming (sig-
nal 1) and activation (signal 2) (Fig. 1). Briefly, signal 1 is
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to initiate the transcription of Nlrp3 and pro-inflammatory
genes and upregulate their expressions in cells. This process
is involved with pattern recognition receptors (PRRs) such as
Toll-like receptors (TLRs), nucleotide-binding oligomeriza-
tion domain-containing protein 2 (NOD?2), and tumor necro-
sis factor (TNF) receptors induced by various pathogen-asso-
ciated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs) [21, 22]. Nuclear factor-xB
(NF-kB) is further activated by these receptors, increasing
the transcription of the inflammasome components [23]. The
activation step (signal 2) occurs following the recognition of
an NLRP3 inflammasome stimulus and induces the recruit-
ment of ASC and caspase-1. Unlike other members of the
NLR family, the NLRP3 inflammasome responds to various
stimuli independent in origin, chemical composition, and
structural properties. The stimulants range from intrinsic
and extrinsic agents, known as DAMPs and PAMPs. PAMP
signals mainly come from invasive pathogens such as bac-
terial toxins [24]. Lipopolysaccharide (LPS) is commonly
thought to be a prototypical PAMP. DAMP signals perceived
by NLRP3 inflammasome are usually produced by the dam-
aged body itself, such as triphosphate (ATP), silica crystals
[25], amyloid B (AP) [16], and a-synuclein [17]. Given the
high variability of activators, they are unlikely to interact by
directly binding to NLRP3 inflammasome. Recent studies
suggested that the NLRP3 inflammasome may perform as a
signal integrator, recognizing any molecules or conditions
that could induce alterations in homeostasis or pathological
state [26]. However, how NLRP3 inflammasome sense and
respond to dangerous cellular signals remains indefinite.
Here, we introduced the widely accepted upstream signals
and some latest studies. K* efflux is a common required
upstream event for NLRP3 activation [27]. After being
simulated by ATP, purinergic 2X7 receptor (P2X7R) pro-
motes K* efflux with two-pore domain weak inwardly rec-
tifying K™ channel 2 (TWIK2), as well as Ca*" and Na*
influx [28, 29]. Pore-forming toxins also induce K™ efflux
[24]. Meanwhile, Ca®* flux and K* efflux are often syner-
gistic during NLRP3 activation [28]. Ca** release from the
endoplasmic reticulum (ER) promoted by K* is an upstream
signal in NLRP3 inflammasome activation [30]. More par-
ticularly, ER stress, resulting in Ca?* release from the ER
lumen, magnifies the activation of NLRP3 inflammasome.
Besides potassium and calcium, chloride is also engaged
[30]. CI™ efflux is thought to promote ASC aggregation dur-
ing NLRP3 inflammasome formation, depending on chloride
intracellular channel proteins (CLICs) [31]. Lysosomal dis-
ruption and the leakage of cathepsins is another common
mechanism of NLRP3 activation [25]. Activation caused by
phagocytosis of crystalline material or protein aggregates
is mediated via this pathway mainly. Meanwhile, lysosomal
damage could trigger K* efflux and Ca®* influx [27]. Early
studies revealed ROS production was necessary for NLRP3

inflammasome activation [32]. In addition, mitochondrial
dysfunction and the release of mitochondrial reactive oxy-
gen species (mtROS), cardiolipin, and mitochondrial DNA
(mtDNA) into the cytoplasm is an equally critical upstream
event independent of K* efflux and lysosomal disruption
involved in NLRP3 activation [33, 34]. Despite mitochon-
dria [35], dysfunction of organelles such as the endoplasmic
reticulum [36] and Golgi apparatus [37] are also engaged
in NLRP3 inflammasome activation. The Golgi apparatus
is definitely the most unexpected and astonishing among
all these organelles. Recent studies implicate that the Golgi
apparatus is not only an organelle for intracellular sorting but
also plays a crucial role in signal transfer during the inner
immune response [37]. Chen et al. indicated that the trans-
Golgi network (TGN)), rather than cis- or medial-Golgi, was
disassembly induced by several NLRP3 activators into dis-
persed trans-Golgi network (dTGN) [11]. dTGN performed
as a scaffold that recruited NLRP3 via phosphatidylinositol-
4-phosphate (PtdIns4P), promoting NLRP3 inflammasome
assembly and the downstream caspase-1 activation. Intrigu-
ing, it was further suggested that trans-Golgi disassembly
was the common cellular event in two distinct pathways,
K* efflux-dependent and mitochondria-dependent NLRP3
activation, which eventually led to NLRP3 aggregation [11].
Recent studies also suggested that the activation of NLRP3
required the ER-to-Golgi translocation of sterol regulatory
element binding protein (SREBP) 2 and SREBP cleavage-
activating protein (SCAP) [10]. Another study clarified that
NLRP3 stimuli invoked the localization of mitochondria-
associated endoplasmic reticulum membranes (MAMs)
close to the Golgi membrane [38]. This inter-organelle
crosstalk relied on the recruitment of protein kinase domain
(PKD) at the Golgi DAG site, which promoted the assembly
of NLRP3 oligomers into active inflammasomes [38].

Of note, although researchers have made numerous efforts
to understand the upstream events during NLRP3 activation,
there is still no definitive conclusion. Many pathways are
cross-linked and overlapping, and the results occasionally
conflict with others. Further investigation is required.

Non-canonical NLRP3 Activation

Different from the canonical activation, the non-canonical
NLRP3 inflammasome activation is triggered by caspase-4
and caspase-5 in humans [39] and caspase-11 in mice [40],
respectively (Fig. 1). Generally speaking, upon sensing LPS
produced by Gram-negative bacteria, caspase-4, caspase-5,
and caspase-11 are activated via Toll-like receptor 4 (TLR4),
leading to the cleavage of gasdermin D (GSDMD). The
cleaved N-terminal of GSMD then forms membrane pores,
thereby resulting in potassium efflux and pyroptosis [41, 42].
Nevertheless, the canonical and non-canonical inflamma-
some activation shared similar consequences, namely, the
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release of pro-inflammatory cytokines IL-1p and IL-18. It
was reported that the oxidized phospholipid 1-palmitoyl-
2-arachidonoyl-sn-glycero-3-phosphorylcholine (0xPAPC)
also induced caspase-11-dependent IL-1p release via this
non-canonical pathway [43].

Inhibitors of NLRP3 Inflammasome

Many inhibitors have been developed to investigate the reg-
ulatory mechanisms of NLRP3 inflammasomes and their
roles in disease pathogenesis. These inhibitors directly or
indirectly inhibit NLRP3 inflammasome components or
related upstream/downstream signaling events [44]. Among
them, the activation step is the favored target for the crea-
tion of NLRP3 antagonists, as it should lead to the most
direct and specialized suppression. However, the molecu-
lar mechanism of inhibition or the precise target has not
been fully elucidated for many of these compounds. To date,
MCC950 (also known as CP-456773 or CRID3) is the most
studied and specific NLRP3 inflammasome inhibitor, as it
does not inhibit any other identified inflammasomes such as
NLRP1, NLRC4, or AIM2 [45]. Meanwhile, MCC950 could
inhibit both the canonical and non-canonical activation of
NLRP3 inflammasome by all known stimuli at present. Due
to its specificity, it is the most recommended and employed
compound to study the relevant events of NLRP3 inflam-
masome in vitro and in vivo. MCC950 binds to NLRP3
in the NACHT domain and blocks its ability to hydrolyze
ATP, thereby preventing it from retaining an active form,
thus inhibiting the recruitment to ASC and the cleavage of
caspase-1 [46]. It was also suggested that MCC950 could
perform its function by inhibiting the chloride efflux follow-
ing nigericin stimulation [47]. Shockingly, MCC950 shows
therapeutic efficacy in a wide range of disease models in
vivo, including diabetes [48], neurodegenerative disease
[49], traumatic brain injury [50, 51], atherosclerosis [52],
steatohepatitis [53], and colitis [32]. Other small-molecule
inhibitors of NLRP3 inflammasome include Bay 11-7082
[54], JC-171 [55], and B-hydroxybutyrate (BHB) [56].
Interestingly, many traditional Chinese medicines, botani-
cal ingredients, and drugs used in treating other diseases
have also been shown to inhibit the action of NLRP3 inflam-
masome. We summarize the inhibitors in Table 1 and will
discuss these agents later in specific disease models.

Therapeutic Targeting of NLRP3
in Neurological Diseases
Here we overview the recent studies of NLRP3 inflamma-

some performed in the nervous system and try to assess its
potential as a drug target for the treatment of neurological

@ Springer

disease, especially in stroke and neurodegenerative diseases
such as Alzheimer's disease. Moreover, we have specifically
focused on Chinese herbal medicine, botanical ingredients,
and drugs used in treating other conditions, which may be
splendid therapeutics by inhibiting NLRP3 inflammasome
for CNS disorders. Figure 2 presents a schematic diagram of
the possible major drivers of NLRP3 inflammasome activa-
tion in neurological diseases.

Ischemic Stroke

Ischemic stroke is a severe life-threatening condition that
accounts for almost 87% of all strokes [92]. Although intra-
venous thrombolysis and thrombectomy have been devel-
oped recently, ischemic stroke remains the second leading
cause of death globally [93]. The primary complications
of strokes, including cognitive impairment and depression
[94], consequently carry heavy social and family burdens.
However, most neuroprotective agents which proved to be
effective in animal studies ended in failure [95, 96]. There-
fore, finding new directions for pharmaceutical treatment is
urgent and essential.

Previous findings highlighted the importance of NLRP3
inflammasome in mediating the inflammatory response in
aseptic tissue injury during post-stroke damage [97, 98].
At the early stage of ischemia, hypoxia and hypoperfusion
accompanied by the generation of DAMPs could directly
activate NLRP3 inflammasome, exacerbating inner immune
response and the injuries of stroke. The generation of ROS
induced in ischemia—reperfusion could activate the NLRP3
inflammasome and cause more neural damage [99]. In addi-
tion to ROS, other dangerous signals that can trigger NLRP3
activation include energy depletion, acidosis, cathepsin
release, mitochondrial DNA oxidation and dysfunction,
intracellular Ca®* accumulation, decreased intracellular K*
concentration, cell swelling, and protein kinase R (PKR)
activation [100]. Pro-inflammatory cytokines such as IL-1
B and caspase-1, as well as NLRP3, were highly expressed
in cellular models, animal models, and patients with stroke
[101-104]. These massive cytokines and chemokines were
highly toxic to neurons. It was well established that inflam-
matory cascade response mediated by NLRP3 inflam-
masome contributed to cerebral edema and hemorrhage,
blood-brain barrier damage, and more neuronal death [105].

At present, the cell-specific expression and distribution
of the NLRP3 inflammasome in cerebral ischemia—reper-
fusion injury have not been fully elucidated. In the mouse
brain, expression of NLRP3, ASC, and caspase-1 has been
observed in microglia after LPS stimulation and was not
detected in astrocytes, suggesting that microglia may be the
main locus engaged in the generation of NLRP3 inflam-
masome [106]. Microglia is the major innate immune cell
population in the brain [107]. Impaired microglia immune
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Table 1 The chemicals, extracts, and drugs targeting NLRP3 inflammasome pathways in neurological disease

Agents Mechanism

Researches in neurological disease Reference

Small-molecule inhibitors

MCC950 Bind to Walker B motif and inhibit of ATP Stroke, AD, MS or EAE, TBI, epilepsy, SAE [45, 49-51, 57-61]
hydrolysis; inhibit the chloride efflux

Blue brilliant G (BBG) P2X7R inhibitor ICH [62]

Bay 11-7082 Inhibit the NF-kB, and ATPase activity of AD, TBI [63-65]
NLRP3

Type I interferon Inhibit the generation of nitric oxide or tran- EAE [66]
scription of interleukin-10

JC-171 Inhibit the NLRP3-ASC interactions MS or EAE [55]

VX-765 Caspase-1 inhibitor AD [67]

Ac-YVAD-CMK Caspase-1 inhibitor PD [68, 69]

Manoalide Block the NEK7-NLRP3 interaction EAE [70]

IL-1Ra IL-1 receptor antagonist PD [71]

Plant-derived compounds and traditional Chinese medicine

Resveratrol Inhibit TXNIP/TRX/NLRP3 and NF-kB/IL-1p/  Ischemic stroke, AD, SAH [72-74]
NLRP3 signaling pathway

Astragaloside IV Induce pyroptosis via Nrf2 signaling Ischemic stroke [75]

Silymarin Inhibit NLRP3 signaling pathway ICH [76]

Pterostilbene Inhibit NLRP3 signaling pathway SAH [77]

DI-3-n-butylphthalide Inhibit Nrf2-TXNIP-TrX Axis AD, PD [78,79]

ABPPx Inhibit NLRP3 signaling pathway AD [80]

Polyphenol(LSP) Induce microglial autophagy AD [81]

Perillyl Alcohol Inhibit NLRP3 signaling pathway PD [82]

Mirco-RNA

miR-135a-5p Inhibit TXNIP/NLRP3 signaling pathway Ischemic stroke [83]

miR-223 Inhibit NLRP3 signaling pathway ICH [84]

miR-152 Inhibit TXNIP /NLRP3 signaling pathway ICH [85]

miR-22 Inhibit GSDMD and pyroptosis AD [86]

Market-approved drugs for other disease treatment

Fenamate Block chloride efflux by blocking the volume- AD [87]
regulated anion channel

Lithium Inhibit AKT/GSK3p/B-catenin and AKT/ Ischemic stroke [88]
FoxO3a/p-catenin signaling pathways

Idebenone Inhibit the NLRP3-mtDNA interaction Ischemic stroke [89]

Verapamil Inhibit TXNIP/NLRP3 signaling pathway Ischemic stroke [90]

Melatonin Inhibit NLRP3 signaling pathway SAH [91]

AD, Alzheimer's disease; FAE, experimental autoimmune encephalomyelitis; /CH, intracerebral hemorrhage; MS, multiple sclerosis; PD, Par-
kinson’s disease; SAE, sepsis-associated encephalopathy; SAH, subarachnoid hemorrhage; 7B/, traumatic brain injury

functions often lead to overproduction of inflammatory
mediators and exacerbate central nervous system dam-
age [108, 109]. Consistent with this, there were signs that
NLRP3 was expressed in microglia and vascular endothelial
cells but not neurons [57]. In contrast, data also showed that
the levels of NLRP3 inflammasome proteins, IL-1p, and
IL-18 increased in neurons under ischemic conditions as
well as in neurons from stroke patients [88, 103, 110]. Dif-
ferent ischemia models and interventions and the duration of
ischemic injury were possible explanations. It was suggested
that the activation pattern of NLRP3 inflammasome induced

by ischemia—reperfusion injury varied between neurons and
glial cells [88].

The NLRP3 inflammasome may act through multiple
mechanisms to mediate neuronal and glial cell death in
ischemic stroke. The mechanisms include enhancing the
production and secretion of pro-inflammatory cytokines
such as IL-1p and IL-18 and through the multiplicity of
cleaved caspase-1 in mediating neural apoptosis. Consist-
ently, further studies demonstrated that the interference of
NLRP3 activation matched the regulation of neuroprotec-
tive function. Blockade of NLRP3 reduced the infarction

@ Springer



2526

Molecular Neurobiology (2023) 60:2520-2538

a-synuclein

e ss

Parkinson's disease

QO
QY —
mltochondrlal
Stroke dysfunctlon
DAMPs \v #/v
TREM1 TXNIP

Activated NLRP3 inflammasome

IL-18 )
&

s

O
ep— -termina
“Mﬂm‘

"4

Pro-IL-1 Bﬁ z om
caspase 1

ﬁGSDMD

Lysosome

tau protein

Ore N
Q‘ \ p~~/_ amyloid B

\ Cathepsins Alzheimer's disease

"
~ .

-

Ja

\:'5 mitochondrial 2%/ R -

dysfunction o

Ca Ca ,(

o) ®

Traumatic brain injury

» 7o
DAMPs
‘o

Epilepsy

1

ATP

Fig.2 A review of mediators and stimulators of NLRP3 inflammasome activation presently known to be involved mainly in microglia in neuro-

logical dysfunction

volume and neurovascular complications in the middle
cerebral artery occlusion mice model, and inhibited neu-
ronal apoptosis in vivo and in vitro [111]. Compared to the
controls, MCC950-treated mice showed significant reduc-
tions in infarcts, edema, and hemoglobin content, along
with improved neurological deficits [112]. The expression
of NLRP3, cleavage products caspase-1, and IL-1p were also
decreased in the penumbral region after ischemic. Mean-
while, in parallel, these effects of MCC950 were associated
with reduced phosphorylation levels of NFkBp65 and IkBa.
Thus the study showed that MCC950 exhibited therapeutic
potential in animal models with ischemic stroke. Further-
more, it was indicated that treatment of MCC950 improved
cognitive function, neurovascular unit integrity, and neu-
rovascular remodeling in rats after stroke [113]. NLRP3
and IL-1P expressions were also significantly decreased
in the hippocampus with MCC950 interference [113].
Recently, it was further suggested that the blood—brain bar-
rier integrity and functional outcome were improved con-
siderably in MCC950-treated mice after ischemic stroke
[114]. Moreover, endothelial cell survival was elevated in
vivo as well as in vitro experiments with consistent results
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by inhibiting inflammatory signaling cascades and pyrop-
tosis [114]. Astragaloside IV (AST IV), one of the practical
components of the traditional Chinese medicine Astragalus
membranaceus, exerted protective effects against cerebral
ischemia—reperfusion injury through inhibiting NLRP3
inflammasome-mediated pyroptosis via activating nuclear
factor erythroid-2-related factor 2 (Nrf2) signaling [75].
However, the regulatory mechanism of NLRP3 is not well
understood. Fann et al. were the first to identify that NF-xB
and mitogen-activated protein kinase (MAPK) signaling
pathways could regulate the activation of NLRP3 inflam-
masome in ischemic primary cortical neurons [115]. A
recent study indicated that NLRP3 inflammasome might
be directly controlled by JAK2/STAT3 signaling pathway
after stroke in vitro [116]. NLRP3 inflammasome was also
involved in the regulation of autophagy. Yue Liu et al. sug-
gested that miR-135a-5p, highly expressed in M2 phenotype
microglia-derived extracellular vesicles, could negatively
regulate NLRP3 expression via thioredoxin-interacting
protein (TXNIP), thereby reducing neuronal autophagy
and ischemic brain damage [83]. Another finding suggested
that resveratrol, a Chinese herbal medicine, could alleviate
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ischemia—reperfusion injury in rats by suppressing NLRP3
inflammasome activation via Sirtl-dependent autophagy
activity [72].

Interestingly, some market-approved drugs also present
neuroprotection effects via the NLRP3 inflammasome path-
way. Lithium (Li*) is used in psychiatry to treat acute mania
and acute depression. Recently, it has been reported to exert
neuroprotection in stroke patients [117]. It was further sug-
gested that the underlying mechanism of Li* was related
to NLRP3 inflammasomes. Li* inhibited the activation of
NLRP3 through two signaling pathways, AKT/GSK3p/p-
catenin and AKT/FoxO3a/B-catenin, which suppressed the
production of ROS [88]. Idebenone is a well-used antioxi-
dant as a mitochondrial protectant. Peng et al. found that ide-
benone could effectively alleviate the loss of mitochondrial
membrane potential (Aym), attenuate mitochondrial dys-
function, inhibit the NLRP3-mtDNA interaction and NLRP3
activation, and subsequently reduce neurological deficits in
rats with ischemic stroke [89]. Another recent study reported
that verapamil acted as a reliable adjuvant to thrombolytic
therapy by reversing the tissue plasminogen activator (tPA)-
induced activation of the TXNIP/NLRP3 inflammasome
pathway and reducing infarct volume in hyperglycemic
stroke [90]. Therefore, targeting upstream and downstream
pathways of NLRP3 inflammasome signaling may become
a promising therapeutic strategy for ischemic stroke.

Hemorrhagic Stroke

Cerebral hemorrhage is a general term for a range of disrup-
tive brain hemorrhagic disorders with high mortality. Mainly
two categories are included, intracerebral hemorrhage (ICH)
and subarachnoid hemorrhage (SAH).

Intracerebral Hemorrhage

ICH is the most severe type of stroke. Although the inci-
dence of ICH is less than ischemic stroke [92], it often
brings the poorest outcomes and the highest morbidity
among stroke subtypes [118]. More grimly, up to half of
the survivors will have a recurrent hemorrhagic or ischemic
stroke, sudden cognitive decline, or sudden depression
within five years after the brain hemorrhage [119]. Control-
ling blood pressure is the most effective way to slow or pos-
sibly prevent this progression [120]. Therefore, searching for
effective early treatment is extremely important for patients
with ICH. Rapidly formed hematomas could directly lead to
brain damage and neurological deficits after the onset of ICH
[121]. Thus, it was thought that the removal of the hematoma
might be beneficial for ICH patients. However, the surgical
trial in intracerebral hemorrhage (STICH) failed to show
any overall efficacy of early hematoma clearance compared
to initial conservative therapies [122]. Eight years later, the

STICH II trial yielded the same results: early surgery could
not improve the outcomes of ICH patients in terms of the
death rate and disability at six months [123]. Since effec-
tive treatments for the primary injury are still lacking, the
secondary brain injury caused by metabolites or components
of hematoma is of increasing interest to researchers. During
this phase, the hematoma triggers a series of pathological
changes, including cytotoxicity, apoptosis, oxidative stress,
and inflammations, leading to neurological function deterio-
ration [124]. Of note, controlling the inflammatory process
may be a potentially beneficial strategy for treating ICH
[125].

Converging evidence shows that NLRP3 inflammasome
plays a critical role in ICH-induced secondary brain injury
and neuroinflammation. Previous studies have demonstrated
that NLRP3 inflammasome was involved in the inflamma-
tory response after ICH [62]. The ATP-gated transmem-
brane cation channel P2X7R was known as a key mediator
in the upstream of NLRP3 inflammasome activation and
cytokines release [28]. P2X7R and NLRP3 inflammasomes
were activated sequentially in rats with collagenase-induced
cerebral striatum hemorrhage, which promoted the genera-
tion of NLRP3 inflammasome-dependent pro-inflammatory
cytokines, such as IL-1p and IL-18, and propelled the onset
of brain damage subsequently [62]. Meanwhile, the neu-
roinflammation after ICH could be alleviated by blue bril-
liant G (BBG), a selective P2X7R inhibitor, by inhibiting
the P2X7R/NLRP3 inflammasome pathway in rats [62].
Researchers further confirmed that activation of NLRP3
inflammasome could enhance inflammatory response, pro-
mote neutrophil infiltration, aggravate brain edema, and
deteriorate neurological function in mice after ICH [126].
Another research showed that NLRP3 inflammasome was
essential for complement-induced neuroinflammation after
ICH, which played a key role in ICH-induced neurological
dysfunction [127]. As a crucial transcription factor, Nrf2
could suppress the expression of NLRP3 and the subsequent
clearance of ROS, thereby mitigating early brain injury
[128]. Upregulation of the Nrf2-mediated signaling pathway
leading to NLRP3 inactivation by Silymarin could produce a
neuroprotective effect in rats with collagenase-induced ICH
[76]. Similar results were observed in other recent studies.
Intraperitoneal injection of Ghrelin can protect mice from
the secondary brain injury after ICH by inhibiting the acti-
vation of NLRP3 inflammasome and promoting Nrf2/ARE
signaling [129]. Although the relationship between Nrf2 and
NLRP3 inflammasomes needs further investigation, these
studies provide experimental evidence for the involvement
of Nrf2 in the regulation of NLRP3 to some extent. The
other underlying mechanisms regulating NLRP3-mediated
inflammation in ICH injury included peroxynitrite [62] and
mitophagy [130]. A recent study indicated that NLRP3
inflammasome might be regulated via the JAK2-STAT3-A20
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pathway after ICH in C57BL/6 mice [131]. Evidence fur-
ther showed that selective NLRP3 inflammasome inhibitor
MCC950 can effectively down-regulate the expression of
IL-1P and IL-6 by microglia in mouse models with ICH
induced by autologous blood and bacterial collagenase [58].
Moreover, the intervention of MCC950 presented significant
neuroprotective effects. Intraperitoneally injected MCC950
(10 mg/kg) in mice after ICH reduced cell death in brain
tissue, maintained the integrity of the blood—brain barrier,
and improved long-term prognosis [58]. Interestingly, the
beneficial effects of MCC950 were eliminated after micro-
glia depletion [58].

In addition to small-molecule inhibitors, post-transcrip-
tional modification by specific RNA interference (RNAi) or
microRNA (miRNA) on the expression of NLRP3 showed
equivalent neuroprotection in animal models with ICH.
NLRP3 RNAIi could inhibit the inflammatory response
induced by erythrocytelysis, alleviate microglia-mediated
neuronal injury, and improve neurological dysfunction after
ICH [132]. Previous research has suggested that miR-223
can down-regulate NLRP3 and suppress inflammation, thus
reducing brain edema and improving neurological function
[84]. Moreover, a recent study showed that miR-152 could
inhibit the TXNIP-mediated activation of NLRP3 inflamma-
some, thereby attenuating neuroinflammation, brain injury,
and neurological deficits in the collagenase-induced ICH
rats [85].

Resveratrol, a plant polyphenol complex, has been shown
to induce autophagy and inhibit mitochondrial damage in
macrophages, thereby inhibiting NLRP3 inflammasome
activation, NLRP3-mediated IL-1p release, and pyroptosis
[133]. Several studies have shown that resveratrol can reduce
neuroinflammation and alleviate secondary brain injury after
ICH [134]. As discussed in other parts of our article, res-
veratrol already showed beneficial effects in Alzheimer’s
disease [73], cerebral ischemia [72], and SAH [74], which
were all closely associated with the regulation of NLRP3.
Nevertheless, whether resveratrol also exerts anti-inflamma-
tory effects through the inhibition of the NLRP3 inflamma-
some remains unclear in these studies of ICH and requires
further research. In conclusion, early inhibition targeting the
NLRP3 may be a potential strategy for the treatment of ICH.

Subarachnoid Hemorrhage

Subarachnoid hemorrhage (SAH), mainly caused by aneu-
rysms rupture, has a mortality and disability rate of up to
25-50% [135] while only accounts for 3% of all strokes
[92]. Early brain injury and delayed cerebral ischemia
are two major factors affecting functional outcomes after
SAH. Previous and recent research on SAH emphasizes the
importance of inflammation in aneurysm formation and
rupture [136, 137]. Chronic inflammation is also thought
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to be a promising drug therapy target to stabilize unrup-
tured intracranial aneurysms or prevent the formation of
unruptured intracranial aneurysms [138]. A previous study
observed that the P2X7R/cryopyrin inflammatory axis
might promote the production of IL-1 B/IL-18 after SAH
by activating caspase-1, thus promoting the formation of
neuroinflammation [139]. Recent research showed that in
the rat model with SAH, melatonin treatment could attenu-
ate early brain injury, which was closely associated with
the inhibition of NLRP3 inflammasome activation [91].
The pro-inflammatory cytokine levels and ROS production
were also significantly reduced. Evidence also proved that
MCC950, a selective NLRP3 inhibitor, could alleviate early
brain injury caused by SAH in animal models [140, 141].
Intraperitoneal injection of MCC950 with a dose of 10 mg/
kg reduced neuroinflammation and improved SAH-induced
neurological dysfunction in Sprague—Dawley rats [141].
Resveratrol, as mentioned above, also protected rats and the
primary cultured cortical neurons from early brain injury
after SAH, at least in part through suppressing the NLRP3
inflammasome signaling pathway [74]. It was also suggested
that Pterostilbene, a polyphenol mainly derived from blue-
berries and grapes, could reduce early brain injury possibly
through the inhibition of NLRP3 inflammasome and Nox2-
related oxidative stress [77]. Moreover, Schisandrin B sig-
nificantly improved the neurological function in rats with
SAH, which was related to the inhibition of NLRP3 and
neuroinflammation [142]. Inhibition of NLRP3 alleviated
cerebral edema, microthrombosis, tight junction disruption,
and microglial activation but also prevented middle cerebral
artery vasospasm during the delayed period and attenuated
sensorimotor disturbances caused by SAH [140]. Further-
more, suppression of the NLRP3 inflammasome pathway
would promote neurogenesis action following SAH and
improve the impaired delayed neurological dysfunction [143,
144]. However, the mechanism needs further studies. It has
been demonstrated that NLRP3-dependent neuroinflamma-
tion could be mediated by the TGR5/cAMP/PKA signaling
pathway [144]. In experimental models of SAH induced by
endovascular perforation, the NLRP3 inflammasome could
be activated by triggering receptor expressed on myeloid
cells 1 (TREM-1) and mediate microglial pyroptosis [145].

Alzheimer Disease

Alzheimer’s disease (AD) is the primary dementia disease
in the world, which is characterized by progressive cogni-
tive and behavioral disorders. According to the latest report
of Alzheimer’s Disease International (ADI), up to 6.5 mil-
lion Americans (> age 65) are suffering from Alzheimer’s
dementia today. An estimated $321 billion of total pay-
ments were cost [146]. However, in contrast to the severity
of the disease, despite more than a century of exploration,
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there have been few breakthroughs in drug development for
Alzheimer’s disease, and many promising drug develop-
ments failed [147]. A new direction for drug exploration
is required.

The converging pathological features of AD are extracellu-
lar senile plaques formed by amyloid 3 (Ap) protein, intracel-
lular neurofibrillary tangles composed of the hyperphospho-
rylation of tau protein, and the loss of neurons [148]. These
pathological changes are closely related to innate immune
abnormalities in the brain [149]. Furthermore, it has been
identified that NLRP3 activation contributes to AD without
equivocation. The expression of NLRP3 and downstream
inflammatory cytokines (IL-1p and IL-18) was elevated in
peripheral monocytes in severe AD patients [150]. Similar
elevated expression patterns were observed in the temporal
cerebral cortex of AD patients by Mahmoudiasl et al. [151].
Almost two decades ago, AP, as a kind of DAMPs, had been
identified as the direct activator of the NLRP3 inflammasome,
leading to the maturation and release of IL-1p for the first
time [16]. The mechanism involved included lysosomal dam-
age and cathepsin B release [16]. Subsequently, considerable
research was carried out. It was further suggested that the
activation of NLRP3 inflammasome in microglia exacerbated
AP pathology [59] by prion-like ASC-speck cross-seeding
[152]. Despite fibrillar A, it was reported recently that
lower molecular weight AP oligomers and protofibrils could
also trigger the activation of NLRP3, suggesting that innate
immune response induced by A species may occur before the
initiation of A deposition [153]. NLRP3 inflammasome defi-
ciency would reduce AP deposition in the amyloid precursor
protein/presenilin 1 (APP/PS1) model of AD [49, 59]. Fur-
thermore, neuroinflammation induced by activation of NLRP3
inflammasome impaired A clearance in microglia [154].

Presently, Ap-activated NLRP3 inflammasomes partici-
pating in the pathogenesis of AD are convinced, while the
relationship between tau and NLRP3 inflammasome is more
limited studied. Recently, it was confirmed that the activa-
tion of NLPR3 in microglia could promote the pathological
changes of tau protein, which was conducive to the onset
of AD [155]. Meanwhile, NLRP3 could be activated by tau
oligomers and monomers in microglia directly and medi-
ate Ap-induced tau pathology. Interestingly, tau protein also
participated in the priming step for the activation of NLRP3
inflammasome [156, 157]. NLRP3-deficient mice showed
decreased tau pathology along with improved cognitive
function. Further research demonstrated that aggregated tau
could activate the NLRP3 inflammasome in primary micro-
glia [158]. Tau-induced pathological responses can be allevi-
ated in tau transgenic mice deficient for ASC or by the treat-
ment of NLRP3 inhibitors [158]. The latest study further
emphasized the importance of NLRP3 inflammasome and
suggested that the Drp1-HK1-NLRP3 signal axis may play
a vital role in the white matter degeneration in AD [159].

Dynamin-related protein 1 (Drp1) is a mitochondrial fission
guanosine triphosphatase. Knock-down of Drpl in mature
oligodendrocytes-specific heterozygous could inhibit the
activation of NLRP3 inflammasome, correct myelin degen-
eration and axonal loss, and improve cognitive function.
White matter loss often presents early in the course of AD
and is hypothesized to be the initial affair in AD pathology.
The findings may provide new ideas for the treatment of AD.

Given that the NLRP3 inflammasome signaling axis
may play an essential role in the pathogenesis of AD, tar-
geting NLRP3 as a potential treatment for AD attracted
more attention and has been discussed extensively. Here,
we will primarily discuss the latest research, especially the
pharmaceutical research of Chinese traditional herb-derived
compounds.

Numerous pieces of research demonstrated that MCC950
could reduce Af-induced pathological events and improve
cognitive function. MCC950 can inhibit the activation of
NLRP3 inflammasome in microglia, ameliorate the impair-
ment of synaptic plasticity, and reduce the accumulation of
Ap [160]. Meanwhile, the inactivation of NLRP3 inflam-
masome mediated by MCC950 could attenuate the reactiv-
ity of microglia induced by AP1-42 oligomers and improve
memory impairment [161]. MCC950 could also completely
suppress the immune response mediated by the NLRP3
inflammasome pathway which was induced by fibrils and
low molecular weight Ap aggregates [153]. In addition,
the activation of IL-1f induced by tau aggregates was also
prevented by MCC950, as well as the tau-mediated patho-
logical changes [158]. However, the phase II clinical trial of
MCC950 was suspended due to the possible hepatotoxicity
in rtheumatoid arthritis [162]. Drug improvement based on
MCC950 to reduce the side effect may be the next potential
strategy. Bay 11-7082 is another inhibitor of the NF-xB/
NLRP3 pathway. The pre-administration of Bay 11-7082
can block the activation of the NLRP3 inflammasome and
attenuate neuronal damage and cognitive dysfunction in
aged rats [63]. In APP23 mice treated with kainic acid (KA),
BAY 11-7082 protected them from KA-induced neuronal
degeneration and A deposition, thereby improving their
cognitive function [64]. VX-765 is a reversible caspase-1
inhibitor that has been found to cross the blood—brain bar-
rier and exert neuroprotective effects. In the mouse model
of AD, treatment with VX-765 could reduce neuroinflam-
mation and deposition of AP plaques, ultimately improving
the neurocognitive function [67]. Unfortunately, the clini-
cal trial of VX-765 was halted due to its hepatotoxicity and
immunosuppression [162]. The more inspiring discovery
came from fenamate non-steroidal anti-inflammatory drugs
(NSAIDs), compounds already approved by the FDA for
other treatments, which could also act as selective inhibitors
of NLRP3 inflammasome [87]. The results showed that fena-
mate NSAIDs could inhibit NLRP3 activation by blocking
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the volume-regulated anion channel (VRAC), independently
of cyclooxygenase (COX) enzymes. Importantly, treatment
with mefenamic acid protected the mice from Af-induced
memory deficits and NLRP3-mediated neuroinflammation in
two animal models of AD [87]. These encouraging findings
in animal studies may provide a more rapid breakthrough in
clinical trials. Other NLRP3 inflammasome-specific inhibi-
tors, such as inzomelid (Inflazome/Roche) and NT-0167
(NodThera/Roche), are currently undergoing clinical trials.
A recent finding showed that miR-22 expression levels were
lower in peripheral blood of AD patients than in healthy
subjects. Moreover, miR-22 attenuated cognitive dysfunc-
tion in AD mice by targeting GSDMD to modulate glial cell
pyroptosis, inhibit the activation of NLRP3 inflammasome,
and decrease inflammatory cytokine release [86].

In addition, many plant extracts and traditional Chinese
medicines have also been shown to have neuroprotective
effects in AD by modulating the NLRP3 inflammasome
pathway. DI-3-n-butylphthalide (DI-NBP) is the active ingre-
dient extracted from Chinese herbal celery seeds. It is not
only a commonly used drug for the treatment of ischemic
stroke but also a novel therapeutic approach for neurode-
generative diseases. TXNIP has been demonstrated a key
role in the activation of the NLRP3 inflammasome [163]. In
APP/PS1 mice, DI-NBP treatment could suppress TXNIP-
NLRP3 interaction, inhibit NLRP3 inflammasome-mediated
inflammatory damage by up-regulating Nrf2, ameliorate
neuronal apoptosis, and thereby reduce oxidative stress
damage [78]. Achyranthes bidentate is a traditional Chinese
medicine with anti-inflammatory and antioxidant features
and has been used for the treatment of dementia for a long
time. A recent study showed that Achyranthes bidentate
polypeptide fraction k (ABPP«x) decreased AP oligomer-
induced IxkBoa phosphorylation and NLRP3 expression in
BV?2 microglia. In vivo, pre-treatment of ABPPk reduced
the expression of NLRP3, cleaved caspase-1, and ASC in
the brain, promoted the polarization of M2 phenotype in
microglia, and thus attenuated the memory impairment and
the loss of hippocampal neurons in mice [80]. Resveratrol is
a polyphenol compound derived from natural plants mainly
in red grape skins and wine. It was reported that resveratrol
could reverse the mitochondrial dysfunction by decreasing
the expression of NF-kB/NLRP3/IL-1p, ameliorate learn-
ing and memory impairment, and reduce the neural injury
in the hippocampus in the AB1-42-induced mouse model
of AD [73]. Another recent study highlighted the crucial
role of the low-density lipoprotein receptor-related protein
1 (LRP1) in the regulation of the endocytosis of tau and its
spread [164]. Polyphenol (LSP) extracted from lychee seed
could inhibit NLRP3 inflammasome-mediated neuroinflam-
mation in vitro and improve cognitive function in APP/PS1
mice. It was further clarified that the molecular mechanism
of LSP was mediated by up-regulating the expression of the
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LRP1/AMPK signaling pathway and enhancing the micro-
glial autophagy [81]. In conclusion, considering their good
safety and fewer side effects, patients with AD may benefit
from NLRP3-targeting traditional Chinese herbal medicines,
but it requires more research.

Parkinson’s Disease

It is suggested that the NLRP3 inflammasome may play a
critical role in the pathogenesis of Parkinson's disease (PD)
[68]. a-Synuclein (aSyn) is the pathologic feature protein of
PD whose dysfunction is closely related to PD pathogenesis.
Neuronal uptake of aSyn leads to impaired mitochondrial
function [165] and the following release of excess mito-
chondrial reactive oxygen species (mtROS), which could
directly activate the NLRP3 inflammasome in macrophages
and microglia [166]. It was further clarified that «Syn could
potently trigger the LPS-independent priming and activation
of NLRP3 inflammasome assembly in microglia both in vivo
and in vitro models of PD [17]. Expression of the NLRP3
inflammasome component was generally increased in PD
animal models [18, 71], as well as in brain tissues [18] and
peripheral blood samples [167, 168] from PD patients. Nirp3-
knockout mice suffered less inflammatory cascade response
and hazardous neurotoxicity than Nlrp3-expressing wild-type
ones [71]. Moreover, NLRP3 deletion markedly reduced
motor dysfunction and dopaminergic neurodegeneration in
the MPTP-induced mouse model of PD [71]. Similar results
were observed in the MCC950-treated mouse. The adminis-
tration of MCC950 in various animal PD models inhibited the
activation of NLRP3 inflammasome and efficiently attenu-
ated motor impairment, nigrostriatal dopaminergic degen-
eration, and the aggregation of a-synaptic nucleoproteins
[18]. Inhibition of the downstream of the NLRP3/caspase-1/
IL-1P pathway by caspase-1 knockout or caspase-1 inhibitor
also alleviated dopaminergic neuronal loss and dyskinesia in
murine models under PD conditions [68, 69]. In addition, the
blockade of IL-1 receptors by IL-1 receptor antagonist (IL-
1Ra) significantly reduced the degeneration of dopaminergic
neurons and motor deficits in vivo [71]. DI-NBP has been used
in the treatment of acute ischemic stroke in China. Interest-
ingly, both in vivo and in vitro, DI-NBP inhibited NLRP3
inflammasome activation and a-Syn aggregation, thereby
suppressing neuroinflammation, ameliorating mitochondrial
damage, and rescuing dopaminergic neurons [79]. Further-
more, Perillyl Alcohol, a monoterpene compound found in
the essential oils of plants, could support neuronal survival
and improve behavioral activities in the mouse via inhibiting
the NLRP3 inflammasome activation, thereby elevating levels
of various antioxidant enzymes and restoring levels of dopa-
mine and other neurotransmitters in the striatum [82]. These
latest studies highlight the role of NLRP3 inflammasome as
a potential target for PD treatment.
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Multiple Sclerosis

Previous studies demonstrated that in patients with relapse-
remitting multiple sclerosis (RRMS), the expression levels
of NLRP3 and IL-1p were significantly different in respond-
ers and non-responders with the administration of interferon
beta (IFN-f) treatment [169]. However, this result is still
controversial. Some studies came to similar conclusions
[170], and others came to the opposite ones. In contrast,
Sunny Malhotra et al.’s findings were against the involve-
ment of polymorphisms located in the Nlrp3 gene and
the response to IFN-f in multiple sclerosis (MS) patients
[171]. Recently, it was shown that the presence of IL-1f
signaling in peripheral blood cells of patients with primary
progressive MS (PPMS) rather than relapsed clinical types
[172]. This IL-1p signature was related to the upregulation
of an overactive NLRP3 inflammasome. More importantly,
NLRP3 inflammasome was suggested to act as a pathogenic
factor in MS. PPMS patients with higher IL-1f levels in
blood cells had accelerated disease progression and required
walking-help ten years earlier than those with lower IL-1
levels [172].

Experimental autoimmune encephalomyelitis (EAE)
is an ideal disease model of human MS. Earlier research
indicated that MCC950 treatment could reduce IL-1f gen-
eration in vivo and attenuate the severity of EAE [45]. The
results were reaffirmed by Malhotra et al. Mice treated with
MCC950 were associated with less disease severity in EAE
and reduced LPS-induced axonal damage [172]. Oral treat-
ment with MCC950 (50 mg/kg/day) halted disease relapses
and reversed MS-associated central neuropathic pain in the
relapsing—remitting EAE mouse model [173]. More inter-
estingly, NLRP3 expression was observed in astrocytes,
microglia, and neurons, although only microglia and astro-
cytes displayed IL-1p immunoreactivity [172]. Another
small-molecule NLRP3 inflammasome inhibitor, JC-171,
has been identified to reduce NLRP3-mediated IL-1f secre-
tion in a dose-dependent manner by disrupting NLRP3-ASC
interactions in both in vitro and in vivo EAE models [55].
Manoalide is a newly identified selective NLRP3 inhibitor
that acts by blocking the NEK7-NLRP3 interaction [70].
Manoalide treatment could relieve the inflammation and
attenuate the pathogenesis of EAE in mice [70].

Other Neurological Disorders
Traumatic brain injury (TBI)

TBI provokes an inflammatory cascade including potassium
and chloride efflux, ATP transferred to the extracellular space,
alteration of calcium signaling, mitochondrial injury, and ROS
release, all of which eventually trigger the NLRP3 inflamma-
some activation [174]. Treatment of MCC950 in animals at

the acute stages of TBI could reduce microglial activation,
maintain the integrity of the blood-brain barrier, attenuate
NLRP3-mediated neuroinflammation, and improve neuro-
logical outcomes [50, 51]. Of note, the efficacy of MCC950
was inhibited in microglia-depleted TBI animals [50]. BAY
11-7082, which selectively inhibits the NLRP3 inflamma-
some through interaction with NLRP3 ATPase, significantly
attenuated inflammatory infiltration and damage in the cortex
and hippocampus of murine within 24 h after TBI [65]. The
synergistic effect of Bay 11-7082 and dexmedetomidine was
further found in inhibiting NLRP3/caspase-1 axis activity and
improving neurological dysfunction following TBI [175]. The
study also indicated that the knockout of NLRP3 presented
overlapping outcomes. NLRP3-deficient mice showed pre-
served cognitive function and less severe brain damage com-
pared to wild-type mice [65].

Epilepsy

NLRP3 inflammasome activation has been reported to con-
tribute to the pathogenesis of seizures. The elevated expres-
sion of NLRP3 inflammasome was observed in the hippocam-
pus of different epilepsy murine models [176, 177] and in the
hippocampus of patients with mesial temporal lobe epilepsy
[178]. NLRP3 knockdown in amygdala kindling-induced
status epilepticus rat models was associated with reduced
expression of IL-1f and caspase-1, along with improved
seizure severity [177]. It was further clarified that NLRP3-
knockout also protected mouse and cellular epilepsy models
from neuronal apoptosis [60]. Similar results were observed
in MCC950-treated cellular models of epilepsy [60]. Unfortu-
nately, as previously described, phase II clinical trials of two
caspase- 1-inhibiting peptidomimetic prodrugs, VX-740 and
VX-765, for the treatment of arthritis, epilepsy, and psoriasis
were terminated due to liver toxicity [162].

Others

In murine cardiac arrest (CA) and cardiopulmonary resus-
citation (CPR) models, MCC950-treated mice showed
improvements in functional recovery and survival rates
[179]. The conclusion was further reconfirmed in another
study by intraperitoneal injection of MCC950 (10 mg/
kg) after the return of spontaneous circulation (ROSC) in
models of CA. Compared with the control group, cerebral
microcirculation, cerebral edema, 24-h survival rate, and
neurological deficits were remarkably improved in animals
treated with MCC950 [180]. In addition, NLRP3-mediated
neuronal pyroptosis contributed to the pathologic process
of sepsis-associated encephalopathy (SAE). Administra-
tion of MCC950 could reverse these effects and rescue
cognitive deficits in mouse models of SAE [61]. MCC950
could also attenuate inflammation, neuronal apoptosis, and
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mitochondrial disorders via the Nrf2 pathway in SAE mice
[181]. Nevertheless, the underlying mechanisms of NLRP3
in those diseases require more investigation.

Conclusion and Prospect for the Future

Activation of NLRP3 inflammasome is a pathological hall-
mark common to numerous immune-mediated and degen-
erative neurological diseases. NLRP3 has been shown to
impact various neurological disease models in mice, high-
lighting the potential application of NLRP3-targeted therapy
for these diseases. Several compounds interfering with the
NLRP3 inflammasome pathway have exhibited therapeutic
effects in preclinical trials. Due to the genetic and biologi-
cal intricacy of neurological disorders such as AD and PD,
a single approach may not be efficient for their treatments.
Thus inflammasome inhibitors may be able to work in con-
junction with other drugs and support their therapeutic
outcomes. Considering the safety and fewer side effects,
traditional Chinese medicines, as well as plant-derived
ingredients also offer innovative perspectives and alternative
options for intractable conditions. However, despite decades
of research, our understanding of NLRP3 inflammasome in
central nervous system diseases is still lacking. A better
appreciation of the physiological mechanisms regulating
NLRP3 inflammasome will lead to a better assessment of the
therapeutic potential of inflammasome inhibitors in human
neurological disorders. We also expect that targeting NLRP3
inflammasome of the neurological diseases will be applied
to the clinical treatment soon, so as to benefit more patients.
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