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ARTICLE INFO ABSTRACT
Keywords: Parkinson’s disease (PD) is a neurodegenerative disorder with motor symptoms like bradykinesia,
Parkinson’s disease tremors, and balance issues. The pathology is recognized by progressively degenerative nigros-
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triatal dopaminergic neurons (DANs) loss. Its exact pathogenesis is unclear. Numerous studies
have shown that nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3)
contributes to the pathogenesis of PD. Previous studies have demonstrated that the over-
activation of NLRP3 inflammasome in microglia indirectly leads to the loss of DANs, which can
worsen PD. In recent years, autopsy analyses of PD patients and studies in PD models have
revealed upregulation of NLRP3 expression within DANs and demonstrated that activation of
NLRP3 inflammasome in neurons is sufficient to drive neuronal loss, whereas microglial activa-
tion occurs after neuronal death, and that inhibition of intraneuronal NLRP3 inflammasome
prevents degeneration of DANs. In this review, we provide research evidence related to NLRP3
inflammasome in DANSs in PD as well as focus on possible mechanisms of NLRP3 inflammasome
activation in neurons, aiming to provide a new way of thinking about the pathogenesis and
prevention of PD.

1. Introduction

Parkinson’s disease (PD) is a prevalent neurodegenerative disorder globally, ranking second in terms of frequency, and its prev-
alence steadily increases with age [1,2]. In 2016, about 6.1 million individuals globally were affected by PD, with projections indi-
cating that this number will surpass 12 million by 2040 [1], greatly impacting society. PD’s most common clinical manifestations
primarily consist of motor symptoms, such as bradykinesia, resting tremor, muscle tonus abnormalities, and postural balance im-
pairments [3]. In addition, non-motor symptoms should not be ignored, including constipation, cognitive impairment, depression, and
pain [4]. Most PD patients will gradually lose their ability to care for themselves as the disease progresses, which will seriously affect
their quality of life and put heavy pressure on caregivers. Existing treatment options for PD only improve symptoms and do not slow or
stop the progression of the disease. This limitation arises from the lack of clarity regarding PD’s root causes and mechanisms.

The major neuropathologic changes in PD are degenerative loss of midbrain nigral dopaminergic neurons (DANs) and aggregation
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of misfolded a-synuclein ( @-Syn ) to form Lewy bodies (LBs) [5]. The majority of symptoms in PD are linked to the gradual
degeneration of DANSs in the substantia nigra pars compacta (SNpc) [6]. However, the exact cause of this neuronal loss in PD remains
uncertain. Research on the pathogenesis of PD is still at the doctrinal stage, with existing doctrines such as mitochondrial dysfunction,
oxidative stress, autophagy-lysosome pathway imbalance, DAN death, gene mutations, and neuroinflammation [5]. It has been found
in numerous studies that neuroinflammation accompanies the onset and progression of PD and plays an important role in PD path-
ogenesis [7]. Excessive neuroinflammation boosts neuronal death and worsens the progression of PD, whereas suppressing neuro-
inflammation promotes neuronal survival and improves PD symptoms and prognosis [6].

The nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome is a significant component of the
neuroinflammatory response. It is a multiprotein complex comprising the NLRP3 protein, the connexin apoptosis-associated speck-like
protein (ASC) protein, and the effector protein-cysteinyl aspartate specific proteinase 1 precursor (pro-Caspase-1) [8]. Despite
extensive research on the interaction of NLRP3 inflammasome with PD, the specific mechanisms, especially those related to DANs and
NLRP3, remain poorly understood. Previous studies have shown that microglia activation-mediated overactivation of the NLRP3
inflammasome and release of large amounts of proinflammatory factors lead to the dysfunction of DANs and promote the development
of PD [9]. In contrast, several studies have confirmed that microglia activation follows the death of DANs [10,11]. Consistent with this,
recent studies reveal that DANs are the cells of origin of aseptic neuroinflammation mediated by the NLRP3 inflammasome [12]. In PD
autopsy studies, increased NLRP3 expression was found in nigrostriatal DANs [12,13]. Also, the presence of the NLRP3 inflammasome
within DANs and its activation in a cell-autonomous manner to cleave pyroptosis executive protein gasdermin D (GSDMD) was
confirmed by cellular and animal models of PD and was enough to lead to DAN death [13]. Thus, activation of NLRP3 inflammasome
within DANs may be an important pathogenesis of PD. However, the pathological role of inflammasome activation in neurons in PD
has yet to be elucidated, and exploring the role of inflammasomes in neurons and their association with PD will be of great significance
in elucidating the pathogenesis of PD and improving the therapeutic efficacy.

In this article, we provide a comprehensive review of the research on NLRP3 within DANSs in PD, exploring its role in the patho-
genesis of PD. Furthermore, we also focus on the potential therapeutic target of NLRP3 inflammasome and the development progress of
NLRP3 inhibitors.

2. NLRP3 inflammasome
2.1. Overview of inflammasome

At the beginning of this century, Martinon et al. [14] first introduced the concept of inflammasome, revealing that inflammasome is
a protein complex, which was epoch-making in our understanding of how the immune system triggers inflammation. Inflammasomes
have a significant role in the immune response, contributing to pathogen resistance and the detection of abnormal endogenous signals
[15]. Chronic stimulation of the Inflammasome has been associated with the development of various diseases. The structure of the
inflammasome has three components, including receptor molecules-pattern recognition receptors (PRRs), connexin ASC, and effector
molecules-pro-Caspase-1 [16]. Depending on the pattern recognition receptor, different inflammasomes are formed [16].

At present, the most common inflammasome are nucleotide-binding domain (NOD)-like receptor (NLR ) family Pyrin domain
containing 1 (NLRP1), NLRP3, NLR family CARD domain containing 4 (NLRC4) and absent in melanoma 2 (AIM2) inflammasome [14,
17-19]. In addition, NLR family Pyrin domain containing 6 (NLRP6), NLR family Pyrin domain containing 7 (NLRP7) and NLR family
Pyrin domain containing 9 (NLRP9) inflammasome have also been found [20-22]. These different classes of inflammasome activate
after recognizing different pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs),
triggering an inflammatory response. NLRP1 is the most significant inflammasome receptor in cutaneous keratinocytes and lung
epithelial cells, reflected in acquired function mutations in the NLRP1 gene that lead to severe inflammatory and neoplastic syndromes,
primarily affecting the skin and respiratory tract [23,24]. The NLRC4 inflammasome mainly recognizes and activates bacterial in-
vasion, and it must cooperate with another NLR, the NLR family apoptosis inhibitory protein (NAIP), to resist bacterial invasion [25,
26]. The AIM2 inflammasome, a member of the pyrin and HIN domain (PYHIN) family that protects itself against pathogens by sensing
cytoplasmic double stranded deoxyribonucleic acid (dsDNA) [27,28], is thought to be involved in the self-DNA-induced autoimmune
response of systemic lupus erythematosus. NLRP6 inflammasome is clearly involved in protecting the intestinal barrier and regulating
biological dysregulation [29]. However, how the intestinal ligand activates the NLRP6 inflammasome remains unclear. NLRP7 is
associated with the secretion of interleukin-1f (IL-1f) and tumor necrosis factor [30], but the exact role of NLRP7 in innate immunity is
unclear. NLRP9 exists in intestinal epithelial cells and can initiate the formation of inflammasome under the stimulation of dsRNA for a
short time, which has a protective effect on intestinal epithelium [31]. The exact molecular mechanism of human NLRP9 inflam-
masome formation is still unclear.

2.2. Characterization and importance of NLRP3 inflammasome

NLRP3 is an intracellular sensor belonging to the NLRs with nucleotide-binding structural domains (NBD) and leucine-rich repeat
sequences (LRR) [32,33]. The NLRP3 inflammasome is recognized as the most significant and deeply studied inflammasome [34]. The
NLRP3 inflammasome has some unique features compared to other types of inflammasome. First, it is able to recognize multiple
stimuli, including microbial components, endogenous molecules, and various particles, which allows it to sense and initiate inflam-
matory responses under a variety of physiological and disease conditions [33]. Second, the activation mechanism of the NLRP3
inflammasome is relatively complex [35,36]. Finally, the activity of the NLRP3 inflammasome is tightly regulated to ensure that the
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inflammatory response proceeds in moderation. Why is the NLRP3 inflammasome particularly important for inflammation? On the one
hand, the NLRP3 inflammasome plays a key role in many inflammatory diseases, including rheumatoid arthritis, neurodegenerative
diseases, Crohn’s disease, and others [37-39]. On the other hand, the activation mechanism of the NLRP3 inflammasome involves
many key inflammatory regulation molecules, which provides potential targets for the development of new anti-inflammatory drugs
[40]. In addition, understanding the structure and function of the NLRP3 inflammasome will help to further explore the mechanism of
inflammatory response and provide more ideas for future treatment [40].

2.3. Structure and activation pathway of NLRP3 inflammasome

NLRP3 has three structural domains: the N-terminal is the pyrin structural domain (PYD), the central structural domain is the
nucleotide binding and oligo aggregation structural domain (NACHT) consisting of the NBD, helical structural domain 1 (HD1), the
winged helical structural domain (WHD), and helical structural domain 2 (HD2), and the C-terminal is the LRR structural domain [36].
ASC has PYD and cysteine aspartic protease recruitment domains (CARD). The pro-Caspase-1 consists of an N-terminal CARD struc-
tural domain, a central large catalytic structural domain (p20), and a C-terminal small catalytic subunit structural domain (p10). When
stimulated, the NLRP3 inflammasome recruits ASC proteins mainly through PYD-PYD junctions and then pro-Caspase-1 through
CARD-CARD interactions to promote Caspase-1 dimerization and activation [41].

With few exceptions , activation of NLRP3 requires two steps, the initiation step and the activation step. In the first step, existing
studies have identified two ways in which the priming process is involved, one of which is the up-regulation of the expression of
NLRP3, a component of the inflammasome, as well as pre-inflammatory factors such as IL-1p. The process of transcriptional upre-
gulation is frequently initiated by PRRs that detect PAMPs or DAMPs, as well as cytokines that play a role in the immune and in-
flammatory response [33,41,42]. Alternatively, the initiation process of NLRP3 can be modulated by diverse post-translational
modifications (PTMs), such as ubiquitination and phosphorylation. When the impairment of PTM occurs, it results in a weakened
inhibiting effect on NLRP3 [41,43]. In the second step, NLRP3 is activated by a variety of microorganisms, endogenous sterile stimuli,
and environmental toxicants. These triggers include lipopolysaccharide and other bacterial toxins adenosine triphosphate (ATP),
reactive oxygen species (ROS), a-Syn, lysosomal disruption, and mitochondrial dysfunction [41]. These initiation signals, as well as
activation signaling stimuli, lead to NLRP3 inflammasome assembly, including oligomerization of the pattern recognition receptor
NLRP3, formation of ASC speckles, and autoproteolytic activation of the effector protease Caspase-1 precursor into activated Caspase-1
[41]. On the one hand, activated Caspase-1 mediates the inflammatory response by cleaving inflammatory cytokines to convert them
to their mature form, and on the other hand, it mediates the pro-inflammatory programmed cell death, known as pyroptosis, by
cleaving the pyroptosis execution protein GSDMD to generate the N-terminal end of GSDMD and translocating it to form a membrane
pore in the cell membrane [44]. In addition to this, Caspase-1 cuts apart a-Syn at once, promoting its aggregation and subsequently
exacerbating neuronal toxicity [45].

3. NLRP3 and PD

The NLRP3 inflammasome is a central pro-inflammatory mediator for neurodegenerative diseases as it gets activated from different
aseptic cellular stressors commonly found in these diseases, such as protein damage, oxidative stress, mitochondrial dysfunction,
environmental toxins, and neuronal death [38,46-48]. PD is a common neurodegenerative disorder that is pathologically charac-
terized by the loss of DANs in the dense portion of the SNpc and the formation of LBs from a-Syn aggregates. DANs project to the
striatum and release dopamine (DA) to regulate motor function. The loss of these neurons results in reduced DA production, which
causes significant movement disorders [49]. Numerous studies have shown that NLRP3 inflammasome activation is strongly associated
with the development of PD, including elevated expression of NLRP3 and cleaved Caspase-1 in serum from PD patients, postmortem
midbrain tissue samples, and midbrain from PD model mice [12,13,45,50,51], and the role of NLRP3 inflammasome activation in DAN
loss and a-Syn pathology in PD model mice [45]. On the other hand, a-Syn and DAN death were shown to drive activation of the NLRP3
inflammasome [10]. It follows that activation of NLRP3 inflammasome forms a vicious circle with PD pathology. Components of the
NLRP3 inflammasome have been reported to be expressed in microglia [38], astrocytes [52], and neurons [12], and it is unclear
whether there is an association of the NLRP3 inflammasome between these cells and the mechanism by which NLRP3 is involved in PD
has not been elucidated [53].

3.1. NLRP3 in microglia and PD

Previous studies have amply demonstrated that aseptic inflammatory response mediated by hyperactivation of NLRP3 inflam-
masome in microglia, leading to apoptosis of DANs, is an important pathological mechanism of PD [9,10,38]. Microglia, the main
innate immune cells within the central nervous system (CNS) [54], constantly observe their surroundings through PRRs, including
toll-like receptors (TLRs) and NLR, and activate NLRP3 inflammasome, which in turn activate microglia to produce large quantities of
inflammatory cytokines, leading to DAN degeneration [38,55]. Gordon et al. [9] found a significant increase in cleaved Caspase-1
(p20) and junctional protein ASC within the SNpc of PD patients, localized in ionized calcium-binding adapter molecule 1 (Ibal)
positive microglia. These findings are supported by other researchers [45,51]. Studies in vitro and in vivo models of PD have shown that
the NLRP3 inflammasome in microglia interacts with PD pathomechanisms such as a-Syn, DAN death, and mitochondrial dysfunction.
Whether pathological a-Syn is a direct inflammasome activator has been a focus of interest. A mouse model of preformed fibrils (PFFs)
was successfully constructed by injecting synthetic a-Syn fibers into the mouse striatum, and it was found that the activation of
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microglial NLRP3 inflammasome was triggered by a pathway in which a-Syn fibers and DAN degeneration were jointly triggered [10].
However, the NLRP3 inhibitor MCC950 effectively blocked the release of cleaved Caspase-1, IL-1f, and ASC due to NLRP3 activation in
microglia and significantly reduced the number of a-Syn aggregates in the substantia nigra (SN) striata of PFF mice, which protected
against dyskinesia and nigral DAN degeneration in PFF mice [10]. It has been reported that a-Syn activates the NLRP3 inflammasome
in human-induced pluripotent stem cell-derived microglia through dual stimulation that induces TLR2 and causes mitochondrial
damage [56]. It was demonstrated that a-Syn entered microglia in an endocytosis-dependent manner, induced lysosomal swelling,
increased histone B release, and induced ROS accumulation, which subsequently triggered the activation of NLRP3 inflammasome,
leading to the release of large quantities of inflammatory cytokines such as IL-1p and interleukin-18 (IL-18) [50]. In addition, auto-
phagy is associated with the regulation of neuroinflammation. NLRP3, ASC, and Caspase-1 protein levels are elevated in A53T PD
model mice expressing the human o-Syn mutation, while degradation of NLRP3 by molecular chaperone-mediated autophagy (CMA)
in microglial cells is inhibited via the p38-TFEB pathway [57]. Damaged microglia autophagy promotes the neurotoxin 1-methyl-4--
phenyl-1,2,3,6-tetrahydropyridine (MPTP) induced neuroinflammation and DAN degeneration by regulating NLRP3 inflammasome
activation [38,58]. In an MPTP-based mouse model of PD, deletion of NLRP3 leads to reduced microglia activation, reduced DAN loss,
and attenuated dyskinesia [38]. Caspase-1 deficiency has also been shown to prevent DAN loss and motor dysfunction [59].
Despite intensive research on chronic neuroinflammation and NLRP3 in PD, the exact source of the CNS inflammatory response is
still unknown. a-Syn and its aggregates are mostly within neuronal cells and are only perceived by microglia after neuronal injury [60].
Certain neurotoxins, like MPTP, rely on the presence of neurons to activate microglia and cause damage. They achieve this by directly
affecting neurons and indirectly by excessively stimulating microglia [61,62]. Although 1-methyl-4-phenylpyridinium ion (MPP™)
does not directly stimulate microglia, the presence of microglia in neuronal cultures amplifies the toxic effects of MPP' on DANs. These
studies indicate that the overactive production of microglia contributes to the exacerbation and amplification of neuronal damage
caused by pathological stimuli and toxins. This process, known as reactive microgliocytosis, appears to result in broader damage to
nearby neurons [58,63]. Microglia hyperactivation, initiated by immune injury or direct neuronal damage, can propagate and
potentially amplify throughout the progression of neurodegenerative diseases, leading to sustained and cumulative neuronal loss.

3.2. NLRP3 in dopaminergic neurons and PD

Compelling evidence linking intraneuronal NLRP3 to PD in PD patient samples, mouse models, and in vitro cellular models
(Table 1). For example, von Herrmann et al. [12] conducted histologic and genomic analyses to investigate the potential role of NLRP3
around the course and development of PD. The histological study confirmed the presence of NLRP3 in DANs in the human brain.
Additionally, the study showed increased NLRP3 immunoreactivity in the tissues of individuals with PD. The exon sequence database
of the Parkinson’s Progression Marker Initiative (PPMI) revealed several genetic variations in NLRP3. Among these, one single
nucleotide polymorphism (SNP) was found to be linked to a decreased risk of PD. Further in vitro analysis of rs7525979 showed that
this synonymous SNP can affect the stability, ubiquitination state, and solubility of the NLRP3 protein and alter the NLRP3 protein life
cycle. This study demonstrates that intraneuronal NLRP3 plays an important role in the progression of PD and identifies DA neurons as
a potential cellular source of inflammasome activity in PD patients. In addition, Panicker and colleagues assessed key inflammasome
components in the SN of the midbrain in postmortem PD patients, confirming significantly elevated levels of NLRP3 and cleaved
Caspase-1 in DANs as well as the formation of ASC speckles by immunohistochemistry studies [13]. In that study, Panicker et al. further

Table 1
The involvement of NLRP3 inflammasomes in various PD models and patients.
Species Cell lines Model Mechanisms References
Mouse hiPSC-derived microglia a-Syn a-Syn activates the NLRP3 inflammasome via TLR2 engagement  [56]
and mitochondrial damage
Mouse SN4741 cells, BV2 cells A53T-tg mice, a-Syn p38-TFEB-NLRP3 [571
Mouse BV2 cells Parkin KO, LPS Parkin regulates microglial NLRP3 degradation and protects [66]
neurons
Mouse Primary midbrain neuron-glia cells Rotenone, LPS/ATP SVHRSP might be a new inhibitor of NLRP3 inflammasome [67]
Rat MNO9D and BV2 cell line LPS, 6-OHDA NF-kB/NLRP3/Caspase-1 [68]
Mouse Microglia A53T and viral-a-Syn Fyn/a-Syn/NLRP3/Caspase-1/IL-1p [9]
Human overexpression
Human Primary microglial cell hES a-Syn PFF mice NLRP3 is a parkin polyubiquitination substrate [13]
Mouse differentiated DA neuron, SH-SYSY  Parkin™/™ mice Parkin/PARIS/NLRP3
cells Nlrp3A350VaeoR mice
Human Primary microglial 6-OHDA, MPTP o-Syn/NLRP3/Caspase-1/IL-18 [10,69,
Mouse Mito Park mice 70]
a-Syn PFF mice
Mouse MES23.5 cells 6-OHDA ROS/NLRP3/Caspase-1/IL-1f [38,65]
SH-SY5Y cells MPTP/ATP
MNO9D cells glial cells LPS/ATP
Human HEK293 cells NLRP3 constructs SNPs reduce the risk of developing PD [12]

SH-SY5Y cells
LUHMES cells

NLRP3 157525979 alters the efficiency of NLRP3 translation
impacting NLRP3 protein stability, ubiquitination state, and
solubility.
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observed elevated expression levels of NLRP3 and the effector protein Caspase-1 in a PD animal model as well and confirmed by
immunohistochemistry that the activation of NLRP3 inflammasome suggesting that NLRP3 inflammasome within DANSs are activated
in a cell-autonomous fashion [13]. Consistent with this, multiple in vitro models of PD confirm elevated NLRP3 expression in DANs [12,
64,65]. For the construction of a PD model by treating DANs MES23.5 cells with 6-hydroxydopamine (6-OHDA), for example, elevated
NLRP3, ASC, and Caspase-1 protein expression and decreased pro-Caspase-1 protein expression were detected in the model group,
suggesting that there is activation of NLRP3 inflammasome in the MES23.5 cells further leading to apoptosis of DANs [65]. Further,
von Herrmann et al. found that DANSs specifically express a highly activated NLRP3 allele and demonstrated that this allele causes
neuroinflammation and motor deficits in aged mice [64]. Taken together, these studies suggest that the NLRP3 inflammasome has the
potential to play a role in DANs within the central nervous system. This offers a new understanding of how neurons may initiate or
impact inflammation.

4. Role of NLRP3 in PD within dopaminergic neurons

Why are NLRP3 inflammasomes within DANs activated during the course of PD? Typical pathological changes in PD are degen-
eration and loss of nigrostriatal DANs. Also, nigrostriatal DANs are particularly susceptible to inflammatory injury, which may be
related to their reduced antioxidant capacity due to glutathione deficiency, as well as the elevated concentration of redox-active el-
ements such as iron [71-73]. Mitochondrial dysfunction is the most important factor in sporadic and familial PD, caused mainly by
mitochondrial electron transport chain complex I abnormalities, genetic mutations, and altered homeostasis [74]. Furthermore,
mitochondrial dysfunction is particularly evident in degenerating DANs in PD patients [75]. However, mitochondrial dysfunction, as
well as the release of mitochondrial ROS (mt-ROS) and mitochondrial DNA (mt-DNA) into the cytosol, are key upstream events
associated with NLRP3 activation [41]. It has been found that NLRP3 within DANSs is a Parkin substrate, and Parkin inhibits NLRP3
inflammasome initiation usually by ubiquitinating NLRP3 protein and designating it for proteasomal degradation [13]. Mutations in
the Parkin gene can cause autosomal recessive PD, and Parkin dysfunction is also observed in patients with sporadic PD [76-78]. DA
has also been reported to induce NLRP3 protein degradation to inhibit NLRP3 inflammasome activation [2]. Another prominent
pathological feature of PD is the massive accumulation of a-Syn within DANs [79]. Several studies have shown that a-Syn can
effectively activate NLRP3 inflammasome [46,56,80,81]. Thus, in PD, DAN damage reduces DA secretion and thus negative regulation
of NLRP3 inflammasome, while overproduction of ROS within DANs, massive aggregation of a-Syn, and Parkin deficiency have an
activating effect on NLRP3 inflammasome, leading to DAN degeneration and loss.

At present, three pathways of NLRP3 inflammasome activation have been proposed, including the classical pathway, the non-
classical pathway and the alternative pathway. The classical activation pathway refers to the activation of NLRP3 inflammasome
through two steps, namely initiation and activation steps, which include the release of NLRP3 self-inhibition or the increase of NLRP3
expression level, the oligomerization of NACHT, the recruitment of ASC and the self-cleavage of Caspase-1, and the cleavage matu-
ration of IL-1p and GSDMD [82-84]. Among the activation mechanisms described below, the activation of NLRP3 inflammasome
induced by ROS and o-Syn belongs to the classical activation pathway. The NLRP3 inflammasome complex assembled in
Parkin-deficient hDA neurons detected GSDMD-mediated pyroptosis and did not result in detectable IL-1§ or IL-18 secretion [13].
These results suggest that the pathway of NLRP3 inflammasome activation induced by Parkin deletion in dopamine neurons may be
different from that in myeloid cells [13]. The non-classical activation pathway is that the endotoxin released from bacterial wall
degradation stimulates caspase-4 and Caspase-5 in humans and caspase-11 in mice, leading to oligomerization and self-cleavage of
Caspase, cleavage of GSDMD, resulting in the plasma membrane pores inducing pyroptosis, and dispersing intracellular K levels
[85-87]. Which activates the NLRP3 inflammasome. Finally, the NLRP3 alternative activation pathway, involving the involvement of
TLR4 and Caspase-8, does not require K™ outflow and does not cause pyroptosis, and can cause IL-1p or IL-18 secretion [88]. However,
the exact role and molecular target of the initiation and activation of NLRP3 inflammasome in the progression of PD in dopamine
neurons remains a challenging task.

4.1. ROS and NLRP3 inflammasome activation

ROS are chemically active compounds characterized by unpaired electrons and high oxygen content. They result in both cellular
stress and the cellular immune response [89-92]. ROS in biological systems can arise from cellular oxidative metabolism or be
generated by intracellular oxidases like cyclooxygenase and nicotinamide adenine dinucleotide phosphate oxidase [93-95]. ROS is
commonly considered to be the primary mediator of NLRP3 inflammasome activation [45,96,97]. The mechanisms of ROS-mediated
activation of NLRP3 inflammasome are currently thought to include mt-ROS, oxidized mt-DNA, and thioredoxin interacting protein
(TXNIP) [41,98]. A large number of studies using antioxidants (e.g., N-acetylcysteine [NAC]) support the idea that ROS are key
mediators of NLRP3 inflammasome activation [99,100]. Han et al. established an in vitro model of PD by treating DANs MES23.5 cells
with 6-OHDA and found that 6-OHDA could further activate the expression of NLRP3 inflammasome by inducing ROS, which led to
apoptosis of MES23.5 cells. In contrast, intervention with NAC, an inhibitor of ROS, significantly reduced NLRP3 activation, thereby
protecting neuronal cells. It was demonstrated that Antrodia camphorata polysaccharide (ACP) inhibited 6-OHDA-induced expression
of ROS, and NLRP3 and exerted a protective effect in MES23.5 cells. Animal experiments also confirmed that ACP intervention reduced
the expression levels of ROS and NLRP3 in the SN striata and improved locomotor activity in PD mice. Despite the large number of
studies showing that ROS interacts with NLRP3 inflammasome, the all-important question of how ROS affects NLRP3 inflammasome
activation is not fully understood. Although ROS are classically thought to be activators of inflammasomes [3], it has also been
suggested that ROS may also play a role in their initiation [41].



Table 2

List of some NLRP3 inhibitors in clinical and preclinical development.

Inhibitor Structure Mechanism of action Disease model R&D stage Cause of References
failure
MCC950 A Binding to NACHT domain inhibits ATPase activity PD, AD, CAPS, ischemic stroke, TBI, T2DM, age- terminated in liver [56,119,
e L= /J/ and closes active conformation related metabolic, peritonitis, etc. Phase II trial toxicity 120]
N 7T
J
o7 N
OLT1177 Nﬂﬁ Prevents NLRP3-ASC and NLRP3-Caspase-1 Mouse LPS-induced systemic inflammation, CAPS, Phase II/111 trial N/A [69,121]
ﬁ*cm interaction, inhibits ATPase activity of NLRP3 PD, AD, colitis, arthritis, etc.
o
RRx-001 o Binds to Cys409 in NACHT and attenuates NLRP3- EAE, DSS colitis, allergic asthma, glioblastoma, etc. Phase III trial N/A [122,123]
- NEK?7 interaction
NT-0796 C‘\ Selective inhibition of NLRP3 and Brain BBB PD, Diseases of cardiovascular system, etc. Phase II trial N/A [124]
\ N)} penetrating
YQ 128 A Selective inhibition of NLRP3 and brain BBB LPS induced activation of NLRP3 in peritoneal Preclinical trial N/A [125]
\\Q penetrating macrophages in mice
zZ NN
X o
JC-124 PN blocking ASC aggregation, activation of caspase-1,and =~ Mouse model of AD, neuroinflammation in mouse Preclinical trial N/A [126,127]
J release of IL-1p in macrophages that constitutively TBI, and mouse AMI, IBD.
express active NLRP3
CY-09 Binds to Walker A site in NACHT domain, inhibits Stroke, T2DM, diabetic retinopathy, diabetic liver Preclinical trial N/A [128]

ATPase activity

injury, NAFLD, peritonitis, epilepsy, etc.

(continued on next page)
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Table 2 (continued)

WP NL T

Inhibitor Structure Mechanism of action Disease model R&D stage Cause of References
failure
Tranilast Binds to NACHT disrupting NLRP3-NLRP3 gouty arthritis, cryopyrin-associated Approved N/A [129,130]
i interactions and blocking autoinflammatory syndromes, T2DM, GDM,
oligomerization nanoparticle cerebral toxicity, etc.

- H
q

VTX-2735 Unknown Selective inhibition of NLRP3 inflammatory diseases and CAPS Phase II trial N/A No
1PS-07004 Unknown Selective inhibition of NLRP3 Inflammation, Phase I trial N/A No
Asthma, PD
VTX-3232 Unknown Selective inhibition of NLRP3 AD, MS, PD Phase I trial N/A [131]
JC-121 i Selective inhibition of NLRP3 Inflammation Preclinical trial N/A [132]
as
VENT 02 Unknown NLRP3 inhibitor Neurodegenerative disease Preclinical trial N/A No
ZYIL-1 Unknown NLRP3 inhibitor ALS, CAPS, PD, etc. Phase II trial N/A [133]

8£8822 (+20Z) 01 Uof1joH



J. Yu et al. Heliyon 10 (2024) ¢28838

Kaempferol

NT-0796 SQ‘ o \ %

&

Targets inhibition of
NLRP3 inflammasome VENT-02
in PD
K PAMPs or DAMPs

~ ) Caspase-1

pro-Caspase-1

cngp— 720

Andrographolide

Fig. 1. Targets inhibition of NLRP3 inflammasome activation in PD.

&)

Substantia nigra

(J
4

4

Dopaminergic neuron
damage

%Ij:(%\

>

Microglia activition

Fig. 2. Simplified mechanistic representation of NLRP3 activation within dopaminergic neurons in PD: Despite the presence of compelling evidence,
numerous unresolved questions warrant further discussion.



J. Yu et al Heliyon 10 (2024) e28838
4.2. Parkin and NLRP3 inflammasome activation

Parkin is an E3 ubiquitin ligase that contains a ubiquitin domain (Ubl) and four loop domains [101]. Mutations in PRKN (encoding
Parkin) are frequently responsible for both autosomal recessive and sporadic cases of PD [77,102,103]. The deficiency of Parkin
function results in the buildup of impaired mitochondria and increased levels of ROS [104], which are major triggers of the NLRP3
inflammasome [47]. A recent study has shown that NLRP3 within neurons is a parkin substrate and that Parkin inhibits the initiation of
inflammasomes usually by ubiquitinating NLRP3 and degrading it through the proteasome [13]. In PD, parkin function is usually
disrupted, so NLRP3 levels may be elevated in DANs, potentially increasing the chance of inflammasome activation. Parkin loss of
function also leads to NLRP3 inflammasome activation through the accumulation of its interacting substrate (PARIS) ZNF746.In this
study, the authors demonstrated through experiments in an animal model of PD induced by DA neuron-specific Parkin deficiency that
Parkin depletion resulted in significant upregulation of activated Caspase-1, NLRP3, and ASC speckle formation in SNpc DA neurons,
but no significant upregulation was seen in microglia. Cleavage of GSDMD was observed in DA neuron-specific Parkin-deficient mice as
well as Parkin-deficient human DANSs. In addition, through an immunoprecipitation study of postmortem midbrain lysates from PD
patients, the authors found that Parkin and NLRP3 interact. To further verify whether inflammasome activation by itself is sufficient to
promote neurodegeneration, the authors chose an NLRP3A350VP€R 15456 in which Cre-expressing cells produce a structurally active
form of NLRP3. Injection of Cre into the SNpc of adult NLRP34350V1€oR mice via adeno-associated virus (AAV) induced hyperactivation
of NLRP3 within DANs and a notable reduction of tyrosine hydroxylase positive (TH') neurons in the SNpc. The present experiments
provide evidence that Parkin deficiency leads to autonomous activation of NLRP3 inflammasome within neurons and demonstrate that
NLRP3 inflammasome activation alone is sufficient to trigger neuronal death. It was further confirmed by behavioral experiments that
DAN death is accompanied by dyskinesia. In contrast, the death of Parkin-deficient human DANs and restoration of TH expression was
prevented with the NLRP3 inflammasome-specific inhibitor compound MCC950 [13]. However, the current study has not yet eluci-
dated whether Parkin deficiency triggers NLRP3 inflammasome within neurons due to altered mitochondrial quality control, which
may result in the release of ROS and other pro-inflammatory factors.

4.3. a-Syn and NLRP3 inflammasome activation

One of the most common and prominent pathological features of PD is the formation of LBs by a-Syn aggregates [105]. Mutations in
the SNCA gene cause autosomal dominant PD [106]. Construction of a PD model by intra-striatal injection of a-Syn PFF in mice, which
is characterized by the accumulation of LBs in neurons [107]. Panicker et al. conducted a study in which mice were administered a-Syn
PFF via intra-striatal injections. The researchers observed indications of inflammasome activation, including elevated levels of NLRP3
and cleavage of Caspase-1 in TH™" neurons [13]. It was shown that intra-striatal injection of a-Syn PFF resulted in a decrease in Parkin
activity in the ventral midbrain, which was accompanied by the initiation and activation of NLRP3 inflammasome [13]. This is
consistent with previous studies that inactivation of Parkin after intra-striatal injection of PFF with a-Syn in mice leads to Parkin
substrate accumulation and mitochondrial defects [108]. Parkin deficiency has been demonstrated to cause inhibition of mitochon-
drial biogenesis through the action of PARIS, leading to stress in DANs [109]. Based on this, Panicker et al. conducted a study where
they disrupted the ZNF746 gene, which encodes PARIS, in Parkin™/¥ AAV-Cre mice. The purpose was to investigate the potential role
of PARIS in the activation of the NLRP3 inflammasome [13]. The findings demonstrate that in the absence of PARIS, the assembly, and
activation of inflammasome is almost completely blocked [13]. Intracellular a-Syn aggregation is thought to be the main pathogenic
mechanism of DAN death [107,110], but the role of a-Syn-induced inflammasome activation in the pathogenesis of PD has not been
elucidated.

5. NLRP3 is a PD therapeutic target

There is increasing evidence indicating that NLRP3 is significantly involved in PD, and that inhibition of the NLRP3 inflammasome
attenuates dyskinesia, DAN degeneration, and the formation of a-Syn nucleoprotein aggregates [10,13,56,67]. It can be assumed that
inhibition of NLRP3 inflammasome activity has great potential in the prevention and treatment of PD. Current research on NLRP3
disease-modifying therapies is mainly through inhibition of NLRP3-related signaling pathways, including inhibition of NLRP3 itself,
inhibition of Caspase-1 [111], IL-1f [112], and GSDMD [113]. However, neither targeting Caspase-1, IL-1p, nor GSDMD is specific, as
their cleavage or maturation may be influenced by activation of other types of inflammasome, potentially impacting the host defense
response. Inhibition of the NLRP3 inflammasome resulted in more specificity, safety, and better efficacy. With a deeper understanding
of the high-resolution structure and activation mechanism of NLRP3, the development of targeted drugs for NLRP3-mediated disease
treatment will be more favorable. Several NLRP3 inflammasome inhibitors have recently emerged and been studied in various disease
states; Some are already in clinical trials (Table 2). A number of studies have identified the inflammasome as a target for the treatment
of PD, utilizing exogenous substances to effectively inhibit NLRP3 inflammasome activity and achieving favorable therapeutic results.
Among them, MCC950 is considered to be the NLRP3-specific small molecule inhibitor and the most widely studied, including
MitoPark mice, a-Syn PFF mice, AS3T-Transgenic mice, and Parkin™/f* mice [10,13,57,66]. However, development was discontinued
due to severe liver toxicity in a Phase II clinical trial in rheumatoid arthritis. Therefore, screening of safe and effective NLRP3
inflammasome inhibitors from herbal medicines is expected to be a candidate treatment for NLRP3-mediated diseases. Many herbs
have been used in the treatment of inflammasome diseases and have shown a favorable safety profile (Fig. 1), for example kaempferol,
naringenin, astragaloside, antrodia camphorata polysaccharide, andrographolide [114-118]. However, clinical efficacy, safety, and
being able to pass through the blood-brain barrier are still big problems for NLRP3 inhibitors that are being developed for the CNS.
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6. Conclusion

In PD, most studies on NLRP3 have focused on microglia. However, triggers of the inflammasome assembly may also be present in
other cell populations of the PD brain environment, including DANs. This review summarizes the progress of research on NLRP3 and its
mechanism of action in PD in recent years. In the current study, evidence for activation of NLRP3 inflammasome in neurons has been
reported, including in human PD tissues, in the SN striata of multiple PD model mice, and DANs derived from embryonic stem cells [12,
13,64]. DANSs are the cells of origin of NLRP3 inflammasome activation, and further studies revealed that NLRP3 inflammasome within
DANsSs is activated in a cell-autonomous manner and leads to loss of neuronal degeneration, which promotes the development of PD
[13]. In conclusion, NLRP3 activation-mediated pyroptosis within DANs is an important death pathway for degenerative loss of DANs.
NLRP3 in DANs may be activated in a neuronal cell-autonomous manner leading to neuronal death in response to common endogenous
or exogenous stimuli in PD such as pathological a-Syn, neurotoxins (MPTP, 6-OHDA), or Parkin deficiency. The increase in neurons
and their release of a-Syn or the decrease in DA secretion after injury can promote the activation of NLRP3 inflammasome in microglia
and the release of large amounts of pro-inflammatory factors, which further exacerbate the degenerative loss of DANs. Thus, the
activation of NLRP3 within DANs and microglia in PD may regulate each other, resulting in a positive feedback type of damage loop
(Fig. 2). So, inhibition of NLRP3 activation may become a reliable target for PD disease modification. However, it remains to be
determined whether only NLRP3 protein or all inflammasome components of NLRP3 are present in neurons at the same time.
Furthermore, the etiology of DAN death in PD is complex, and NLRP3 plays an important role in the development of PD, but the extent
to which the inflammatory response causes or promotes DAN loss remains unclear. There are still a lot of questions that need to be
answered about how inflammasome activation starts and stays active in PD, as it begins, and how it affects neuronal damage.

The NLRP3 inflammasome is known to be involved in multiple cell death pathways, including apoptosis, pyroptosis [134], and
necrosis [135], and understanding how these cell death pathways are interconnected may provide insight into the mechanisms of these
cell death pathways and how to inhibit or activate them. In addition, we can explore the role of other inflammasome in PD to see if they
interact with the NLRP3 inflammasome or regulate its activity.

Finally, we can develop new therapies by studying how to modulate the activity of the NLRP3 inflammasome. There is currently no
effective treatment for the NLRP3 inflammasome in PD, so developing new treatments is the focus of current research. We can inhibit
the activity of NLRP3 by screening for small molecule inhibitors or modulators, thereby reducing the inflammatory response and
damage to dopamine neurons. In addition, other treatments such as gene therapy and cell therapy can be explored to combat the
progression of PD. When developing new treatments, individual differences and the heterogeneity of the disease need to be considered
in order to develop personalized treatment plans and improve treatment effectiveness. At the same time, attention should also be paid
to the prevention and early diagnosis of the disease to reduce the incidence of PD and prevent the rapid progression of the disease.
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Caspase-1 Cysteinyl aspartate specific proteinase 1
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CARD
CMA
CNS

Cysteine aspartic protease recruitment domains
Chaperone-mediated autophagy
Central nervous system

DAMPs Damage-associated molecular patterns

DAN

Dopaminergic neuron

GSDMD Gasdermin D

HD1
HD2
Ibal
IL-1p
IL-18
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MPP™
MPTP

Helical structural domain 1

Helical structural domain 2

Ionized calcium-binding adapter molecule 1
Interleukin-1f

Interleukin-18

Lewy bodies

1-methyl-4-phenyl pyridinium ion
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

mt-DNA Mitochondrial DNA
mt-ROS Mitochondrial ROS

NAC

N-acetylcysteine

NACHT Nucleotide binding and oligo aggregation structural domain

NBD

Nucleotide-binding structural domains

NLRP3  Nucleotide-binding oligomerization domain-like receptor protein 3

NLRs
NOD

The NOD-like receptors
The nucleotide-binding domain

PAMPs Pathogen-associated molecular patterns

PD
PFFs
PPMI
PRRs
PTMs
PYD
ROS
SN
SNP
SNpc
TH"
TLRs

Parkinson’s disease

Preformed fibrils

Parkinson’s Progression Marker Initiative
Pattern recognition receptors
Post-translational modifications
Pyrin structural domain
Reactive oxygen species
Substantia nigra

Single nucleotide polymorphism
Substantia nigra pars compacta
Tyrosine hydroxylase positive
Toll-like receptors

TXNIP  Thioredoxin interacting protein

WHD Winged helical structural domain
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