& frontiers | Frontiers in

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Kunlin Jin,

University of North Texas Health
Science Center, United States

REVIEWED BY
Yogesh Singh,
University of Tubingen, Germany

*CORRESPONDENCE

Matae Ahn
ahn.mataell@u.duke.nus.edu
Yin-Xia Chao
chao.yinxia@singhealth.com.sg

TThese authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Parkinson’s Disease and Aging-related
Movement Disorders,

a section of the journal

Frontiers in Aging Neuroscience

RECEIVED 31 May 2022
AccepTED 20 September 2022
PUBLISHED 12 October 2022

CITATION

Su Q, Ng WL, Goh SY, Gulam MY,
Wang L-F, Tan E-K, Ahn M and
Chao Y-X (2022) Targeting

the inflammasome in Parkinson'’s
disease.

Front. Aging Neurosci. 14:957705.
doi: 10.3389/fnagi.2022.957705

COPYRIGHT
© 2022 Su, Ng, Goh, Gulam, Wang,
Tan, Ahn and Chao. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which
does not comply with these terms.

Frontiers in Aging Neuroscience

TYPE Perspective
PUBLISHED 12 October 2022
pol 10.3389/fnagi.2022.957705

Targeting the inflammasome in
Parkinson’s disease
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Parkinson's disease (PD) is one of the most common neurodegenerative
diseases in which neuroinflammation plays pivotal roles. An important
mechanism of neuroinflammation is the NLRP3 inflammasome activation that
has been implicated in PD pathogenesis. In this perspective, we will discuss the
relationship of some key PD-associated proteins including a-synuclein and
Parkin and their contribution to inflammasome activation. We will also review
promising inhibitors of NLRP3 inflammasome pathway that have potential
as novel PD therapeutics. Finally, we will provide a summary of current and
potential in vitro and in vivo models that are available for therapeutic discovery
and development.

KEYWORDS

Parkinson’s disease, neuroinflammation, inflammasome, NLRP3, inhibitor

Introduction

Parkinson’s disease (PD) is the second-most common neurodegenerative disease,
predominantly affecting the elderly. Its prevalence has increased more than 20% over
the past 30 years (Ou et al, 2021). PD was first described by James Parkinson in
1817 and the neuropathological hallmark of PD includes substantial dopaminergic
neuronal loss in the substantia nigra, leading to reduced dopamine level in the striatum
(Lotharius and Brundin, 2002). Another key feature in the substantia nigra of PD
patients is the presence of Lewy bodies in the neurons (Lotharius and Brundin, 2002).
Clinical diagnosis depends on both motor symptoms such as resting tremor, rigidity,
bradykinesia/akinesia and postural instability, and non-motor symptoms including
orthostatic hypotension, constipation, urinary dysfunction, mood and sleep disorders,
and cognitive impairment (Schrag et al., 2015; Williams-Gray and Worth, 2016). The
pathogenesis of PD contributed by both environmental and genetic factors is rather
complex and not fully understood (Kouli et al., 2018).
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The limited treatment options also add to its socioeconomic
impact. The use of dopamine precursor levodopa can be
traced back to 1960 and it is still serving as a gold standard
for PD treatment today, often combined with a peripheral
decarboxylase inhibitor such as carbidopa (Fahn et al,, 2004).
Other pharmacological agents include dopamine agonists such
as ropinirole and pramipexole, and monoamine oxidase B
inhibitors such as selegiline, which are more commonly used for
patients with milder symptoms (Armstrong and Okun, 2020).
By modulating dopamine levels or its receptor activity, these
agents improve motor symptoms for the early-stage PD patients.
However, they are associated with significant side effects
and do not help with alleviating non-motor symptoms. For
instance, levodopa treatment’s side effects include orthostatic
hypotension, gastrointestinal symptoms and hallucination as
well as motor fluctuation and dyskinesia (Armstrong and Okun,
2020). Other approaches, including deep brain stimulation, can
help medication-resistant symptoms to some extent, but also
come with many side effects (Groiss et al., 2009; Kalia et al,
2013). Importantly, to date, no therapies are able to prevent
or delay the disease progression. Thus, there is an enormous
need to have a deeper understanding of PD pathogenesis and
develop novel therapeutic approaches to improve the lives of PD
patients.

Among the various novel approaches to manage PD,
immunomodulation has gained much popularity recently. This
approach is conceived based on the heavy involvement of
the immune system in the pathogenesis and progression of
PD. Neuroinflammation is one of the immune processes
of paramount importance in PD (Wang et al, 2015).
Reactive microglia increased significantly in the substantia
nigra region of PD patients upon post-mortem examinations
(McGeer et al., 1988; Roca et al,, 2011). Moreover, enhanced
microglial activation was also observed in various PD animal
models, including «a-synuclein overexpression models, as
well as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
6-hydroxydopamine (6-OHDA) and rotenone neurotoxin-
induced mice, rats and monkeys (Roca et al, 2011). The
activated microglia led to elevated pro-inflammatory cytokines
production in the midbrain region, including interleukin-1p
(IL-1B), IL-6, IL-12, tumor necrosis factor-a (TNF-a), and
other stress-inducing molecules such as reactive oxygen species
(ROS) and nitric oxide (Sawada et al., 2006). Though microglial
activation does have essential housekeeping roles such as
removing neuronal cell debris, the chronic overactivation of
microglia can cause overproduction of the pro-inflammatory
cytokines and dopaminergic neuron degeneration (Ferrari
et al, 2006; McCoy et al, 2006). This process is also self-
amplifying as the ATP, a-synuclein, and metalloproteinase-3
(MMP-3) released from degenerated neurons further activate
microglia, amplify neuroinflammation, and accelerate the
neurodegeneration process (Hammond et al,, 2019; Kelly et al,,
2020). Besides central nervous system (CNS) inflammation,
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peripheral inflammation is also believed to play a pivotal
role in PD. Peripheral pro-inflammatory stimuli can be
transported to the brain, activate the primed microglia, prompt
neuroinflammation, and exacerbate disease progression (Ferrari
and Tarelli, 2011; Tan E.-K. et al., 2020; Tan J. S. Y. et al., 2020).
CD4™" T lymphocytes and inflammatory cytokines including IL-
1B, IL-6, IFN- vy, and TNF- o were found to be upregulated in
the serum of PD patients as well (Brodacki et al., 2008; Harms
etal., 2013).

One
inflammasome

of
The
consist of sensor proteins, such as NOD-like receptors NLRP1,
NLRP3, NLRC4, and AIM2-like receptors AIM2, IFI16, that
recognize exogenous microbe-derived stimuli or endogenous

key  component neuroinflammation  is

activation. inflammasome pathways

molecular stress stimuli (Zheng et al, 2020). Once activated,
these sensors will induce the activation of the intracellular
adapter apoptosis-associated speck-like protein containing a
CARD (ASC) which also contains a PRYIN domain (PYD). The
ASC monomers then aggregate and form speck-like polymers
that activate caspase-1. Activated caspase-1 induces pyroptotic
cell death and promotes the release of inflammatory cytokine
IL-1 that is capable of further amplifying inflammation (Dick
et al, 2016; Zheng et al, 2020). Out of all the discovered
inflammasome pathways, NLRP3 is the most well-studied.
NLRP3 contains a PRYIN domain (PYD), a nucleotide binding
and oligomerization domain (NACHT), an N-terminal caspase
activation and recruitment domain (CARD), and a C-terminal
leucine-rich repeats (LRRs) (Proell et al., 2008; Howe et al,
2013). The NLRP3 inflammasome pathway is heavily involved
in many acute infections and chronic inflammatory diseases
including PD. Due to the importance of NLRP3 in the PD
pathogenesis and it being a fairly recent discovery, this
work aims to explore the involvement of NLRP3 in PD and
summarize some of the therapeutic agents targeting NLRP3.
We will also evaluate the current and potential in vitro and
in vivo PD models for studying pathogenesis and developing
new therapeutics.

Inflammasome activation in
Parkinson'’s disease pathogenesis

Inflammation activation in PD has been reported in
PD patients as well as multiple in vitro and in vivo
PD models. Clinical evidence obtained, via post-mortem
examinations of PD patients’ brains, also showed increased
NLRP3 inflammasome expression and activation at the
substantia nigra where dopaminergic neuronal loss has occurred
(Gordon et al,, 2018; von Herrmann et al., 2018; Anderson
et al, 2021). Interestingly, multiple NLRP3 inflammasome-
related proteins, including NLRP3, ASC, caspase-1, and IL-
18, as well as a-synuclein proteins were detected in PD
patient’s serum or plasma (Lin et al, 2017; Fanetal., 2020;
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Anderson et al, 2021). These circulating inflammasome-
related proteins might be just a reflection of intracranial
neuroinflammation or potentially a sign of a more complex
cross-talk between peripheral and central inflammation. A link
between NLRP3 inflammasome activation in microglia and the
progression of both dopaminergic neurodegeneration and o-
synuclein accumulation has been established in different PD
mouse models. In 6-OHDA-induced PD mouse models, NLRP3
inflammasome was involved in dopaminergic neuronal loss
and motor symptoms (Gordon et al,, 2018). In MPTP mouse
model, NLRP3 inflammasome activation in microglia was also
shown to play a key role in pathogenesis of PD (Lee et al,
2019).

The key known molecular mechanism of NLRP3 activation
in PD involves a-synuclein. a-synuclein aggregates or fibrils
trigger a delayed but robust activation of NLRP3 inflammasome
in mouse primary microglia, resulting in IL-1f secretion
and ASC release without proptosis (Gordon et al, 2018).
Similarly, a-synuclein fibrils can activate NLRP3 in human
primary microglia (Pike et al, 2021). In human induced
pluripotent stem cell (hiPSC)- derived microglia (hiMG), dual
stimulation of Toll-like receptor 2 (TLR2) engagement and
mitochondrial damage is implicated in the NLRP3 activation
(Trudler et al, 2021). In addition, priming via TLR2 and
activation via phagocytosis followed by ROS production and
cytosolic cathepsin B release are demonstrated in human
peripheral monocytes (Codolo et al., 2013). Although microglial
endocytosis of and subsequent lysosomal cathepsin B release of
a-synuclein is shown in BV2 cells, a murine microglial cell line,
the role of TLRs, ROS and lysosome destabilization in NLRP3
activation in primary microglia is yet to be validated (Zhou et al,,
2016).

Several links between several PD-associated genes and
inflammasomes have also been reported. Although most PD
cases are idiopathic, about 5-10% of them are hereditary and
are attributed to autosomal recessive (such as parkin/PARK2
and PINKI/PARK®6) or autosomal dominant (such as LRRK2,
SNCA, VPS35) mutations (Deng et al.,, 2018). Both Parkin and
PINK1 seem to be negative regulators of NLRP3 inflammasome
(Mouton-Liger et al,, 2018). Loss of function mutation of
Parkin leads to exacerbation of NLRP3 activation in blood-
derived macrophages via induction of A20 (Mouton-Liger
et al, 2018). More recently, this E3 ubiquitin ligase Parkin
is shown to negatively regulate NLRP3 in dopamine neurons
via ubiquitinating NLRP3 for proteasomal degradation and
reducing mitochondrial-derived ROS production (Panicker
et al., 2022).

Importantly, loss of Parkin activity observed in the
context of both hereditary and sporadic PD models leads to
neuronal NLRP3 assembly and cell death, while inhibition
of NLRP3 inflammasome in neurons alleviates dopamine
neuron degeneration. This suggests neuronal NLRP3 activation,
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independent of microglia, contributes to pathogenesis of PD.
On the other hand, the kinase activity of LRRK2 is required for
activation of NLRC4 inflammasome instead of NLRP3, through
directly interacting with NLRC4 (Denes et al., 2015). Although
NLRC4 has not shown to be involved in PD pathogenesis, it has
been implicated in neuroinflammation in the context of acute
brain injury (Denes et al,, 2015). It is yet to find out how LRRK2
mutations affect NLRC4 activation and if modulation of NLRC4
contribute to the LRRK2-driven PD.

As new evidence evolves to understand the pathogenesis
of PD, the gut-brain axis, a bidirectional network of signaling
pathways which consists of multiple connections has gained
increased interest. Enteric bacteria have been reported to
modulate inflammatory pathways via NLRP3 signaling and
ultimately influence brain homeostasis (Rutsch et al., 2020).
A significant change in the composition of gut microbiota
can in turn mitigate an inflammatory cascade via the gut-
brain axis. This include alterations in compositions in several
bacterial families such as Prevotellaceae, Verrucomicrobiaceae,
Bradyrhizobiaceae, and Lactobacillaceae (Scheperjans et al,
2015). PD specific intestinal flora was observed to be starved
off butyrate producing bacteria such as Lachnospiraceae that
has anti-inflammatory properties (Keshavarzian et al., 2015).
During dysbiosis, gut microbiota metabolites and products,
such as tryptophan (Rothhammer et al., 2018). SCFAs, vitamins
or neurotransmitters, may translocate into the bloodstream
and subsequently to the brain with altered permeability of the
blood-brain barrier (BBB) and activate CNS inflammatory cells
including microglia (Luczynski et al,, 2016; Pellegrini et al,
2020). These products can also activate peripheral immune
cells which release cytokines or migrate to the CNS and affect
brain physiology (Shi et al, 2017; Pellegrini et al, 2020).
The NLRP3 inflammasome plays a key role in this gut-brain
communication as it is a sentinel sensor of the enteric bacteria.
Recent study showed that NLRP3 gene deficiency in mice altered
the gut microbiota composition and affected both mood-related
behaviors and locomotor activities, whether this is also true in
Parkinson’s disease has yet to be studied (Zhang Y. et al., 2019).
Exposure to environmental toxins such as herbicides/pesticides,
MPTP, and heavy metals like manganese was also associated
with Parkinsonism (Ballard et al., 1985; Gorell et al,, 1997,
1998). A few of these agents, including rotenone and MPTP,
are now commonly used to induce PD in established animal
models.

These evidences suggest that the NLRP3 inflammasome-
driven neuroinflammation plays a critical role in the
in PD. Therefore,
microglial and neuronal NLRP3 inflammasome is a promising

pathogenesis of neuroinflammation
target for PD drug development with great potential. Figure 1
summarizes the molecular mechanisms of o-synuclein-
mediated NLRP3 inflammasome activation in PD as well as the
potential drug targets.
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FIGURE 1

The strategies for inhibition of NLRP3 inflammasome activation in Parkinson'’s disease (PD). The activation of NLRP3 inflammasome in microglia
can be divided into the priming stage and activation stage. Various inflammatory cytokines and damage-associated or pathogen-associated
molecular patterns, including fibrillar a-synuclein, can activate the NF-kB pathway to upregulate the expression of NLRP3 sensor protein,
pro-IL-1B, and pro-IL-18. The inactive NLRP3 proteins then oligomerize upon activation by the various stimuli including potassium ion efflux,
mitochondrial dysfunction, and related reactive oxygen species (ROS) release. These signals might be generated by, but not limited to, the
phagocytosis of fibrillar a-synuclein. The activated NLRP3 proteins then trigger an assembly of apoptosis-associated speck-like protein
containing a CARD (ASC), which subsequently activate pro-caspase 1. Activated caspase 1 facilitates the maturation of pro-cytokines, leading to
pro-inflammatory cytokine release. The released cytokines as well as fibrillar a-synuclein directly exocytosed by the microglia promotes
neuronal death, leading to the release of more fibrillar a-synuclein, thus amplifying microglial activation and neuroinflammation. Potential target
sites of NLRP3 activation in microglia include: @ targeting the NF-kB priming pathway to prevent the upregulation of NLRP3 and cytokines,
however, this might be highly non-specific; @ directly targeting the inflammasome components and preventing its activation; ® targeting the
downstream inflammasome effectors. The specific NLRP3 inhibitors mentioned in this work are indicated in red. **Anakinra and rilonacept
indirectly inhibit IL-18 by binding to IL-1 receptors and serving as a decoy receptor for IL-18, respectively.

Anti-inflammasome as a novel
therapeutic approach for
Parkinson's disease

Since the NLRP3 inflammasome pathway plays a pivotal
role in PD pathogenesis, targeting NLRP3 can be a viable
approach to develop novel therapeutics to slow down the disease
progression. Table 1 summarizes the inhibitors targeting NLRP3
inflammasome that have been investigated in pre-clinical or
clinical studies, especially in the context of PD and other
CNS diseases. Figure 1 indicates the mechanisms of action for
the NLRP3 inhibitors discussed in this section. These NLRP3
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inhibitors with an effect in CNS diseases indicate their ability to
cross blood-brain barrier (BBB) and hence are promising drug
candidates for PD.

Direct NLRP3 inhibitors

MCC950 is a NLRP3-specific small molecular inhibitor
that directly interacts the ATP-hydrolysis motif within NACHT
domain, blocks its ATPase activity and locks NLRP3 in an
inactive conformation (Coll et al, 2015, 2019). It is the
most widely used tool for NLRP3 inhibition in research and
has been tested in a wide range of NLRP3-driven disease
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TABLE 1 Direct NLRP3 inhibitors as potential Parkinson'’s disease (PD) therapeutics at pre-clinical stages.

10.3389/fnagi.2022.957705

Target Inflammasome Direct NLRP3 Mechanism of inhibition Current CNS models
category component inhibitors
Sensor NLRP3 MCC950 Blocks ATPase activity MPTP-induced mice (Huang et al,, 2021)
Locks NLRP3 in inactive state (Coll et al., a-synuclein PFF-injected mice (Gordon
2015, 2019) etal, 2018)
MitoPark mice (Gordon et al., 2018)
6-OHDA-lesioned mice (Gordon et al,,
2018)
CY-09 Blocks ATPase activity Stroke mice (Sun et al., 2020)
Binds NACHT region of NLRP3 (Jiang W.
etal., 2017)
Bay 11-7082 Blocks ATPase activity (Juliana et al,, Spinal cord injury mice (Jiang W. et al,,
2010) 2017)
Unknown binding site
OLT1177 Blocks ATPase activity (Marchetti et al,, Alzheimer’s disease mice (Lonnemann
2018) et al., 2020)
Unknown binding site Experimental autoimmune
encephalomyelitis (Sanchez-Fernandez
etal., 2019)
Oridonin Attenuates NLRP3-NEK?7 interaction Traumatic brain injury mice (Zhao et al,
Binds Cys279 (NACHT domain) (He 2022)
etal., 2018)
RRx-001 Attenuates NLRP3-NEK?7 interaction Experimental autoimmune
Binds Cys409 (NACHT domain) (Chen Y. encephalomyelitis mice (Chen Y. et al,,
etal., 2021) 2021)
JC-171 Attenuates NLRP3-ASC (Guo et al., 2017) Experimental autoimmune
encephalomyelitis (Guo et al., 2017)
Effectors Caspase-1 VX-765 Reduce caspase-1-induced a-synuclein Multiple system atrophy (MSA) mice

Gasdermin D

Dimethyl fumarate

aggregation (Wang et al,, 2016)

Succinates C191
Blocks GSDMD oligomerization (Yadav
etal., 2021)

(Bassil et al., 2016)
Alzheimer mice (Flores et al., 2020)

Experimental autoimmune
encephalomyelitis mice (Yadav et al,, 2021)

models including in vitro and in vivo PD models. The
in vitro 1Csy of MCC950 is 7.5 nM in mice bone marrow
derived macrophages and 8.1 nM in human monocyte derived
macrophages (Coll et al,, 2015). The small molecule is able to
penetrate the blood-brain barrier and achieve a concentration
higher than the IC50 in the CNS (Gordon et al, 2018).
Upon administration, MCC950 inhibited fibrillar a-synuclein-
induced NLRP3 activation and reduced dopaminergic neuron
degeneration, aggregation of a-synuclein, and the motor
symptoms experienced by the PD mice (Gordon et al., 2018). In
addition, MCC950 derivative, ZYILI is currently under phase
I safety trial and also under clinical investigation in Cryopyrin
Associated Periodic Syndrome patients (clinical trial identifiers:
NCT04972188 and NCT05186051).

Though MCC950 seems to be a promising candidate for
further development, its phase II clinical trial for rheumatoid
arthritis was discontinued due to its hepatotoxicity (Mangan
et al, 2018). Besides MCC950, several NLRP3 specific
inhibitors have been investigated in CNS disease model through
interfering NLRP3 domain and binding sites. This suggests
that NLRP3 inhibitors are capable of crossing blood-brain
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barrier and exerts its inflammasome inhibition activity in
neurodegeneration context. For example, CY-09 appears to
inhibit ATPase activity and binds to Walker A site in NACHT
domain of NLRP3 and is shown to reduce neuroinflammation
in cerebral ischemic stroke model (Jiang H. et al, 2017
Sun et al, 2020). Additionally, several compounds that show
ATPase blocking activity with unidentified binding sites was
investigated and proven to be effective in CNS diseases. Some
of the inhibitors include Bay-11-7082 (spinal cord injury)
(Juliana et al,, 2010; Jiang H. et al, 2017) and OLT1177 (AD,
EAE) (Marchetti et al., 2018; Sanchez-Fernandez et al., 2019;
Lonnemann et al, 2020). Besides direct NLRP3 inhibition,
compounds that modifies key domain and affects protein-
protein interaction of NLRP3 were also identified in neuronal
diseases. This is demonstrated through Oridonin (TBI) (He
etal.,, 2018; Zhao et al,, 2022) and RRx-001 (EAE) (Chen Y. etal,,
2021), in which both disrupts NLRP3-NEK?7 interaction while
JC-171 (EAE) attenuates NLRP3-ASC interaction (Guo et al,,
2017). The disruption of JC-171 on NLRP3-ASC interaction
was shown in reduced ASC level pulldown by NLRP3 with co-
immunoprecipitation assay (Guo et al., 2017). Though Oridonin
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and RRx-001 share similar mechanism in blocking NLRP3-
NEK?7, they covalently modify C279 and C409 in the NACHT
domain in NLRP3, respectively (Chen Y. et al,, 2021).

ASC is an adaptor that acts downstream of NLRP3 and
activate Caspase-1. However, little is known about the regulation
of ASC oligomerization and currently no inhibitor is discovered.

Inhibitors targeting downstream
effectors and cytokines

After NLRP3 oligomers are formed upon external
stimulation, it allows recruitment of adaptor protein ASC
which subsequently promote downstream Caspase-1 activation
and cleavage of Gasdermin D effectors, both of which
are critical steps in proinflammatory components release
from the cells. Thus, targeting downstream effectors of the
NLRP3 inflammasome is an important strategy in controlling
inflammation in PD.

Caspase-1
Besides

D cleavage, Caspase-1 also directly truncates o-synuclein

facilitate IL-1p maturation and Gasdermin
molecules to a pro-aggregation state (Wang et al, 2016).
Subsequent aggregation of a-synuclein lead to neuronal death
and neuroinflammation. The use of a promising Caspase-1
inhibitor VX-765 was shown to reduce a-synuclein aggregation
in transgenic mice multiple system atrophy (MSA) model and
reduce neuroinflammation in Alzheimer mice model (Bassil
et al, 2016; Flores et al., 2020). Despite the lack of in vivo study
using VX-765 on PD animal models, in vitro experiments in
PD neuronal cell lines reported satisfactory neuroprotection
(Wang et al,, 2016). Intraperitoneal injection of VX-765 also
reduced neuroinflammation in mice model of spinal cord
injury, proving its ability to cross the BBB (Chen J. et al,
2021). VX-765 is currently undergoing clinical investigation in
epilepsy (clinical trial identifier: NCT01048255) and psoriasis
(clinical trial identifier: NCT00205465) without any reports of
toxicity yet. However, targeting caspase-1 is even less specific
than targeting ASC as it is the universal effector of multiple

inflammasomes.

Gasdermin D

Gasdermin D (GSDMD) is a key effector in NLRP3
inflammasome pathway which control pyroptosis and
proinflammatory components release from the cells including
IL-1p and IL18. Given that GSDMD modulates the release
of IL-18 downstream of inflammasome activation, it is
served as a pharmacological target to block cell lysis and
proinflammatory contents and implicated in CNS disease. For
instance, Dimethyl fumarate (DMF) succinates C191, block
GSDMD oligomerization in autoimmune encephalitis (Yadav

et al,, 2021). However, GSDMD inhibitors targeting PD might
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be limited since DMF is suggested to affect infiltration of
macrophages in the CNS rather than neurons (Yadav et al,
2021).

Interleukin-18

Interleukin-1p is the pro-inflammatory cytokines released
upon inflammasome activation and thus it can be a primary
target in NLRP3 related pathology. There are three proteins
approved for use in targeting IL-1B and the IL-1 receptors:
Anakinra, Canakinumab, and rilonacept. Anakinra competes in
binding to the IL-1 receptor, Canakinumab is a neutralizing
antibody to IL-1 and rilonacept is a soluble decoy receptor that
could bind both IL-1a and IL-1B, sequestering circulating IL-1
(Murray et al., 2015; Mangan et al., 2018). Nevertheless, the IL-
1B inhibitors remains a limited options for PD treatment due to
the poor penetrating ability at the blood-brain barrier (Murray
etal., 2015; Mangan et al., 2018).

Indirect inhibitors of NLRP3

Apart from direct NLRP3 inhibition, several other
compounds are shown to regulate NLRP3 indirectly via
modulating its transcription, inflammasome priming, protein
expression or post-translational modifications. Therefore,
these compounds suppress NLRP3 activity and IL-1f release
independently of their direct effect on any components in the
NLRP3 inflammasome.

For example, a natural flavanol, Kaempferol degrades
NLRP3 through autophagy and ubiquitin related proteolysis
which protects dopaminergic neuron loss in PD mice model
(Han X. et al.,, 2019). Besides, various indirect NLRP3 inhibitors
isolated from traditional Chinese medicine regulates NLRP3
via NF-kb pathway: Bushen-Yizhi Formula (BYF), Antrodia
camphorate polysaccharide (APC), tenuigenin, salidroside, and
baicalein (Fan et al, 2017; Mo et al, 2018; Han C. et al,
2019; Rui et al., 2020; Zhang et al., 2020). Next, a recombinant
peptide semaglutide, an analogs of GLP-1, was shown to have
neuroprotective effects in MPTP induced mice model via
inhibiting NLRP3 through NF-kb signaling (Zhang L. et al,
2019; Chen X. et al,, 2021). Another novel approach in inhibiting
NLRP3 is microRNA which affects protein expression via
post-transcriptional regulation. MicroRNA-30e and microRNA-
7 mimics are two of the leading candidates demonstrated to
effectively and specifically target the expression of NLRP3 (Zhou
etal,2016; Lietal,, 2018). The levels of inflammatory cytokines,
including IL-1B, IL-18, and TNF-a, were also lowered due to
the miRNA-30e agomir-mediated decrease in NLRP3 expression
(Li et al,, 2018). In a similar manner, miRNA-7 was found to
inhibit NLRP3 expression in both MPTP-induced PD mice and
a-synuclein-overexpression transgenic mice (Zhou et al,, 2016).
The resulting dampening in caspase 1 activation and IL-1f
production lead to a neuroprotective effect on the dopaminergic
neurons in both models (Zhou et al., 2016).
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NLRP3 driven neuroinflammation has been found to be
critical in neurodegenerative diseases. Though some of the
NLRP3 inhibitors are entering early clinical stages, more
investigations are required to robustly test the NLRP3 inhibitors
efficacy and discover new inhibitors targeting inflammasome
pathway. Given that the involvement of inflammasome NLRC4,
AIM2, and NLRP1 in diseases is emerging, molecules that block
multiple inflammasome is a promising therapeutic strategy,
for instance inhibiting ASC formation. Hence, targeting
multiple layers of inflammasome will be a promising next
generation anti-inflammatory approach to effectively control
excessive inflammation.

In vitro models of Parkinson'’s
disease

The discovery and development of novel PD therapeutics
strongly rely on the presence of robust in vitro models.
Though many in vitro models have been developed over the
past few decades, the study of NLRP3 in PD introduces an
additional challenge on the existing models as the mechanism
involves a complex interplay between the immune system
and the neuronal system. Currently available in vitro PD
models can be categorized into four groups: immortalized
cell lines, primary cells, induced pluripotent stem cell (iPSC)
lines, and organoids. Human embryonic kidney cells (HEK293)
and human neuroglioma cells (H4) are commonly used for
PD studies due to the ease of culture and manipulation
(Tabrizi, 2000; McLean et al,, 2001). However, they are non-
neuronal cell types and do not intrinsically express the
inflammasome components to effectively study the effect of
NLRP3 manipulation in PD. Pheochromocytoma (P12) cells
were derived from rat adrenal medulla with the expression
of NLRP3 inflammasome pathway components (Malagelada
and Greene, 2008; Gong et al.,, 2018). However, PC12’s non-
human origin may lead to altered intracellular signaling. Co-
cultures of microglia and/or astrocytes with neuronal cell lines,
such as the human neuroblastoma SH-SY5Y cells and the
Lund human mesencephalic (LUHMES) cells, have also been
employed to closely mimic the physiological environment of
neurons in the human brain, providing a more relevant system
to study the effect of microglia NLRP3 activation (Sherer et al.,
2002; Zhang et al,, 2014). However, these cell lines are hard
to manage and manipulate, leading to high variabilities. In
addition, the neoplastic origin of SH-SY5Y does not represent
the true characteristic and physiology of primary neurons.
Besides immortalized cell lines, primary cells are also used in
PD studies. Primary dopaminergic neurons and primary cortical
neurons are commonly used due to their similar characteristics
to human neurons in the physiological environment (Freundt
etal, 2012; Gaven et al., 2014). However, primary neuronal cell
culture’s usage is also limited by the great variabilities imposed
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by the differences in host species and the efficiencies in specific
cell type isolation. The primary neuronal cells also do not
accurately reflect the actual physiology in vivo.

Moving beyond traditional cell line models, iPSC and 3D
organoids have gained much popularity. Both of these models
can be patient-derived and thus could carry the specific gene
mutations from the hosts to achieve more precise reconstruction
of the disease genotype (Martinez-Morales and Liste, 2012;
Chlebanowska et al,, 2020). In particular, iPSCs have the
potential to differentiate into any cell types including neurons,
astrocytes and microglia, which can be extremely difficult
to obtain directly from the patients (Badanjak et al, 2021).
However, iPSC may not be the best model for age-related
diseases since the cellular hallmarks of aging are reversed during
reprogramming (Mertens et al., 2018; Strissler et al,, 2018). In
addition, the clonal heterogeneity of the iPSC derived from the
same donor makes it difficult to define meaningful phenotypic
differences (Devine et al., 2011). Thus, clonal selection or more
specific gene editing techniques are required to generate better
iPSC-based models. The 3D human organoids, especially the
midbrain organoids, have unique advantages of being a 3D
structure containing a mixture of cells including dopaminergic
neurons, astrocytes, and microglia, closely mimicking the in vivo
environment (Galet et al.,, 2020). However, the development of
organoids can be highly time-consuming with a high degree
of variability. Though organoid models attempt to recapitulate
the cellular composition of in vivo brain, few organoid models
actually include microglia, which is of paramount importance
in the study of NLRP3 in PD (Ormel et al,, 2018).
the the of
in vitro PD models cannot be overlooked. Established

Despite various  limitations, value
immortalized/primary cell models, iPSCs and organoids
can be used for large scale screening and validation of potential
drug candidates with higher efficiency and reproducibility
(Skibinski and Finkbeiner, 2011; Jo et al., 2016). In addition,
since peripheral inflammation plays an important role in
the pathogenesis and progression of PD, it can be easily and
robustly modeled by in vitro cells such as human peripheral
blood mononuclear cells (PBMCs). Having effective in vitro
models of peripheral inflammation/inflammasome activation
may provide a new angle in the therapeutics and intervention

discovery for PD.

In vivo models of Parkinson'’s
disease

Though in vitro models provide significant convenience
and streamlining for PD research, the research on PD
pathogenesis and the screening for potential therapeutics cannot
be substantiated and validated without robust PD animal
models. The common PD animal models involve the use of
neurotoxins such as MPTP (Dovero et al, 2016), 6-OHDA
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(Saver and Oertel, 1994), and pesticides/herbicides including
rotenone, paraquat, and maneb (Domico et al., 2006; Chia et al,,
20205 Cristévao et al., 2020; Innos and Hickey, 2021). Besides
chemical inducers, transgenic animal models are also used to
investigate the phenotypes of specific mutations in PD-related
genes such as PTEN-induced putative kinase 1 (PINK1), DJ-
1, and Parkin (Kitada et al., 1998; Bonifati et al., 2003; Valente
Enza et al, 2004). Overexpression of wild-type or variants of
a-synuclein is also a strategy commonly explored to model
the important role of a-synuclein in PD pathogenesis (Koprich
etal., 2017).

The choice of model organism is also critical in evaluating
the success of PD investigation. A systematic review has revealed
that rodents are the most commonly used animals for both
neurotoxin and transgenic PD models due to their ease of
handling and conducting genetic manipulation as well as closely
resembling the human anatomy (Kin et al., 2019). Non-rodents,
such as the zebrafish, drosophila and C. elegans, are more
commonly used as transgenic models than neurotoxin models
in PD research because of their well-annotated genome and
relatively shorter lifespan (Kin et al, 2019). One limitation
of these organisms is that they do not intrinsically express
a-synuclein. Although primates and other mammals, such as
cats, dogs, and minipigs, are physiologically closer to humans,
they are not as commonly used in PD research due to higher
cost and increased difficulty in genetic manipulation and
handling/breeding (Kin et al., 2019).

Conclusion

Since NLRP3 inflammasome pathway activation contributes
significantly to PD neuroinflammation, targeting NLRP3 as a
PD therapeutic strategy is a promising approach that has been
gaining increasing attention over the recent years. We discussed
the key role of the PD-associated genes including a-synuclein
and Parkin in NLRP3 activation and PD pathogenesis. We also
systematically catalog the NLRP3 inflammasome inhibitors that
have been tested in PD and other CNS disease models. Lastly, we
highlighted the recent advances and limitations in PD in vitro
and in vivo models which aid in future study design. These
research tools are essential for future screening, validation, and
development of novel therapeutics.

References

Anderson, F. L., von Herrmann, K. M., Andrew, A. S., Kuras, Y. L., Young, A. L.,
Scherzer, C. R, et al. (2021). Plasma-borne indicators of inflammasome activity in
Parkinson’s disease patients. NPJ Parkinsons. Dis. 7:2. doi: 10.1038/s41531-020-
00147-6

Armstrong, M. J,, and Okun, M. S. (2020). Diagnosis and treatment of
Parkinson disease: A review. JAMA 323, 548-560. doi: 10.1001/jama.2019.2
2360

Frontiers in Aging Neuroscience

08

10.3389/fnagi.2022.957705

Data availability statement

The original contributions presented in this study are
included in the article/supplementary material, further inquiries
can be directed to the corresponding authors.

Author contributions

Y-XC, MA, WLN, and QS conceived the work. QS, MA, and
WLN wrote the manuscript. SYG, MYG, L-FW, E-KT, and Y-XC
reviewed and edited the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding

This work was funded by grants from National Medical
Research Council (MOH-OFIRG19may-0011 and MOH-
OFIRG19n0v-0050, STAR award, CSA award, and Parkinson’s
disease Large Collaborative Grant MOH-OFLCG-002), Ministry
of Education (MOE2019-T2-2-130), and Michael J. Fox
Foundation (MJFF-006971).

Conflict of interest

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

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Badanjak, K., Mulica, P., Smajic, S., Delcambre, S., Tranchevent, L.-C,,
Diederich, N., et al. (2021). iPSC-Derived Microglia as a model to study
inflammation in idiopathic Parkinson’s disease. Front. Cell Dev. Biol. 9:740758.
doi: 10.3389/fcell.2021.740758

Ballard, P. A., Tetrud, J. W., and Langston, J. W. (1985). Permanent human
parkinsonism due to 1-methy 1-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).
Neurology 35, 949-956. doi: 10.1212/WNL.35.7.949

frontiersin.org


https://doi.org/10.3389/fnagi.2022.957705
https://doi.org/10.1038/s41531-020-00147-6
https://doi.org/10.1038/s41531-020-00147-6
https://doi.org/10.1001/jama.2019.22360
https://doi.org/10.1001/jama.2019.22360
https://doi.org/10.3389/fcell.2021.740758
https://doi.org/10.1212/WNL.35.7.949
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Su et al.

Bassil, F., Fernagut, P.-O., Bezard, E., Pruvost, A., Leste-Lasserre, T., Hoang,
Q. Q, et al. (2016). Reducing C-terminal truncation mitigates synucleinopathy
and neurodegeneration in a transgenic model of multiple system atrophy. Proc.
Natl. Acad. Sci. 113, 9593-9598. doi: 10.1073/pnas.1609291113

Bonifati, V., Rizzu, P., van Baren Marijke, J., Schaap, O., Breedveld Guido, J.,
Krieger, E., et al. (2003). Mutations in the DJ-1 Gene associated with autosomal
recessive early-onset Parkinsonism. Science 299, 256-259. doi: 10.1126/science.
1077209

Brodacki, B., Staszewski, J., Toczylowska, B., Kozlowska, E., Drela, N,
Chalimoniuk, M., et al. (2008). Serum interleukin (IL-2, IL-10, IL-6, IL-4), TNFa,
and INFy concentrations are elevated in patients with atypical and idiopathic
parkinsonism. Neurosci. Lett. 441, 158-162. doi: 10.1016/j.neulet.2008.06.040

Chen, J., Chen, Y. Q,, Shi, Y. ., Ding, S. Q,, Shen, L., Wang, R,, et al. (2021). VX-
765 reduces neuroinflammation after spinal cord injury in mice. Neural Regen. Res.
16, 1836-1847. doi: 10.4103/1673-5374.306096

Chen, X., Huang, Q,, Feng, J., Xiao, Z., Zhang, X., and Zhao, L. G. L. P. - (2021).
1 alleviates NLRP3 inflammasome-dependent inflammation in perivascular
adipose tissue by inhibiting the NF-«kB signalling pathway. J. Int. Med. Res.
49:0300060521992981. doi: 10.1177/0300060521992981

Chen, Y., He, H,, Lin, B., Chen, Y., Deng, X., Jiang, W,, et al. (2021). RRx-001
ameliorates inflammatory diseases by acting as a potent covalent NLRP3 inhibitor.
Cell Mol. Immunol. 18, 1425-1436. doi: 10.1038/s41423-021-00683-y

Chia, S. ., Tan, E. K., and Chao, Y. X. (2020). Historical perspective: Models of
Parkinson’s disease. Int. J. Mol. Sci. 21:2464. doi: 10.3390/ijms21072464

Chlebanowska, P., Tejchman, A., Sutkowski, M., Skrzypek, K., and Majka, M.
(2020). Use of 3D organoids as a model to study idiopathic form of Parkinson’s
disease. Int. J. Mol. Sci. 21:694. doi: 10.3390/ijms21030694

Codolo, G., Plotegher, N., Pozzobon, T., Brucale, M., Tessari, I, Bubacco,
L., et al. (2013). Triggering of inflammasome by aggregated a-Synuclein, an
inflammatory response in synucleinopathies. PLoS One 8:e55375. doi: 10.1371/
journal.pone.0055375

Coll, R. C,, Hill, J. R, Day, C. J., Zamoshnikova, A., Boucher, D., Massey,
N. L, et al. (2019). MCC950 directly targets the NLRP3 ATP-hydrolysis motif for
inflammasome inhibition. Nat. Chem. Biol. 15, 556-559. doi: 10.1038/s41589-019-
0277-7

Coll, R. C., Robertson, A. A. B., Chae, J. J., Higgins, S. C., Mufioz-Planillo,
R., Inserra, M. C, et al. (2015). A small-molecule inhibitor of the NLRP3
inflammasome for the treatment of inflammatory diseases. Nat. Med. 21, 248-255.
doi: 10.1038/nm.3806

Crist6vao, A. C., Campos, F. L., Je, G., Esteves, M., Guhathakurta, S., Yang, L.,
etal. (2020). Characterization of a Parkinson’s disease rat model using an upgraded
paraquat exposure paradigm. Eur. . Neurosci. 52, 3242-3255. doi: 10.1111/ejn.
14683

Denes, A., Coutts, G., Lenart, N., Cruickshank, S. M., Pelegrin, P., Skinner, J.,
et al. (2015). AIM2 and NLRC4 inflammasomes contribute with ASC to acute
brain injury independently of NLRP3. Proc. Natl. Acad. Sci. U.S.A. 112, 4050-4055.
doi: 10.1073/pnas.1419090112

Deng, H., Wang, P., and Jankovic, J. (2018). The genetics of Parkinson disease.
Ageing Res. Rev. 42, 72-85. doi: 10.1016/j.arr.2017.12.007

Devine, M. J., Ryten, M., Vodicka, P., Thomson, A. J., Burdon, T., Houlden, H.,
etal. (2011). Parkinson’s disease induced pluripotent stem cells with triplication of
the a-synuclein locus. Nat. Commun. 2:440. doi: 10.1038/ncomms1453

Dick, M. S., Sborgi, L., Riihl, S., Hiller, S., and Broz, P. A. S. C. (2016). filament
formation serves as a signal amplification mechanism for inflammasomes. Nat.
Commun. 7:11929. doi: 10.1038/ncomms11929

Domico, L. M., Zeevalk, G. D., Bernard, L. P., and Cooper, K. R. (2006). Acute
neurotoxic effects of mancozeb and maneb in mesencephalic neuronal cultures
are associated with mitochondrial dysfunction. NeuroToxicology 27, 816-825. doi:
10.1016/j.neuro.2006.07.009

Dovero, S., Gross, C., and Bezard, E. (2016). Unexpected toxicity of very low
dose MPTP in mice: A clue to the etiology of Parkinson’s disease? Synapse 70,
49-51. doi: 10.1002/syn.21875

Fahn, S., Oakes, D., Shoulson, I, Kieburtz, K., Rudolph, A., Lang, A., et al.
(2004). Levodopa and the progression of Parkinson’s disease. N. Engl. J. Med. 351,
2498-2508. doi: 10.1056/NEJMoa033447

Fan, Z., Liang, Z., Yang, H., Pan, Y., Zheng, Y., and Wang, X. (2017).
Tenuigenin protects dopaminergic neurons from inflammation via suppressing
NLRP3 inflammasome activation in microglia. J. Neuroinflamm. 14:256. doi:
10.1186/s12974-017-1036-x

Fan, Z., Pan, Y. T, Zhang, Z. Y., Yang, H.,, Yu, S. Y., Zheng, Y., et al
(2020). Systemic activation of NLRP3 inflammasome and plasma alpha-synuclein

Frontiers in Aging Neuroscience

09

10.3389/fnagi.2022.957705

levels are correlated with motor severity and progression in Parkinson’s disease.
J. Neuroinflamm. 17:11. doi: 10.1186/s12974-019-1670-6

Ferrari, C. C., and Tarelli, R. (2011). Parkinson’s disease and systemic
inflammation. Parkinsons Dis. 2011:436813. doi: 10.4061/2011/436813

Ferrari, C. C., Pott Godoy, M. C,, Tarelli, R., Chertoff, M., Depino, A. M., and
Pitossi, F. J. (2006). Progressive neurodegeneration and motor disabilities induced
by chronic expression of IL-1f in the substantia nigra. Neurobiol. Dis. 24, 183-193.
doi: 10.1016/j.nbd.2006.06.013

Flores, J., Noél, A., Foveau, B., Beauchet, O., and LeBlanc, A. C. (2020). Pre-
symptomatic Caspase-1 inhibitor delays cognitive decline in a mouse model of
Alzheimer disease and aging. Nat. Commun. 11:4571. doi: 10.1038/s41467-020-
18405-9

Freundt, E. C., Maynard, N., Clancy, E. K,, Roy, S., Bousset, L., Sourigues, Y.,
etal. (2012). Neuron-to-neuron transmission of a-synuclein fibrils through axonal
transport. Ann. Neurol. 72, 517-524. doi: 10.1002/ana.23747

Galet, B., Cheval, H., and Ravassard, P. (2020). Patient-derived midbrain
organoids to explore the molecular basis of Parkinson’s disease. Front. Neurol
11:1005. doi: 10.3389/fneur.2020.01005

Gaven, F., Marin, P., and Claeysen, S. (2014). Primary culture of mouse
dopaminergic neurons. J. Vis. Exp. 91:¢51751. doi: 10.3791/51751

Gong, Z., Pan, ], Shen, Q., Li, M., and Peng, Y. (2018). Mitochondrial
dysfunction induces NLRP3 inflammasome activation during cerebral
ischemia/reperfusion injury. J. Neuroinflamm. 15:242. doi: 10.1186/s12974-
018-1282-6

Gordon, R., Albornoz, E. A., Christie, D. C., Langley, M. R,, Kumar, V.,
Mantovani, S., et al. (2018). Inflammasome inhibition prevents o-synuclein
pathology and dopaminergic neurodegeneration in mice. Sci. Transl. Med.
10:eaah4066. doi: 10.1126/scitranslmed.aah4066

Gorell, J. M., Johnson, C. C., Rybicki, B. A., Peterson, E. L., and Richardson, R. J.
(1998). The risk of Parkinson&#039;s disease with exposure to pesticides, farming,
well water, and rural living. Neurology 50, 1346-1350. doi: 10.1212/WNL.50.5.1346

Gorell, J. M., Johnson, C. C., Rybicki, B. A., Peterson, E. L., Kortsha, G. X,,
Brown, G. G., et al. (1997). Occupational exposures to metals as risk factors for
Parkinson&#039;s disease. Neurology 48, 650-658. doi: 10.1212/WNL.48.3.650

Groiss, S. J., Wojtecki, L., Siidmeyer, M., and Schnitzler, A. (2009). Deep brain
stimulation in Parkinson’s disease. Ther. Adv. Neurol. Disord. 2, 20-28. doi: 10.
1177/1756285609339382

Guo, C., Fulp, J. W, Jiang, Y., Li, X,, Chojnacki, J. E, Wu, J, et al.
(2017). Development and characterization of a Hydroxyl-Sulfonamide analogue,
5-Chloro-N-[2-(4-hydroxysulfamoyl-phenyl)-ethyl]-2-methoxy-benzamide, as a
Novel NLRP3 inflammasome inhibitor for potential treatment of multiple
sclerosis. ACS Chem. Neurosci. 8,2194-2201. doi: 10.1021/acschemneuro.7b00124

Hammond, T. R., Dufort, C., Dissing-Olesen, L., Giera, S., Young, A., Wysoker,
A, etal. (2019). Single-Cell RNA Sequencing of Microglia throughout the Mouse
Lifespan and in the Injured Brain Reveals Complex Cell-State Changes. Immunity
50, 253-71.e6. doi: 10.1016/j.immuni.2018.11.004

Han, C,, Guo, L, Yang, Y., Li, W., Sheng, Y., Wang, J., et al. (2019). Study
on antrodia camphorata polysaccharide in alleviating the neuroethology of PD
mice by decreasing the expression of NLRP3 inflammasome. Phytother. Res. 33,
2288-2297. doi: 10.1002/ptr.6388

Han, X,, Sun, S,, Sun, Y., Song, Q., Zhu, J., Song, N, et al. (2019). Small molecule-
driven NLRP3 inflammation inhibition via interplay between ubiquitination and
autophagy: implications for Parkinson disease. Autophagy 15, 1860-1881. doi:
10.1080/15548627.2019.1596481

Harms, A. S., Cao, S., Rowse, A. L., Thome, A. D., Li, X., Mangieri, L. R,
et al. (2013). MHCII is required for a-synuclein-induced activation of microglia,
CD4 T cell proliferation, and dopaminergic neurodegeneration. J. Neurosci. 33,
9592-9600. doi: 10.1523/JNEUROSCI.5610-12.2013

He, H., Jiang, H., Chen, Y., Ye, ]J., Wang, A., Wang, C,, et al. (2018). Oridonin is a
covalent NLRP3 inhibitor with strong anti-inflammasome activity. Nat. Commun.
9:2550. doi: 10.1038/s41467-018-04947-6

Howe, K., Schiffer, P. H., Zielinski, J., Wiehe, T., Laird, G. K., Marioni, J. C., et al.
(2013). Structure and evolutionary history of a large family of NLR proteins in the
zebrafish. Open Biol. 6:160009. doi: 10.1098/rsob.160009

Huang, S., Chen, Z., Fan, B, Chen, Y., Zhou, L., Jiang, B., et al. (2021).
A selective NLRP3 inflammasome inhibitor attenuates behavioral deficits and
neuroinflammation in a mouse model of Parkinson’s disease. J. Neuroimmunol.
354:577543. doi: 10.1016/j.jneuroim.2021.577543

Innos, J., and Hickey, M. A. (2021). Using Rotenone to Model Parkinson’s
Disease in Mice: A Review of the Role of Pharmacokinetics. Chem. Res. Toxicol.
34, 1223-1239. doi: 10.1021/acs.chemrestox.0c00522

frontiersin.org


https://doi.org/10.3389/fnagi.2022.957705
https://doi.org/10.1073/pnas.1609291113
https://doi.org/10.1126/science.1077209
https://doi.org/10.1126/science.1077209
https://doi.org/10.1016/j.neulet.2008.06.040
https://doi.org/10.4103/1673-5374.306096
https://doi.org/10.1177/0300060521992981
https://doi.org/10.1038/s41423-021-00683-y
https://doi.org/10.3390/ijms21072464
https://doi.org/10.3390/ijms21030694
https://doi.org/10.1371/journal.pone.0055375
https://doi.org/10.1371/journal.pone.0055375
https://doi.org/10.1038/s41589-019-0277-7
https://doi.org/10.1038/s41589-019-0277-7
https://doi.org/10.1038/nm.3806
https://doi.org/10.1111/ejn.14683
https://doi.org/10.1111/ejn.14683
https://doi.org/10.1073/pnas.1419090112
https://doi.org/10.1016/j.arr.2017.12.007
https://doi.org/10.1038/ncomms1453
https://doi.org/10.1038/ncomms11929
https://doi.org/10.1016/j.neuro.2006.07.009
https://doi.org/10.1016/j.neuro.2006.07.009
https://doi.org/10.1002/syn.21875
https://doi.org/10.1056/NEJMoa033447
https://doi.org/10.1186/s12974-017-1036-x
https://doi.org/10.1186/s12974-017-1036-x
https://doi.org/10.1186/s12974-019-1670-6
https://doi.org/10.4061/2011/436813
https://doi.org/10.1016/j.nbd.2006.06.013
https://doi.org/10.1038/s41467-020-18405-9
https://doi.org/10.1038/s41467-020-18405-9
https://doi.org/10.1002/ana.23747
https://doi.org/10.3389/fneur.2020.01005
https://doi.org/10.3791/51751
https://doi.org/10.1186/s12974-018-1282-6
https://doi.org/10.1186/s12974-018-1282-6
https://doi.org/10.1126/scitranslmed.aah4066
https://doi.org/10.1212/WNL.50.5.1346
https://doi.org/10.1212/WNL.48.3.650
https://doi.org/10.1177/1756285609339382
https://doi.org/10.1177/1756285609339382
https://doi.org/10.1021/acschemneuro.7b00124
https://doi.org/10.1016/j.immuni.2018.11.004
https://doi.org/10.1002/ptr.6388
https://doi.org/10.1080/15548627.2019.1596481
https://doi.org/10.1080/15548627.2019.1596481
https://doi.org/10.1523/JNEUROSCI.5610-12.2013
https://doi.org/10.1038/s41467-018-04947-6
https://doi.org/10.1098/rsob.160009
https://doi.org/10.1016/j.jneuroim.2021.577543
https://doi.org/10.1021/acs.chemrestox.0c00522
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Su et al.

Jiang, H., He, H.,, Chen, Y., Huang, W., Cheng, J., Ye, J., et al. (2017).
Identification of a selective and direct NLRP3 inhibitor to treat inflammatory
disorders. J. Exp. Med. 214, 3219-3238. doi: 10.1084/jem.20171419

Jiang, W., Li, M., He, F., Zhou, S., and Zhu, L. (2017). Targeting the NLRP3
inflammasome to attenuate spinal cord injury in mice. J. Neuroinflamm. 14:207.
doi: 10.1186/s12974-017-0980-9

Jo, J., Xiao, Y., Sun, A. X., Cukuroglu, E., Tran, H. D., Goke, J., et al. (2016).
Midbrain-like Organoids from human pluripotent stem cells contain functional
dopaminergic and Neuromelanin-producing neurons. Cell Stem Cell 19, 248-257.
doi: 10.1016/j.stem.2016.07.005

Juliana, C., Fernandes-Alnemri, T., Wu, J., Datta, P., Solorzano, L., Yu, ]. W.,
et al. (2010). Anti-inflammatory compounds parthenolide and Bay 11-7082 are
direct inhibitors of the inflammasome. J. Biol. Chem. 285, 9792-9802. doi: 10.
1074/jbc.M109.082305

Kalia, S. K., Sankar, T., and Lozano, A. M. (2013). Deep brain stimulation
for Parkinson’s disease and other movement disorders. Curr. Opin. Neurol. 26,
374-380. doi: 10.1097/WCO.0b013e3283632d08

Kelly, R., Joers, V., Tansey, M. G., McKernan, D. P., and Dowd, E.
(2020). Microglial phenotypes and their relationship to the cannabinoid system:
therapeutic implications for Parkinson’s disease. Molecules 25:453. doi: 10.3390/
molecules25030453

Keshavarzian, A., Green, S. J., Engen, P. A., Voigt, R. M., Nagib, A., Forsyth,
C. B., et al. (2015). Colonic bacterial composition in Parkinson’s disease. Mov.
Disord. 30, 1351-1360. doi: 10.1002/mds.26307

Kin, K., Yasuhara, T., Kameda, M., and Date, I. (2019). Animal Models for
Parkinson’s Disease Research: Trends in the 2000s. Int. J. Mol. Sci. 20:5402. doi:
10.3390/ijms20215402

Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura, Y., Minoshima,
S., et al. (1998). Mutations in the parkin gene cause autosomal recessive juvenile
Parkinsonism. Nature 392, 605-608. doi: 10.1038/33416

Koprich, J. B., Kalia, L. V., and Brotchie, J. M. (2017). Animal models of a-
synucleinopathy for Parkinson disease drug development. Nat. Rev. Neurosci. 18,
515-529. doi: 10.1038/nrn.2017.75

Kouli, A., Torsney, K. M., and Kuan, W.-L. (2018). Parkinson’s Disease: Etiology,
Neuropathology, and Pathogenesis. Singapore: Codon Publications, 3-26. doi: 10.
15586/codonpublications.parkinsonsdisease.2018.ch1

Lee, E., Hwang, I, Park, S., Hong, S., Hwang, B., Cho, Y., et al. (2019). MPTP-
driven NLRP3 inflammasome activation in microglia plays a central role in
dopaminergic neurodegeneration. Cell Death Differ. 26, 213-228. doi: 10.1038/
541418-018-0124-5

Li, D,, Yang, H., Ma, J., Luo, S., Chen, S., and Gu, Q. (2018). MicroRNA-30e
regulates neuroinflammation in MPTP model of Parkinson’s disease by targeting
Nlrp3. Hum. Cell 31, 106-115. doi: 10.1007/s13577-017-0187-5

Lin, C. H,, Yang, S. Y., Horng, H. E,, Yang, C. C,, Chieh, J. J., Chen, H. H., et al.
(2017). Plasma alpha-synuclein predicts cognitive decline in Parkinson’s disease.
J. Neurol. Neurosurg. Psychiatry 88, 818-824. doi: 10.1136/jnnp-2016-314857

Lonnemann, N., Hosseini, S., Marchetti, C., Skouras, D. B., Stefanoni, D.,
D’Alessandro, A., et al. (2020). The NLRP3 inflammasome inhibitor OLT1177
rescues cognitive impairment in a mouse model of Alzheimer’s disease. Proc. Natl.
Acad. Sci. US.A. 117, 32145-32154. doi: 10.1073/pnas.2009680117

Lotharius, J., and Brundin, P. (2002). Pathogenesis of parkinson’s disease:
dopamine, vesicles and a-synuclein. Nat. Rev. Neurosci. 3, 932-942. doi: 10.1038/
nrn983

Luczynski, P., McVey Neufeld, K. A., Oriach, C. S., Clarke, G., Dinan, T. G.,
and Cryan, J. F. (2016). Growing up in a Bubble: Using germ-free animals
to assess the influence of the gut Microbiota on brain and behavior. Int. J.
Neuropsychopharmacol. 19:yw020. doi: 10.1093/ijnp/pyw020

Malagelada, C., and Greene, L. A. (2008). “Chapter 29 - PC12 Cells as a model for
Parkinson’s disease research,” in Parkinsons Disease, eds R. Nass and S. Przedborski

(San Diego, CA: Academic Press), 375-387. doi: 10.1016/B978-0-12-374028-1.
00029-4

Mangan, M. S.]., Olhava, E. ., Roush, W. R., Seidel, H. M., Glick, G. D., and Latz,
E. (2018). Targeting the NLRP3 inflammasome in inflammatory diseases. Nat. Rev.
Drug Discov. 17, 588-606. doi: 10.1038/nrd.2018.97

Marchetti, C., Swartzwelter, B., Gamboni, F., Neff, C. P., Richter, K., Azam, T.,
et al. (2018). OLT1177, a B-sulfonyl nitrile compound, safe in humans, inhibits
the NLRP3 inflammasome and reverses the metabolic cost of inflammation. Proc.
Natl. Acad. Sci. U.S.A. 115, E1530-E1539. doi: 10.1073/pnas.1716095115

Martinez-Morales, P. L., and Liste, I. (2012). Stem cells asIn VitroModel of
Parkinson’s disease. Stem Cells Int. 2012, 1-7. doi: 10.1155/2012/980941

McCoy, M. K., Martinez, T. N., Ruhn, K. A., Szymkowski, D. E., Smith,
C. G., Botterman, B. R,, et al. (2006). Blocking soluble tumor necrosis factor

Frontiers in Aging Neuroscience

10

10.3389/fnagi.2022.957705

signaling with dominant-negative tumor necrosis factor inhibitor attenuates loss
of dopaminergic neurons in models of Parkinson’s disease. J. Neurosci. 26, 9365
9375. doi: 10.1523/JNEUROSCI.1504-06.2006

McGeer, P. L., Itagaki, S., Boyes, B. E., and McGeer, E. G. (1988). Reactive
microglia are positive for HLA-DR in the substantia nigra of Parkinson&#039;s
and Alzheimer&#039;s disease brains. Neurology 38, 1285-1291. doi: 10.1212/
‘WNL.38.8.1285

McLean, P. J., Kawamata, H., and Hyman, B. T. (2001). a-Synuclein-enhanced
green fluorescent protein fusion proteins form proteasome sensitive inclusions
in primary neurons. Neuroscience 104, 901-912. doi: 10.1016/S0306-4522(01)
00113-0

Mertens, J., Reid, D., Lau, S., Kim, Y., and Gage, F. H. (2018). Aging in a dish:
iPSC-derived and directly induced neurons for studying brain aging and age-
related neurodegenerative diseases. Ann. Rev. Genet. 52, 271-293. doi: 10.1146/
annurev-genet-120417-031534

Mo, Y., Xu, E., Wei, R,, Le, B., Song, L., Li, D., et al. (2018). Bushen-Yizhi formula
alleviates Neuroinflammation via inhibiting NLRP3 Inflammasome activation in
a mouse model of Parkinson’s disease. Evid. Based Complement. Alternat. Med.
2018:3571604. doi: 10.1155/2018/3571604

Mouton-Liger, F., Rosazza, T., Sepulveda—Diaz, J., leang, A., Hassoun, S. M.,
Claire, E., et al. (2018). Parkin deficiency modulates NLRP3 inflammasome
activation by attenuating an A20-dependent negative feedback loop. Glia 66,
1736-1751. doi: 10.1002/glia.23337

Murray, K. N., Parry-Jones, A. R., and Allan, S. M. (2015). Interleukin-1 and
acute brain injury. Front. Cell Neurosci. 9:18. doi: 10.3389/fncel.2015.00018

Ormel, P. R, Vieira de S4, R., van Bodegraven, E. J., Karst, H., Harschnitz,
O., Sneeboer, M. A. M,, et al. (2018). Microglia innately develop within cerebral
organoids. Nat. Commun. 9:4167. doi: 10.1038/s41467-018-06684-2

Ou, Z., Pan, ], Tang, S., Duan, D., Yu, D., Nong, H,, et al. (2021). Global trends
in the incidence, prevalence, and years lived with disability of Parkinson’s disease
in 204 Countries/Territories from 1990 to 2019. Front. Public Health 9:776847.
doi: 10.3389/fpubh.2021.776847

Panicker, N., Kam, T.-I, Wang, H., Neifert, S., Chou, S.-C., Kumar, M., et al.
(2022). Neuronal NLRP3 is a parkin substrate that drives neurodegeneration in
Parkinson&#x2019;s disease. Neuron 110, 2422-2437.e9. doi: 10.1016/j.neuron.
2022.05.009

Pellegrini, C., Antonioli, L., Calderone, V., Colucci, R., Fornai, M., and
Blandizzi, C. (2020). Microbiota-gut-brain axis in health and disease: Is NLRP3
inflammasome at the crossroads of microbiota-gut-brain communications? Progr.
Neurobiol. 191:101806. doi: 10.1016/j.pneurobio.2020.101806

Pike, A. F., Varanita, T., Herrebout, M. A. C,, Plug, B. C., Kole, J., Musters,
R.J. P, etal. (2021). alpha-Synuclein evokes NLRP3 inflammasome-mediated IL-
1beta secretion from primary human microglia. Glia 69, 1413-1428. doi: 10.1002/
glia.23970

Proell, M., Riedl, S. J., Fritz, J. H., Rojas, A. M., and Schwarzenbacher, R. (2008).
The Nod-like receptor (NLR) family: A tale of similarities and differences. PLoS
One 3:€2119. doi: 10.1371/journal.pone.0002119

Roca, V., Casabona, J. C., Radice, P., Murta, V., and Pitossi, F. J. (2011). The
degenerating substantia nigra as a susceptible region for gene transfer-mediated
inflammation. Parkinsons Dis. 2011:931572. doi: 10.4061/2011/931572

Rothhammer, V., Borucki, D. M., Tjon, E. C., Takenaka, M. C., Chao, C.-C,,
Ardura-Fabregat, A., et al. (2018). Microglial control of astrocytes in response to
microbial metabolites. Nature 557, 724-728. doi: 10.1038/s41586-018-0119-x

Rui, W., Li, S., Xiao, H., Xiao, M., and Shi, J. (2020). Baicalein attenuates
Neuroinflammation by inhibiting NLRP3/Caspase-1/GSDMD pathway in MPTP-
induced mice model of Parkinson’s disease. Int. J. Neuropsychopharmacol. 23,
762-773. doi: 10.1093/ijnp/pyaa060

Rutsch, A., Kantsjo, J. B., and Ronchi, F. (2020). The gut-brain axis: How
Microbiota and host Inflammasome influence brain physiology and pathology.
Front. Immunol. 11:604179. doi: 10.3389/fimmu.2020.604179

Sanchez-Fernandez, A., Skouras, D. B., Dinarello, C. A., and Lopez-Vales,
R. (2019). OLT1177 (Dapansutrile), a selective NLRP3 inflammasome inhibitor,
ameliorates experimental autoimmune encephalomyelitis pathogenesis. Front.
Immunol. 10:2578. doi: 10.3389/fimmu.2019.02578

Sauer, H., and Oertel, W. H. (1994). Progressive degeneration of
nigrostriatal dopamine neurons following intrastriatal terminal lesions with
6-hydroxydopamine: A combined retrograde tracing and immunocytochemical
study in the rat. Neuroscience 59, 401-415. doi: 10.1016/0306-4522(94)90
605-X

Sawada, M., Imamura, K., and Nagatsu, T. (eds) (2006). Role of Cytokines
in Inflammatory Process in Parkinson’s Disease. Parkinson’s Disease and
Related Disorders; 2006. Vienna: Springer Vienna. doi: 10.1007/978-3-211-4529
5-0_57

frontiersin.org


https://doi.org/10.3389/fnagi.2022.957705
https://doi.org/10.1084/jem.20171419
https://doi.org/10.1186/s12974-017-0980-9
https://doi.org/10.1016/j.stem.2016.07.005
https://doi.org/10.1074/jbc.M109.082305
https://doi.org/10.1074/jbc.M109.082305
https://doi.org/10.1097/WCO.0b013e3283632d08
https://doi.org/10.3390/molecules25030453
https://doi.org/10.3390/molecules25030453
https://doi.org/10.1002/mds.26307
https://doi.org/10.3390/ijms20215402
https://doi.org/10.3390/ijms20215402
https://doi.org/10.1038/33416
https://doi.org/10.1038/nrn.2017.75
https://doi.org/10.15586/codonpublications.parkinsonsdisease.2018.ch1
https://doi.org/10.15586/codonpublications.parkinsonsdisease.2018.ch1
https://doi.org/10.1038/s41418-018-0124-5
https://doi.org/10.1038/s41418-018-0124-5
https://doi.org/10.1007/s13577-017-0187-5
https://doi.org/10.1136/jnnp-2016-314857
https://doi.org/10.1073/pnas.2009680117
https://doi.org/10.1038/nrn983
https://doi.org/10.1038/nrn983
https://doi.org/10.1093/ijnp/pyw020
https://doi.org/10.1016/B978-0-12-374028-1.00029-4
https://doi.org/10.1016/B978-0-12-374028-1.00029-4
https://doi.org/10.1038/nrd.2018.97
https://doi.org/10.1073/pnas.1716095115
https://doi.org/10.1155/2012/980941
https://doi.org/10.1523/JNEUROSCI.1504-06.2006
https://doi.org/10.1212/WNL.38.8.1285
https://doi.org/10.1212/WNL.38.8.1285
https://doi.org/10.1016/S0306-4522(01)00113-0
https://doi.org/10.1016/S0306-4522(01)00113-0
https://doi.org/10.1146/annurev-genet-120417-031534
https://doi.org/10.1146/annurev-genet-120417-031534
https://doi.org/10.1155/2018/3571604
https://doi.org/10.1002/glia.23337
https://doi.org/10.3389/fncel.2015.00018
https://doi.org/10.1038/s41467-018-06684-2
https://doi.org/10.3389/fpubh.2021.776847
https://doi.org/10.1016/j.neuron.2022.05.009
https://doi.org/10.1016/j.neuron.2022.05.009
https://doi.org/10.1016/j.pneurobio.2020.101806
https://doi.org/10.1002/glia.23970
https://doi.org/10.1002/glia.23970
https://doi.org/10.1371/journal.pone.0002119
https://doi.org/10.4061/2011/931572
https://doi.org/10.1038/s41586-018-0119-x
https://doi.org/10.1093/ijnp/pyaa060
https://doi.org/10.3389/fimmu.2020.604179
https://doi.org/10.3389/fimmu.2019.02578
https://doi.org/10.1016/0306-4522(94)90605-X
https://doi.org/10.1016/0306-4522(94)90605-X
https://doi.org/10.1007/978-3-211-45295-0_57
https://doi.org/10.1007/978-3-211-45295-0_57
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Su et al.

Scheperjans, F., Aho, V., Pereira, P. A., Koskinen, K., Paulin, L., Pekkonen,
E., et al. (2015). Gut microbiota are related to Parkinson’s disease and clinical
phenotype. Mov. Disord. 30, 350-358. doi: 10.1002/mds.26069

Schrag, A., Horsfall, L., Walters, K., Noyce, A., and Petersen, 1. (2015).
Prediagnostic presentations of Parkinson’s disease in primary care: a case-control
study. Lancet Neurol. 14, 57-64. doi: 10.1016/S1474-4422(14)70287-X

Sherer, T. B., Betarbet, R.,, Stout, A. K, Lund, S., Baptista, M., Panov,
A. V., et al. (2002). An in vitro model of Parkinson’s disease: linking
mitochondrial impairment to altered alpha-synuclein metabolism and oxidative
damage. J. Neurosci. 22, 7006-7015. doi: 10.1523/JNEUROSCI.22-16-07006.
2002

Shi, N., Li, N., Duan, X., and Niu, H. (2017). Interaction between the gut
microbiome and mucosal immune system. Mil. Med. Res. 4:14. doi: 10.1186/
540779-017-0122-9

Skibinski, G., and Finkbeiner, S. (2011). Drug discovery in Parkinson’s disease-
Update and developments in the use of cellular models. Int. J. High. Throughput
Screen 2011, 15-25. doi: 10.2147/IJHTS.S8681

Strissler, E. T., Aalto-Setili, K., Kiamehr, M., Landmesser, U., and Krinkel, N.
(2018). Age is relative—impact of donor age on induced pluripotent stem cell-
derived cell functionality. Front. Cardiovasc. Med 5:4. doi: 10.3389/fcvm.2018.
00004

Sun, R, Peng, M, Xu, P, Huang, F,, Xie, Y., Li, ], et al. (2020). Low-density
lipoprotein receptor (LDLR) regulates NLRP3-mediated neuronal pyroptosis
following cerebral ischemia/reperfusion injury. J. Neuroinflamm. 17:330. doi:
10.1186/s12974-020-01988-x

Tabrizi, S. J. (2000). Expression of mutant alpha-synuclein causes increased
susceptibility to dopamine toxicity. Hum. Mol. Genet. 9, 2683-2689. doi: 10.1093/
hmg/9.18.2683

Tan, E.-K., Chao, Y.-X., West, A., Chan, L.-L., Poewe, W., and Jankovic, J.
(2020). Parkinson disease and the immune system — associations, mechanisms
and therapeutics. Nat. Rev. Neurol. 16, 303-318. doi: 10.1038/s41582-020-0
344-4

Tan, J. S. Y., Chao, Y. X,, Rétzschke, O., and Tan, E. K. (2020). New insights
into immune-mediated mechanisms in Parkinson’s disease. Int. J. Mol. Sci. 21:9302
doi: 10.3390/ijms21239302

Trudler, D., Nazor, K. L., Eisele, Y. S., Grabauskas, T., Dolatabadi, N.,
Parker, J., et al. (2021). Soluble alpha-synuclein-antibody complexes activate the
NLRP3 inflammasome in hiPSC-derived microglia. Proc. Natl. Acad. Sci. U.S.A.
118:€2025847118. doi: 10.1073/pnas.2025847118

Valente Enza, M., Abou-Sleiman Patrick, M., Caputo, V., Mugit Miratul, M. K.,
Harvey, K., Gispert, S., et al. (2004). Hereditary Early-Onset Parkinson’s Disease
Caused by Mutations in PINKI1. Science 304, 1158-1160. doi: 10.1126/science.
1096284

Frontiers in Aging Neuroscience

11

10.3389/fnagi.2022.957705

von Herrmann, K. M., Salas, L. A., Martinez, E. M., Young, A. L., Howard, J. M.,
Feldman, M. S,, et al. (2018). NLRP3 expression in mesencephalic neurons and
characterization of a rare NLRP3 polymorphism associated with decreased risk of
Parkinson’s disease. NPJ Parkinsons Dis. 4:24. doi: 10.1038/s41531-018-0061-5

Wang, Q., Liu, Y., and Zhou, J. (2015). Neuroinflammation in Parkinson’s
disease and its potential as therapeutic target. Transl. Neurodegener. 4:19. doi:
10.1186/5s40035-015-0042-0

Wang, W., Nguyen, L. T. T., Burlak, C., Chegini, F., Guo, F., Chataway, T, et al.
(2016). Caspase-1 causes truncation and aggregation of the Parkinson’s disease-
associated protein a-synuclein. Proc. Natl. Acad. Sci. U.S.A. 113, 9587-9592. doi:
10.1073/pnas.1610099113

Williams-Gray, C. H., and Worth, P. F. (2016). Parkinson’s disease. Medicine 44,
542-546. doi: 10.1016/j.mpmed.2016.06.001

Yadav, S. K., Ito, N., Soin, D., Ito, K., and Dhib-Jalbut, S. (2021). Dimethyl
fumarate suppresses demyelination and axonal loss through reduction in pro-
inflammatory macrophage-induced reactive astrocytes and complement C3
deposition. J. Clin. Med. 10:857. doi: 10.3390/jcm10040857

Zhang, L., Zhang, L., Li, L, and Holscher, C. (2019). Semaglutide is
Neuroprotective and reduces a-Synuclein levels in the chronic MPTP mouse
model of Parkinson’s disease. J. Parkinson’s Dis. 9, 157-171. doi: 10.3233/JPD-
181503

Zhang, X., Zhang, Y., Li, R,, Zhu, L., Fu, B,, and Yan, T. (2020). Salidroside
ameliorates Parkinson’s disease by inhibiting NLRP3-dependent pyroptosis. Aging
12, 9405-9426. doi: 10.18632/aging.103215

Zhang, X.-M., Yin, M., and Zhang, M.-H. (2014). Cell-based assays for
Parkinson’s disease using differentiated human LUHMES cells. Acta Pharmacol.
Sin. 35, 945-956. doi: 10.1038/aps.2014.36

Zhang, Y., Huang, R., Cheng, M., Wang, L., Chao, J., Li, J., et al. (2019). Gut
microbiota from NLRP3-deficient mice ameliorates depressive-like behaviors by
regulating astrocyte dysfunction via circHIPK2. Microbiome 7:116. doi: 10.1186/
s40168-019-0733-3

Zhao, X.-]., Zhu, H.-Y., Wang, X.-L,, Lu, X.-W,, Pan, C.-L., Xu, L,, et al. (2022).
Oridonin Ameliorates Traumatic Brain Injury-Induced Neurological Damage by
Improving Mitochondrial Function and Antioxidant Capacity and Suppressing
Neuroinflammation through the Nrf2 Pathway. J. Neurotr. 39, 530-543. doi:
10.1089/neu.2021.0466

Zheng, D., Liwinski, T., and Elinav, E. (2020). Inflammasome activation and
regulation: toward a better understanding of complex mechanisms. Cell Discov.
6:36. doi: 10.1038/s41421-020-0167-x

Zhou, Y., Lu, M., Dy, R.-H,, Qiao, C,, Jiang, C.-Y., Zhang, K.-Z., et al. (2016).
MicroRNA-7 targets Nod-like receptor protein 3 inflammasome to modulate
neuroinflammation in the pathogenesis of Parkinson’s disease. Mol. Neurodegen.
11:28. doi: 10.1186/513024-016-0094-3

frontiersin.org


https://doi.org/10.3389/fnagi.2022.957705
https://doi.org/10.1002/mds.26069
https://doi.org/10.1016/S1474-4422(14)70287-X
https://doi.org/10.1523/JNEUROSCI.22-16-07006.2002
https://doi.org/10.1523/JNEUROSCI.22-16-07006.2002
https://doi.org/10.1186/s40779-017-0122-9
https://doi.org/10.1186/s40779-017-0122-9
https://doi.org/10.2147/IJHTS.S8681
https://doi.org/10.3389/fcvm.2018.00004
https://doi.org/10.3389/fcvm.2018.00004
https://doi.org/10.1186/s12974-020-01988-x
https://doi.org/10.1186/s12974-020-01988-x
https://doi.org/10.1093/hmg/9.18.2683
https://doi.org/10.1093/hmg/9.18.2683
https://doi.org/10.1038/s41582-020-0344-4
https://doi.org/10.1038/s41582-020-0344-4
https://doi.org/10.3390/ijms21239302
https://doi.org/10.1073/pnas.2025847118
https://doi.org/10.1126/science.1096284
https://doi.org/10.1126/science.1096284
https://doi.org/10.1038/s41531-018-0061-5
https://doi.org/10.1186/s40035-015-0042-0
https://doi.org/10.1186/s40035-015-0042-0
https://doi.org/10.1073/pnas.1610099113
https://doi.org/10.1073/pnas.1610099113
https://doi.org/10.1016/j.mpmed.2016.06.001
https://doi.org/10.3390/jcm10040857
https://doi.org/10.3233/JPD-181503
https://doi.org/10.3233/JPD-181503
https://doi.org/10.18632/aging.103215
https://doi.org/10.1038/aps.2014.36
https://doi.org/10.1186/s40168-019-0733-3
https://doi.org/10.1186/s40168-019-0733-3
https://doi.org/10.1089/neu.2021.0466
https://doi.org/10.1089/neu.2021.0466
https://doi.org/10.1038/s41421-020-0167-x
https://doi.org/10.1186/s13024-016-0094-3
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	Targeting the inflammasome in Parkinson's disease
	Introduction
	Inflammasome activation in Parkinson's disease pathogenesis
	Anti-inflammasome as a novel therapeutic approach for Parkinson's disease
	Direct NLRP3 inhibitors
	Inhibitors targeting downstream effectors and cytokines
	Caspase-1
	Gasdermin D
	Interleukin-1

	Indirect inhibitors of NLRP3

	In vitro models of Parkinson's disease
	In vivo models of Parkinson's disease
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


