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Abstract

Alzheimer’s disease (AD) is a common neurodegenerative disease of progressive dementia which is characterized patho-
logically by extracellular neuritic plaques containing aggregated amyloid beta (AP) and intracellular hyperphosphorylated
tau protein tangles in cerebrum. It has been confirmed that microglia-specific nucleotide-binding oligomerization domain
(NOD)-like receptor protein 3 (NLRP3) inflammasome-mediated chronic neuroinflammation plays a crucial role in the patho-
genesis of AD. Stimulated by AP deposition, NLRP3 assembles and activates within microglia in the AD brain, leading to
caspase-1 activation along with downstream interleukin (IL)-1p secretion, and subsequent inflammatory events. Activation
of the NLRP3 inflammasome mediates microglia to exhibit inflammatory M1 phenotype, with high expression of caspase-1
and IL-1p. This leads to A deposition and neuronal loss in the amyloid precursor protein (APP)/human presenilin-1 (PS1)
mouse model of AD. However, NLRP3 or caspase-1 deletion in APP/PS1 mice promotes microglia to transform to an
anti-inflammatory M2 phenotype, with decreased secretion of caspase-1 and IL-1p. It also results in improved cognition,
enhanced AP clearance, and a lower cerebral inflammatory response. This result suggests that the NLRP3 inflammasome
may be an appropriate target for reducing neuroinflammation and alleviating pathological processes in AD. In the present
review, we summarize the generally accepted regulatory mechanisms of NLRP3 inflammasome activation, and explore its
role in neuroinflammation. Furthermore, we speculate on the possible roles of microglia-specific NLRP3 activation in AD
pathogenesis and consider potential therapeutic interventions targeting the NLRP3 inflammasome in AD.
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Introduction memory deterioration and cognitive dysfunction [1, 2]. The

accumulation of Ap is also accompanied by neuronal loss,

Alzheimer’s disease (AD) is a common neurodegenerative
disease in older people that is characterized by progres-
sive memory loss and cognitive disorder. The characteristic
pathological changes of AD are extracellular senile plaques,
which contain accumulated amyloid beta (A), and intra-
cellular neurofibrillary tangles (NFTs), which consist of
hyperphosphorylated tau proteins. The abnormal accumu-
lation of AP, especially oligomeric Af, in the brain is an
early pathological feature of AD. It occurs years or even
decades before the onset of any clinical symptoms, such as
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microglial activation, inflammatory responses, oxidative
stress, and other pathological changes [3]. Stimulated by Af
plaques, microglia-specific nucleotide-binding oligomeriza-
tion domain (NOD)-like receptor protein 3 (NLRP3) inflam-
masome-mediated chronic neuroinflammation is involved in
the pathogenesis of AD [4]. The NLRP3 inflammasome is an
intracellular multimeric protein complex of innate immunity,
and can be activated by many types of stimuli in response to
cellular infection and stress or tissue damage. By increas-
ing the expression of major histocompatibility complex II
(MHC-II) on the cell surface, abnormal AP aggregation acti-
vates NLRP3 inflammasome in microglia. It also promotes
caspase-1 activation, along with the subsequent secretion of
interleukin (IL)-1P and IL-18, which eventually results in
chronic inflammatory responses, neuronal death, and pyrop-
tosis in the brain [4—6]. In the amyloid precursor protein
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(APP)/human presenilin-1 (PS1) mouse model of AD, aber-
rant NLRP3 activation mediates microglia to exhibit inflam-
matory M1 phenotype, which is characterized by increased
AP deposits and a high expression of caspase-1 and IL-1p.
However, APP/PS1 mice with microglial NLRP3 or cas-
pase-1 deletion show less impaired spatial memory abilities
and lower cerebral inflammatory responses. Furthermore,
microglia exhibit anti-inflammatory M2 phenotype charac-
terized by enhanced A degradation and decreased caspase-1
and IL-1p release [7]. These results demonstrate that sup-
pressing the activation of NLRP3 inflammasome may reduce
neuroinflammation and alleviate the pathological processes
of AD, and may therefore be a novel therapeutic strategy
for this disease. In the current review, we summarize the
generally accepted mechanisms of NLRP3 inflammasome
activation and explore its role in neuroinflammation. Fur-
thermore, we speculate on the possible roles of microglia-
specific NLRP3 activation in AD pathogenesis, and raise
potential therapies targeting the NLRP3 inflammasome.

The Activation of NLRP3 Inflammasome
in AD

As the body’s leading line of defense, the innate immune
system can detect various pathogens with a series of ger-
mline encoding pattern recognition receptors (PRRs). PRRs
are mainly expressed by monocytes, macrophages, neutro-
phils, and dendritic cells, with the ability to defend against
infection [8]. PPRs can detect pathogen-associated molecu-
lar patterns (PAMPs), including bacterial secretion systems,
microbial nucleic acids, and danger-associated molecular
patterns (DAMPs) such as adenosine tri-phosphate (ATP),
uric acid crystals, heat shock proteins, and high mobility
group box-1 (HMGB1) [9]. PPRs can be divided into two
major classes depending on their subcellular localization.
The first class of PRRs, termed Toll-like receptors (TLRs)
and C-type lectin receptors (CLRs), are membrane-spanning
proteins located in the cytomembrane and endosomes, in
which they can recognize extracellular PAMPs and DAMPs.
The second class of PRRs reside in intracellular compart-
ments and include RIG-I-like receptor (RLR), HIN-200 fam-
ily member AIM2-like receptor (ALR), and NOD-like recep-
tor (NLR) proteins [9]. A subset of PRRs (NLRs and ALRs)
can assemble intracellular multimolecular complexes, named
inflammasomes, which can generate potent inflammatory
reactions in response to cellular infection and stress [8,
10]. Proteins in the NLR family are composed of a central
NOD domain, C-terminal leucine-rich repeats (LRRs), and
N-terminal caspase recruitment domains (CARD) or pyrin
domains (PYD). Oligomerization of the NOD domain trig-
gers inflammasome activation in an ATP-dependent manner.
The CARD and PYD domains mediate interactions between

homologous proteins for downstream signaling pathways
[8, 9]. The inflammasome consists of a nucleotide binding
and oligomerization domain (NACHT) or HIN domain, an
apoptosis-associated speck-like protein containing a CARD
(ASC), and a precursor of cysteine-containing aspartate-
specific proteases (procaspase-1) [8]. To date, some inflam-
masomes have been confirmed, including NLRP1, NLRP3,
AIM2, and IPAF inflammasomes. Of these, the most widely
studied and characterized is the NLRP3 inflammasome,
which consists of the NLRP3 scaffold, ASC adaptor, and
procaspase-1 [8]. A variety of different stimulators have
been confirmed to induce NLRP3-dependent caspase-1
activation, such as bacterial infection, endogenous metabo-
lites (ATP, A, urate crystals, and cholesterol crystals), and
exogenous crystalline particles (alum, asbestos, and silica).
The NLRP3 inflammasome engages in a variety of metabolic
and inflammatory diseases, such as gout, diabetes, athero-
sclerosis and neurodegenerative diseases (especially AD and
Parkinson’s disease) [9]. Increasing evidence has indicated
that misfolded protein aggregates, such as Af and alpha-
synuclein, might stimulate NLRP3 activation in microglia
[11, 12]. NLRP3 activation in protein-misfolding diseases of
central nervous system is mainly concentrated in astrocytes
and microglia [13].

Active caspase-1 and IL-1p are the products of NLRP3
inflammasome activation. Studies have demonstrated that
active caspase-1 and IL-1p levels are increased in microglia
in the brains of animal models and patients with AD [7, 12,
14]. Neuritic plaques in AD recruit microglia to phagocy-
tose the aggregated AP, especially oligomer and fibrillar Ap
(fAP). This then stimulates NLRP3 inflammasome activa-
tion, with a subsequent release of proinflammatory cytokines
(IL-1p and IL-18) and potentially neurotoxic factors. This
release enhances the neurotoxic effects of AP and aggravates
the pathological processes of AD [12, 15-17]. In transgenic
APP/PS1 mice, AP activates NLRP3 inflammasome in
microglia and mediates microglia to exhibit inflammatory
M1 phenotype. This phenotype microglia are characterized
by a high expression of caspase-1 and IL-1f, which result
in increased hippocampal and cortical A deposition, neu-
ronal loss, and cognitive impairment [7]. In contrast, NLRP3
or caspase-1 deletion in APP/PS1 mice causes microglia
to exhibit anti-inflammatory M2 phenotype, with decreased
caspase-1 and IL-1f secretion. NLRP3 or caspase-1 dele-
tion also significantly reduced amyloid burden and clearly
improved cognition (Fig. 1) [7, 18]. Notably, NLRP3 acti-
vation in APP/PS1 mice is limited to plaque-associated
microglia in the brain [7], and does not occur in any other
central nervous system cells; this indicates that microglia-
specific NLRP3 activation contributes to AD pathogenesis.
The intrahippocampal injection of ASC specks in APP/PS1
mice promotes AP plaque formation and accumulation.
However, it fails to induce the spreading of AP pathology in
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Fig. 1 Proposed mechanisms of microglia-specific NLRP3 mediated
neuroinflammation and neurotoxicity in APP/PS1 mice. In trans-
genic APP/PS1 mice, AP activates NLRP3 in microglia and induces
microglia to exhibit inflammatory M1 phenotype (left). This pheno-
type microglia are characterized by a high expression of NOS2, acti-
vated caspase-1 and IL-1P, which result in increased hippocampal
and cortical AP deposition, neuronal loss, and cognitive impairment.

ASC-deficient APP/PS1 mice [19]. We therefore conclude
that abnormal microglia-specific NLRP3 activation induces
chronic neuroinflammation in the pathological processes
of AD, leading to microglial Ap phagocytic dysfunction,
peripheral neuronal damage, and serious pathological injury
[20]. However, this process might be altered by the micro-
glia-specific destruction of NLRP3 inflammasome. Further-
more, excessive NLRP3 activation and elevated IL-1f levels
in microglia may also aggravate neuronal tau hyperphospho-
rylation, neurofibrillary tangles, and synaptic dysfunction in
AD by inducing a detrimental chronic inflammatory reaction
[21-24]. ASC or NLRP3 deficiency has been reported to
decrease tau pathology and protect against cognitive impair-
ment in tau transgenic mice [25, 26]. Furthermore, IL-1§
suppression in the triple transgenic (3xTg) mouse model of
AD leads to rescued cognition, attenuated tau pathology,
and restored neuronal beta-catenin pathway function [27].
These studies offer some insights into the possible functional
mechanisms of the NLRP3 inflammasome in AD. They also
suggest that, by regulating NLRP3 inflammasome, we might
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In contrast, NLRP3 or caspase-1 deletion in APP/PS1 mice causes
microglia to exhibit anti-inflammatory M2 phenotype (right), with
increased M2 markers (Fizzl, Arg-1) and decreased caspae-1 and
IL-1p secretion. NLRP3 or caspase-1 deletion also leads to enhanced
AP clearance, preserved neurons and improved cognition. APP amy-
loid precursor protein, PS/ human presenilin-1, NOS2 nitric oxide
synthase 2, Fizzl found in inflammatory zone 1, Arg-1 arginase-1

be able to reduce inflammatory responses and alleviate the
pathological processes of AD.

The Mechanisms of NLRP3 Inflammasome
Activation

It is generally acknowledged that NLRP3 inflammasome
activation, induced by multiple exogenous and endogenous
activators, needs two signals. The first signal (the priming
signal) is the nuclear factor kappa B (NF-kB)-dependent
transcription of NLRP3 and pro-IL-1f, which is triggered
by the binding of the TLR4 ligand lipopolysaccharide (LPS)
to its receptor. The signal can then promote the expression
of the inflammasome constituents: NLRP3, procaspase-1,
and pro-IL-1p [9, 28, 29]. The first signal is initiated by
TLR4 and is then relayed by its involved adaptor mole-
cules, including MyD88, IRAK1, and IRAK4, without any
requirement for the synthesis of new proteins [30-32]. The
second signal (the activation signal) involves the assembly
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and activation of the NLRP3 complex, which is induced by
extracellular ATP, certain bacterial toxins, crystalline and
particulate matters. This signal results in the generation of
active cleaved caspase-1. When microglia are activated by
the NLRP3 activators as part of the second signal, NLRP3
carries out its own oligomerization via homotypic NACHT
domain interactions and recruits PYD domains to interact
with the PYD of ASC, which then triggers ASC fibrillar
assembly [33]. Next, ASC assembly recruits CARD to inter-
act with the CARD domain of procaspase-1, resulting in
caspase-1 activation and the subsequent polymerization of
ASC fibrils into a large filamentous protein complex, termed
ASC speck [34]. Clustered procaspase-1 mediates its auto-
cleavage and activation in the form of activated caspase-1.
This active caspase-1 can then cleave the precursors of
IL-1p and IL-18 to generate the activated forms IL-1f and
IL-18, thereby generating inflammatory responses and driv-
ing pyroptosis [35, 36]. In this process, post-translational
modifications of NLRP3, such as deubiquitination and phos-
phorylation, are necessary steps for NLRP3 inflammasome
assembly and activation (the second signal) [31, 37]. It has
been proposed that ubiquitin chains can be removed from
the NLRP3 LRR motifs by the K63-specific deubiquitinase
BRCC3 [38]; however, the exact mechanisms by which it
promotes NLRP3 inflammasome assembly remain unknown.
Upon triggering the activation of NLRP3, ASC speck forma-
tion can be considered as an upstream readout of NLRP3
activation [39]. There are currently three probable models
that have been raised to explain the mechanisms of NLRP3-
mediated caspase-1 activation (the second signal), and these
may not be mutually exclusive (Fig. 2) [40].

The lon Channel Model

Substantial K* efflux is a critical upstream process of
NLRP3 activation in the first model, and can be induced
by many NLRP3 activators, such as some small molecules
(e.g., nigericin, ATP, or uric acid) [41]. ATP is a kind of
NLRP3-activating DAMP, and is induced by cellular stress
reaction or necrosis. Extracellular ATP activates the P2X7
ATP-gated ion channel, which initiates a rapid K* outflow
and causes the formation of an endogenous membrane pore
via the hemichannel pannexin-1 [28, 42]. Pannexin-1 is a
gap junction protein that can carry ions and microbial mole-
cules between the cytoplasmic and extracellular regions [28,
42]. It has been suggested that pannexin-1 hemichannels, as
well as pores formed by bacterial toxins, permit the translo-
cation of extracellular bacterial products, such as muramyl
dipeptide (MDP), to the cytoplasm where they can directly
activate NLRP3 [43]. These pores also allow K™ efflux from
the cytoplasm. These results indicate that low concentration
of cytosolic K* or membrane pore formation can be recog-
nized by NLRP3 [8]. Nevertheless, macrophages stimulated

with ATP alone could trigger K* outflow without triggering
NLRP3-mediated caspase-1 activation. Furthermore, unless
they are prestimulated with the microbial ligand LPS, nei-
ther silica, asbestos, nor aluminiun hydroxide can induce
NLRP3 activation in macrophages [44, 45]. These results
manifest that low intracellular K* concentration is in suffi-
cient to activate NLRP3, and that microbial molecules may
be an essential substance that cooperates with P2X7R and
bacterial toxins to induce NLRP3 activation. However, given
that there is no evidence of a direct link between NLRP3 and
its stimuli, and considering the diversity and complexity of
NLRP3 activators, it is difficult to suppose that NLRP3 can
recognize more extracellular activators directly. In addition,
a number of NLRP3 agonists are too large to translocate
to the cytoplasm through ion channels or membrane pores
[46]. Thus, the ion channel model cannot explain NLRP3
activity in response to all NLRP3 agonists, and K* efflux is
independent but is not specific for NLRP3 activation [47].

The Reactive Oxygen Species (ROS) Model

The second model of NLRP3-mediated caspase-1 activation
holds that ROS production, especially from mitochondria
and nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases, is an important upstream signal of NLRP3 inflam-
masome activation [44, 48-51]. ROS generation can be
induced by all DAMPs and PAMPs, including ATP and par-
ticulate/crystalline agonists that require phagocytosis [44].
Research has demonstrated that numerous NLRP3 agonists
can stimulate mitochondria-derived ROS generation [52].
While, ROS generation can be stimulated by NADPH oxi-
dases only upon particle phagocytosis. Notably, NLRP3
inflammasome mediated IL-1 up-regulation is influenced
by mitochondrial damage and increased ROS levels in the
cytoplasm and mitochondria [52]. Moreover, both ROS
scavengers and suppression of the common p22 subunit
of NADPH oxidase can block the activation of NLRP3 by
various agonists, thus demonstrating that ROS production
is essential for NLRP3 activation [44]. Nevertheless, the
specific process by which NLRP3 inflammasome recognize
ROS generation remains unclear. However, there is evidence
indicating that NLRP3 inflammasome cannot be activated by
some ROS-inducing substances, such as cytokines, suggest-
ing that ROS may be necessary even though ROS itself is
insufficient to stimulate NLRP3 activation [8]. Furthermore,
high concentrations of ROS inhibitors prevent the initial step
of NLRP3 inflammasome activation, but do not affect the
nigericin- and silica-stimulated direct activation of NLRP3
[53].

Both ROS production and K* outflow often co-exist
in ROS-dependent NLRP3 activation [54]. The inter-
actions between ROS generation and K* efflux remain
undefined, but it is likely that either low cytoplasmic K*
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Fig.2 The priming signal and activation signal of the NLRP3 inflam-
masome in microglia. The priming signal (blue line) is NF-kB-
dependent transcription of NLRP3 and pro-IL-1B, which is trig-
gered by the binding of the TLR4 ligand LPS to its receptors. It
can promote the expression of NLRP3 and pro-IL-1f. This signal is
initiated by TLR4 and in then relayed its adaptor molecules, includ-
ing MyD88, IRAK1, and IRAK4. The activation signal (black line)
involves the assembly and activation of the NLRP3 complex, which
is induced by extracellular ATP, certain bacterial toxins, crystal-
line and particulate matters. This signal results in the generation of
active cleaved caspase-1, which then promotes the cleavage of IL-1p
and IL-18 and subsequent inflammatory response. Three probable
models have been put forward to explain the mechanisms of NLRP3-
mediated caspase-1 activation (the activation signal): (1) Extracellu-
lar ATP stimulates the P2X7 ATP-gated ion channel, which initiates

concentration triggers ROS generation, or that low cyto-
plasmic K™ concentration is required for NLRP3 activa-
tion, without depending on ROS. ROS-dependent NLRP3
activation and K* outflow by NLRP3 activators, except
ATP, do not depend on the activity of the P2X7 ion chan-
nel. The ROS-dependent NLRP3 ligand thioredoxin-inter-
acting protein (TXNIP) participates in NLRP3 inflamma-
some activation. The association of TXNIP with NLRP3 in
human macrophages is triggered by NLRP3 agonists [55].
In macrophages with no such stimulation, TXNIP binds to
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a rapid K* efflux and causes the formation of an endogenous mem-
brane pore via the pannexin-1 hemichannel. Pannexin-1 hemichannel,
as well as pores formed by bacterial toxins, permit the translocation
of extracellular NLRP3 agonists to the cytoplasm where they can
directly activate NLRP3. (2) ROS generation can be induced by all
DAMPs and PAMPs. With increased intracellular ROS, TXNIP dis-
sociates from TRX and interacts with NLRP3, resulting in NLRP3
activation. (3) The phagocytosis of crystalline or particulate by mac-
rophages leads to lysosomal rupture and the release of cathepsin B
into the cytoplasm, which induce NLRP3 activation. This progress
can be blocked by cathepsin B inhibitor CA-074Me. NF-kB nuclear
factor kappa B, IL-1f interleukin-1f, TLR4 toll-like receptor 4, LPS
lipopolysaccharide, ROS reactive oxygen species, DAMPs danger-
associated molecular patterns, PAMPs pathogen-associated molecular
patterns, TXNIP thioredoxin-interacting protein, 7RX thioredoxin

the oxidoreductase thioredoxin and can also be suppressed
by this enzyme. With increased intracellular ROS, TXNIP
dissociates from oxidized thioredoxin (TRX) in a ROS-
dependent manner and interacts with NLRP3 (mainly with
the LRRs), resulting in NLRP3 inflammasome activation
[55]. TXNIP deficiency or deletion inhibits NLRP3 and
caspase-1 activation as well as subsequent IL-1f secre-
tion [55]. Conversely, NLRP3 activation can be improved
by knocking down the TXNIP inhibitor thioredoxin [44].
Thus, it is clear that TXNIP acts as an upstream activating
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ligand of the NLRP3 inflammasome. It is also notewor-
thy that capase-1 activation cannot be completely inhib-
ited by a lack of TXNIP [46]. Other regulatory factors of
NLRP3 activity, or other pathways that act together with
the ROS signaling pathway to trigger NLRP3 inflamma-
some activation, may therefore exist.

The Lysosomal Rupture Model

The third model of lysosomal rupture applies to NLRP3
activation that is induced by crystalline and particulate
activators, and closely considers the size of the stimuli
[12, 36]. When large particulate or crystalline activators
(such as silica, asbestos, or AP) are endocytosed by mac-
rophages, the phagolysosome loses stability. This results in
lysosomal rupture and the release of proteinase cathepsin
B into the cytoplasm, which induce NLRP3 inflammasome
activation [36, 52, 56]. This result is consistent with a
study reporting that multiple cathepsins (B, L, C, S and
X) promote NLRP3-dependent IL-1p activation [57]. It
has also been demonstrated that NLRP3 activation can
be impaired by cathepsin B inhibitor CA-074Me, through
the inhibition of lysosomal phagocytosis [58]. However,
cathepsin B deletion in mouse macrophages has no effect
on particulate activator-induced NLRP3 activation or IL-f
secretion, implying that the cathepsin B inhibitor has an
unidentified off-target effect on NLRP3 [44]. However, no
direct ligand-receptor interactions between NLRP3 and
cathepsin B have yet been identified. In addition, some
particulates, such as silica, calcium pyrophosphate crys-
tals (CPPD), L-leucyl-L-leucine methyl ester (LL-OMe)
and Al(OH);, are phagocytosed by bone marrow-derived
macrophages (BMDMs). This can lead to lysosomal dam-
age and trigger K* efflux by opening membrane pores,
thus inducing NLRP3 inflammasome activation [28, 59].
Nevertheless, the exact mechanisms of particulate-induced
lysosomal damage and K* outflow remain to be clarified.

Is there relationship between these three models? The
ROS and lysosomal rupture models might both be useful
to explain the activation of NLRP3 inflammasome by par-
ticulates. Furthermore, NADPH oxidases and mitochondrial
damage are potential sources of ROS in macrophages, and
the inefficient removal of large phagocytosed particulates
may induce excessive ROS generation on the way to lys-
osomes, where they can give rise to lysosomal rupture [44].
Thus, lysosomal rupture induced by phagocytosis can be
identified as a common part of the ROS pathway [46]. In
addition, tiny stimuli, such as ATP, might also stimulate
ROS generation by activating P2X7 receptors differently
in the ion channel model. ROS generation is considered a
common upstream signal of ATP- and particulate-induced
NLRP3 activation [44].

Microglia-Specific NLRP3 Activation in AD

In the process of microglial NLRP3 activation in AD,
lysosomal rupture has been reported, as well as subse-
quent AP-stimulated ROS generation [60, 61]. However,
the precise mechanisms of microglia-specific NLRP3
inflammasome activation in AD have not yet been fully
elucidated. Ap oligomers and fibrils directly interact with
NLRP3 and promote NLRP3 and ASC interaction in a cell
free system [60]. In the priming signal (the first signal)
of AB-induced NLRP3 activation, the microglial surface
receptors CD36 and TLR4 are required [62]. Aggregated
AP (especially oligomeric AP and fAP) binds to the class
B scavenger receptor CD36, and then forms complexes
with TLR4 and TLR6 [63-67]. This process triggers the
priming of NLRP3 activation and promotes the transloca-
tion of NF-kB from the cytoplasm to the nucleus, leading
to the transcription of NLRP3 and pro-IL-1p.

In the activation signal (the second signal), NLRP3
assembly and NLRP3-mediated caspase-1 activation
in AD most probably occurs via the lysosomal rupture
pathway and the ROS generation pathway (Fig. 3) [61].
When fAp is phagocytosed by microglia, fAP aggregates
in the phagosome and promotes phagosome to combine
with lysosome, which result in lysosomal rupture and
subsequent cathepsin B release into the cytoplasm [12].
Lysosomal rupture stimulates NLRP3 complex assembly,
caspase-1 maturation, and IL-1p secretion. This proposed
pathway is in accordance with a previous research that
found high levels of cathepsin B in Ap plaques [68]. In
addition, cathepsin B inhibitors CA-074Me and E64d have
been demonstrated to reduce memory deficits and decrease
Ap plaque loads in transgenic AD mice [69]. Furthermore,
a study has confirmed that oligomeric Af induces the high
expression of active NLRP3 and caspase-1 via mitochon-
drial ROS generation, as well as partially through NADPH
oxidase-derived ROS production in AD [61]. Thus, the
inefficient removal of fAf probably stimulates excessive
ROS generation on the way to lysosomes, giving rise to
NLRP3 activation in a ROS-dependent manner [44]. Both
pathways promote the generation of activated caspase-1
and the subsequent secretion of inflammatory factors
(e.g., IL-1p and IL-18) in AD, leading to pyroptosis and
neuronal death [70]. However, the mechanisms of fAp-
induced activation of the NLRP3 inflammasome cannot be
explained in just one pattern, and more signaling pathways
may be involved. More detailed and precise mechanism
studies are therefore required, to clarify the relationships
and interactions between NLRP3 activation and other sign-
aling pathways in AD.
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Fig.3 Possible mechanisms of microglia-specific NLRP3 activa-
tion in Alzheimer’s disease (AD) and potential therapeutic interven-
tions for AD. In the priming signal (the first signal), aggregated AP
binds to the class B scavenger receptor CD36 on microglial surface
and then forms complexes with TLR4 and TLR6, which triggers the
transcription of NLRP3 and pro-IL-1B in a NF-kB-dependent man-
ner. In the activation signal (the second signal), NLRP3 assembly
and NLRP3-mediated caspase-1 activation in AD most probably
occurs via lysosomal rupture pathway and ROS generation pathway.
The phagocytosis of aggregated fAP by microglia promotes lysoso-
mal rupture and subsequent cathepsin B release into the cytoplasm,
thereby stimulating NLRP3 assembly and caspase-1 activation. Fur-
thermore, Inefficient removal of fAf probably induces mitochondrial
ROS generation, as well as partially NADPH oxidase-derived ROS
production, which promotes NLRP3 activation in a ROS-dependent
way. Both pathways promote the generation of activated caspase-1
and the subsequent secretion of inflammatory factors (e.g., IL-1p
and IL-18) in AD. Overview the potential drug interventions for
AD: (1) IL-1p antibodies and IL-1R antagonists inhibit the binding

Potential Therapeutic Interventions

As mentioned in the previous paragraphs, microglial NLRP3
inflammasome activation is a crucial characteristic of AD
pathogenesis. Research has shown that NLRP3 or caspase-1
deficiency dramatically reduces the amyloid burden and
results in less cognitive impairment in mouse model [7].
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of IL-1p to IL-1RI and block IL-1p signals. (2) MCC950 and CY-09
specifically inhibit NLRP3 activation by interacting with NACHT
domain and blocking ATP hydrolysis (which is essential for NLRP3
oligomerization), thus maintaining NLRP3 in an inactive state. (3)
POPs interact with ASC and directly block the combination of ASC
to NLRP3, thus hindering subsequent caspase-1 activation. (4) The
effect of NSAIDs on NLRP3 is probably via the reversible inhibi-
tion of membrane volume-regulated anion channel. NSAIDs can
also inhibit the nuclear translocation of NF-kB, which is essential
for transcription of NLRP3 and pro-IL-1f. (5) Damaged or depolar-
ized mitochondria release ROS and oxidized mitochondrial DNA,
which are NLRP3 inflammasome agonists and can be removed by
autophagy and autophagy-related proteins. TLR4 toll-like receptor 4,
NADPH nicotinamide-adenine dinucleotide phosphate, IL-1/RI type 1
IL-1 receptor, NACTH nucleotide-binding and oligomerization, ASC
apoptosis-associated speck-like protein containing a caspase recruit-
ment domain, POPs PYD-only proteins, NSAIDs nonsteroidal anti-
inflammatory drugs, COX cyclooxygenase

Furthermore, it has been reported that IL-1f inhibition in
3 x Tg-AD mice significantly decreases brain neuroinflam-
mation, relieves cognitive impairment, and partially reduces
Ap deposition [27]. These findings indicate that the inhi-
bition of NLRP3 inflammasome activation at the molecu-
lar level may be a novel therapeutic intervention for AD.
Therapeutic strategies aimed at inflammasome constituents
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or downstream products can therefore be designed to tackle
neuroinflammation and slow the progression of AD (Fig. 3).

IL-18 Antibodies and IL-1R Antagonists

As the important downstream molecule of activated NLRP3
inflammasome, IL-1f is a possible target for AD treatment.
Currently, IL-1p suppression is a therapeutic tactic in dif-
ferent kinds of diseases [71]. The mediators of IL-1f signal
transduction are type I IL-1 receptor (IL-1RI) and type 11
IL-1 decoy receptor (IL-1RII). When IL-f binds to IL-1RI,
the inflammatory signaling pathway is triggered, result-
ing in the secretion of inflammatory mediators, cytokines,
and chemokines. In contrast, although it has an analogous
affinity for IL-1p to IL-1RIL, IL-1RII cannot initiate or even
attenuate IL-1p signal transduction events [72]. An endog-
enous IL-1 receptor antagonist (IL-1Ra) may also modulate
IL-1p function by inhibiting the binding of IL-1p to IL-1RI
and blocking IL-1 signals [73].

To date, three medications directed against IL-1p have
been applied as therapies for inflammatory diseases: the
IL-1R antagonist anakinra, the soluble decoy receptor rilon-
acept, and the neutralizing monoclonal anti-IL-1p antibody
canakinumab [74, 75]. Using anakinra to specifically block
IL-1p activity has been successful in the treatment of multi-
ple inflammatory and non-inflammatory diseases, including
rheumatoid arthritis, familial Mediterranean fever, cryopy-
rin-associated periodic syndrome, gout [71], type 2 diabe-
tes mellitus (T2DM) [76], and heart failure [2]. Anakinra
has a marked effect on blood glucose control and islet beta
cell function, and it can reduce inflammatory factors when
combined with canakinumab in the treatment of T2DM
patients [22]. Moreover, some studies have emphasized that
IL-1p may be a potential therapeutic strategy for AD. For
example, when exposed to exogenous A, IL-1Ra knockout
mice exhibit enhanced microglial activation and neuronal
impairment [77]. Another study demonstrated that chronic
dosing of 3 X Tg-AD mice with IL-1R blocking antibody
markedly reduces cerebral inflammation, improves cogni-
tion, and alleviates tau pathology, as well as partly decreas-
ing fAp levels [27]. However, IL-1p is not the only product
of NLRP3 inflammasome, and it participates in many other
inflammatory responses. This means that IL-1p inhibitors
lack specificity, which may result in unintended immunosup-
pressive effects and many side effects. Thus, although IL-1§
inhibitors are promising for the treatment of AD, they may
not be well tolerated by all individuals.

Specific Inhibitors of the NLRP3 Inflammasome
The integrity of NLRP3 constituents as well as the assem-

bly of the NLRP3 complex is necessary for inflammasome
activation. Hence, other potential therapeutic targets include

the constituents of the NLRP3 inflammasome (including the
NACHT domain, ASC, and caspase-1) and NLRP3 assem-
bly. Pharmacological inhibitors specific to the NLRP3
inflammasome may be an optimal treatment for AD. Here,
we discuss several pharmacological inhibitors of NLRP3
inflammasome activation and their therapeutic targets.

MCC950

A selective small molecule inhibitor, termed MCC950, spe-
cifically suppresses NLRP3-induced ASC oligomerization
and activation by interacting with the NACHT domain and
blocking ATP hydrolysis (which is essential for NLRP3 oli-
gomerization), thus maintaining NLRP3 in an inactive state
[78, 79]. In mouse model of multiple sclerosis, MCC950
reduced IL-1 secretion and alleviated the severity of experi-
mental autoimmune encephalomyelitis [80]. However, the
priming process and TLR signaling of NLRP3 activa-
tion were not suppressed by MCC950, and K* efflux and
NLRP3-ASC interactions were not affected [80]. Hence, it
is likely that MCC950 combines with NLRP3 and regulates
its activation via post-translational modifications [59, 80]. In
a mouse model of Parkinson’s disease, treatment with oral
MCC950 inhibited a-synuclein-mediated NLRP3 activation,
and also reduced motor dysfunction, a-synuclein aggregates
and dopaminergic neurodegeneration. Moreover, MCC950
promoted AP clearance and cognitive function by suppress-
ing the NLRP3 inflammasome in APP/PS1 mice [81]. Addi-
tionally, in tau transgenic mice, chronic intracerebral injec-
tion of MCC950 inhibited exogenous tau pathology [26].
MCC950 is therefore a potential treatment strategy to target
the NLRP3 inflammasome in AD, and deserves to be further
evaluated in animal experiments and clinical trials.

PYD-Only Proteins (POPs)

ASC is an adaptor protein that is necessary for inflamma-
some function. In ASC™~ mice, the ASC deletion results
in the inhibition of caspase-1 activation and mature IL-1f
secretion induced by pathogens, asbestos, silica, or mon-
osodium urate crystals (MSU) [44, 82, 83]. Moreover, it
has been reported that ASC specks promote AP deposition
in APP/PS1 mice. However, ASC deficiency or the applica-
tion of ASC antibodies led to less AP deposition in the brain
and improvements in spatial-memory in APP/PS1 mice [84].
PYD-only protein (POP)1 and POP2 inhibit inflammasome
activation by directly interacting with ASC and blocking
PYD interactions between NLRP3 and ASC, thus hindering
the combination of ASC to NLRP3 as well as subsequent
caspase-1 activation [8, 85-90]. Furthermore, NF-xB acti-
vation can also be suppressed by POP1 and POP2; thus, the
initial signal of inflammasome activation is inhibited [89,
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91]. POPs may be a potential regulatory mechanism to “fine-
tune” NLRP3 inflammasome activation in AD.

CY-09

The compound CY-09 has potent anti-inflammatory activ-
ity for the NLRP3 inflammasome, and its suppressive
effect does not depend on priming signals or post-transla-
tional modifications [59]. The ATPase activity of NLRP3
is crucial for NLRP3 oligomerization and activation [92].
CY-09 specifically inhibits NLRP3 assembly and activation
by directly interacting with the ATP-binding motif of the
NLRP3 NACHT domain and inhibiting the ATPase activ-
ity that is necessary for NLRP3 oligomerization [92, 93].
It has been confirmed that CY-09 has therapeutic effects
in mouse models of both cryopyrin-associated periodic
syndrome and T2DM [93]. Additionally, CY-09 efficiently
suppressed NLRP3 activation in monocytes from healthy
individuals or synovial cells from patients with gout [93].
Furthermore, CY-09 markedly decreased collagen- and
ADP-induced human platelet aggregation via the inhibition
of NLRP3 inflammasome [94]. Together, these results sug-
gest that CY-09 may be a novel therapeutic approach for
NLRP3-associated diseases. The effects of CY-09 have not
yet been reported in any AD models, and its application in
AD models should be performed as soon as possible.

Nonsteroidal Anti-Inflammatory Drugs (NSAIDs)

NSAIDs suppress the generation of prostaglandins and
thromboxane by inhibiting their main targets, cyclooxyge-
nase (COX)-1 and COX-2 [95], which ultimately reduces
the inflammatory response. COX-2 overexpression in neu-
rons resulted in neuronal apoptosis and cognitive disorder
in COX-2 transgenic mouse model [96]. Furthermore, Ap
plaque deposition was increased in a cross of COX-2 trans-
genic mice with APP/PS1 mice [97], indicating that COX-2
aggravates the pathological features of AD. Therefore, the
pathological reaction of AD might be reduced by the anti-
inflammatory action of NSAIDs. The chronic treatment of
Tg2576 mice with ibuprofen for 6 months decreased the
number and total area of AP deposition, activated IL-1p,
and microglial activation [98]. The reduction in A plaques
in this mouse model was roughly equivalent to the reduced
numbers of activated microglia [98]. Some widely used
NSAIDs (e.g., mefenamic acid) can selectively inhibit
NLRP3 inflammasome activation (e.g., ASC speck, active
caspase-1, and IL-1p) in macrophages and mitigate cogni-
tive impairment in a mouse model of AD [99]. The effect
of NSAIDs on NLRP3 is probably via the reversible inhibi-
tion of membrane volume-regulated anion channel (VRAC),
independent of COX enzymes [99]. Nevertheless, there may
be some discordant consequences. For example, cerebral
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prostaglandins were reduced by 90% in Tg2576 mice treated
with indomethacin, but hippocampal Ap was decreased by
only 20% and cortical Ap was unchanged [100]. The reasons
for the different effects of NSAIDs on Ap might be a result
of the off-target effects of most NSAIDs, which do not only
involve COX-1 or COX-2. NSAIDs can inhibit the nuclear
translocation of NF-kB, which is essential for the transcrip-
tion of NLRP3 and pro-IL-1p [95]. Furthermore, y-secretase
and AP generation can be inhibited or modulated by cer-
tain NSAIDS [101, 102]. In view of the multiple targets
of NSAIDs, it is difficult to link them to anti-inflammatory
effects alone. Thus, if NSAIDs are useful for AD treatment,
their effects are most likely achieved through their multi-
target mechanisms.

Autophagy and Autophagy-Related Proteins

Autophagy is a physiological cellular self-protective process
whereby aggregated proteins, pathogens or impaired orga-
nelles are aggregated in intracellular autophagosomes, and
then degraded in lysosomes by their hydrolytic enzymes.
Microglia can degrade fAP through lysosomal medi-
ated autophagy. Autophagy dysfunction leads to impaired
AP clearance and is involved in AD pathogenesis [103].
Autophagy has been demonstrated to modulate inflam-
masome activation, including by eliminating inflammas-
ome-activating stimuli and by degrading inflammasome
constituents [104]. Moreover, autophagy promotes the
degradation of extracellular A fibrils by microglia, and it
also inhibits Ap-induced NLRP3 inflammasome activation
[105]. Autophagy also plays a crucial role in regulating the
subsequent release of IL-18 [104]. Ap-induced NLRP3-
dependent IL-1f expression in astrocytes can be efficiently
inhibited by the autophagy agonist rapamycin [106]. In
addition, deficiency of autophagic proteins (ATG3, ATGS,
ATG7, ATG16L1, Beclinl, and LC3B) can increase cas-
pase-1 activation and mature IL-1f secretion [107-109].
Some researchers have concluded that autophagy-related
proteins regulate NLRP3 inflammasome by suppressing
mitochondrial damage [108]. Damaged or depolarized
mitochondria release ROS and oxidized mitochondrial
DNA, which are NLRP3 inflammasome agonists and can
be removed by autophagy [50, 108]. Furthermore, deficiency
of the gene encoding the autophagy adaptor SQSTM1/p62
in macrophages leads to high amounts of impaired mito-
chondria and exaggerated inflammasome-mediated inflam-
matory response [110]. These results suggest that functional
autophagy indirectly inhibits inflammasome activation.
There is also evidence that autophagosomes may target
inflammasomes for degradation [111]. The autophagy-
lysosome pathway is a specific molecular mechanism that
regulates NLRP3 activation in a multi-target manner. We
presume that the enhancement of microglial autophagy may
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be a potential therapeutic strategy for AD. However, the
exact mechanisms of autophagy-dependent inflammasome
suppression remain unclear now. Further study is needed
to illuminate the interactions between the inflammasome
activation pathway and the autophagy-lysosome pathway.

Conclusions and Future Directions

It is generally accepted that chronic neuroinflammation,
mediated by microglia-specific activation of NLRP3 inflam-
masome plays a crucial role in AD pathogenesis. The dele-
tion of NLRP3 or caspase-1 in the APP/PS1 mouse model
of AD leads to significantly improved cognition, enhanced
AP clearance, and decreased caspase-1 activation along
with IL-1f release. These findings indicate that the NLRP3
inflammasome may be a promising target for AD treatment.
Nevertheless, many issues remain to be resolved, such as
the clarification of the exact mechanisms regulating NLRP3
activation, as well as the interactions between NLRP3 acti-
vation and other signaling pathways in AD pathology. Fur-
thermore, it remains unclear whether changes occur in the
activated states of NLRP3 inflammasome in microglia dur-
ing the progress of AD. A more accurate understanding of
the complex regulatory mechanisms of NLRP3 activated
signaling pathways is required to precisely fine-tune the
inflammatory responses, and might offer further clues for
treatment strategies in AD.
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