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Abstract

The inflammasome is a multimeric protein complex located in the cytoplasm that is activated by many factors and sub-
sequently promotes the release of proinflammatory factors such as interleukin (IL)-1p and IL-18, resulting in a series of
inflammatory responses that ultimately lead to the occurrence of various diseases. The Nod-like receptor protein 3 (NLRP3)
inflammasome is the most characteristic type and the most widely studied among many inflammasomes. Activation of the
NLRP3 inflammasome is closely related to the occurrence of many diseases, such as Alzheimer's disease. At present, a
large number of studies have focused on the mechanisms underlying the activation of the NLRP3 inflammasome. Plenty
of articles have reported the activation of the NLRP3 inflammasome by various ions, such as K™ and Na™ reflux and Ca*+
influx. However, few articles have reviewed the effects of various ion channels on the activation of the NLRP3 inflamma-
some and the relationship between the diseases caused by these proteins. This article mainly summarizes the relationship
between intracellular and extracellular ion activities and ion channels and the activation of the NLRP3 inflammasome. We
also provide a general summary of the diseases of each system caused by NLRP3 activation. We hope that more research
will provide options for the treatment of diseases driven by the NLRP3 inflammasome.
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AD Alzheimer's disease

Ap Amyloid-p

ANO1 Ca?*-activated C1~ channels encoded by
anoctamin-1

NHE Na*/H* exchanger

RA Rheumatoid arthritis

CaSR Calcium-sensing receptor

SGLT2 Sodium-dependent glucose transporter 2
UA Uric acid

NKA Na*-K*-ATPase
T2DM Type 2 diabetes mellitus
NCLX Na*/Ca** exchanger
CASP1 Caspase 1
Introduction

InflammasomeS are multimeric protein complexes that were
first proposed by Jurg Tcholop in 2002, are assembled by
intracytoplasmic pattern recognition receptors and are an
important component of innate immunity [1]. The assembly
of the inflammasome occurs in many cells, such as mac-
rophages, dendritic cells, neutrophils and epithelial cells [2].
When the body is invaded by pathogenic microorganisms or
injured by endogenous danger signals, pattern-recognition
receptors (PRRs) recognize pathogen-associated molecular
patterns (PAMPs) and danger-associated molecular pat-
terns (DAMPs), induce the assembly of the inflammasome,
and promote the release of the proinflammatory cytokines
interleukin (IL)-1p and IL-18, the occurrence of an immune
response and pyroptosis, which exerts significant positive
effects on immune defenses against bacteria and viruses and
the repair of damaged tissues. However, an increasing num-
ber of studies have suggested that inflammasome activation
is closely related to many diseases [3-5]. Inflammasomes
are classified according to the subcellular localization of the
PRR. Nucleotide-binding and oligomerization domain Nod-
like receptors, RIG-I-like receptors and AIM?2-like receptors
are located inside cells, and Toll-like receptors and C-type
lectin receptors are located in the plasma membrane and
endosome [6]. At present, many inflammasomes are known,
but the most powerful and the most extensively studied
inflammasome is the Nod-like receptor protein 3 (NLRP3)
inflammasome; therefore, we chose it for this review.

The NLRP3 inflammasome belongs to the NLR protein
family and is the most characteristic member. NLRP3 is
composed of an N-terminal pyrin domain, a central nucle-
otide-binding domain and a C-terminal leucine-rich repeat
domain [7]. The assembly of the NLRP3 inflammasome
includes upstream sensor proteins (NOD-like receptors),
adaptor proteins, apoptosis-related speck-like proteins,
including apoptosis-associated speck-like protein contain-
ing a caspase recruit domain (ASC), and the downstream
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effector protein caspase-1[8]. Abnormal activation of the
NLRP3 inflammasome is closely related to the occurrence
and development of different diseases in various systems,
such as Alzheimer's disease, coronary atherosclerosis and
diabetes [9]. Increasingly, some ion-related cellular events
have been shown to play an important role in the activation
of the NLRP3 inflammasome, such as K™ and C1~ efflux,
Ca** mobilization, Na* influx, and intracellular acidifica-
tion [10, 11]. Although NLRP3 has been studied in many
systems and many related reviews have been published,
NLRP3-activated ion signaling requires greater work to
refine and a detailed overview of the relationship between
NLRP3 and intracellular and extracellular ions, ion chan-
nels, and diseases is currently unavailable. Hence, we will
focus on this topic in our review. This review is expected
to provide new targets for or insights into the study on the
pathogenic mechanism of NLRP3 and treatment of NLRP3-
related diseases.

Cellular events related to NLRP3 activation

The recognized signaling pathways
of inflammasomes

The activation of NLRP3 inflammasome is divided into
canonical activation pathway and non-canonical activation
pathway. The initiation signal is usually recognized by Toll-
like receptor (TLRs) ligands for some microbial molecules
or by some cytokine ligands, and promotes the transcription
of inflammasome-related components through the activation
of nuclear factor-kappa B (NF-kB) and the post-translational
modification of the NLRP3 inflammasome. [12]. DAMPs
and PAMPs are the activation signals that trigger NLRP3
activation, and these components include extracellular ATP,
bacterial pore-forming toxins, melanocin, and particulate
matter (uric acid crystals, silica, etc.) [13]. The assembly
of the inflammasome is through the interaction between
the pyrin domain (PYD) of the ASC and the PYD of the
NLR to recruit ASC to form ASC spots, which are then
recruited through the caspase-activation and recruitment
domain CARD-CARD interaction. Then, CARD domain
in turn recruits the CARD of procaspase-1. Pro-caspase-1
clustering permits autocleavage and formation of the active
caspase-1 p20/p10 tetramer, which promotes cleavage and
maturation of downstream cytokines IL-1f and IL-18, ulti-
mately they lead to a series of inflammatory responses [14,
15]. Besides, active caspase-1 can also cleavage of gasder-
min D (GSDMD) induces pyroptosis, a novel form of cell
death [4, 16]. On the other hand, in the non-canonical acti-
vation pathway of the NLRP3 inflammasome, lipopolysac-
charide (LPS) secreted by Gram-negative bacteria can pro-
mote GSDMD cleavage by interacting with caspase-4/5/11,
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thereby inducing pyroptosis [17, 18] (Fig. 1). Furthermore,
caspase-4/5/11 can activate NLRP3 by activating an ATP-
gated cation-selective channel that can open to trigger K*
efflux [19] (Fig. 2). In addition, in human monocytes, LPS
can recognize TLR4 to activate NLRP3 through the TLR4-
TRIF-RIPK1-FADD-CASP8 signaling pathway, termed the
alternative activation pathway of NLRP3 (Fig. 2) [20].

lon regulatory mechanism during NLRP3 activation

K* efflux is a recognized upstream signal of NLRP3
activation

Studies have shown that a decrease in intracellular K levels
is an important stimulus that activates NLRP3 through a
mechanism induced by ATP and other DAMPs [21, 22]. V
P E‘trilli et al. found that high extracellular potassium levels

DAMP/PAMP

inhibit the activation of NLRP3 in human monocytes and
that a decreased intracellular potassium concentration trig-
gers the activation of the NLRP3 inflammasome [23]. Raul
Mufioz-Planillo and other scholars aimed to further deter-
mine the role of K* efflux in the activation of the NLRP3
inflammasome and proved that the activation of the NLRP3
inflammasome causes a decrease in intracellular K* con-
centration. They also found that ASC oligomerization, also
called ASC aggregation into ASC speck macromolecules
during inflammasome activation, is suppressed by high
extracellular K* concentrations, indicating that K regulates
NLRP3 inflammasome activation [24]. P2X7, a kind of P2
receptors can be activated by ATP aggregation, which is
required for ATP aggregation-induced activation of NLRP3
[25]. In recent years it has been found that P2X7 may par-
tially regulate K* currents through the two-pore domain
K™ channels, such as Pore Domain Halothane-Inhibited
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Fig.1 NLRP3 inflammasome activation. Upon activation of NLRP3
by PAMPs, DAMPs, and environmental stimuli, NLRP3 oligomeriza-
tion results in clustering and presentation of the PYD domain, inter-
acting with the PYD- and CARD-containing adapter ASC, whose
CARD domain in turn recruits the CARD of procaspase-1. Pro-cas-
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pase-1 self-cleaves and forms active caspase-1 p10/p20 tetramers,
which subsequently mature cytokine precursors such as pro-IL-1p
and pro-IL-18 to IL-1p and IL-18, causing inflammation reaction. On
the other hand, active caspase-1 promotes GSDMD cleavage leading
to pyroptosis
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Fig.2 Non-canonical and alternative activation pathways of NLRP3.
In the non-canonical activation pathway of the NLRP3 inflamma-
some, lipopolysaccharide (LPS) secreted by Gram-negative bacteria
can promote GSDMD cleavage by interacting with caspase-4/5/11,
thereby inducing pyroptosis, and, caspase- 4/5/11 can activate

Potassium Channel 1 (THIK-1) and Two-pore domain Weak
Inwardly rectifying K* channel 2 (TWIK-2) [26] (Fig. 3).
In addition, the K* efflux caused by some microbial toxins
and the destruction of the cell membrane is also a pathway
activating the NLRP3 inflammasome [27, 28]. According
to recent studies, K* efflux promotes the activation of the
NLRP3 inflammasome through a mechanism that may be
induced by mitochondrial damage and mitochondria ROS
(mtROS) production [10, 29]. In addition, Yuhua Chen
et al. reversed neuroinflammation caused by brain injury
by knocking down NIMA-related kinase 7 (NEK7). This
study further proved that NEK7 is useful as a modulator by
regulating the interaction of NEK7-NLRP3, and thus the
activation of the NLRP3 inflammasome is mediated by K*
efflux [12, 21, 30, 31]. Furthermore, the interaction between
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NLRP3 by activating an ATP-gated cation-selective channel that
opens to trigger K* efflux. (Fig. 2) In addition, in human monocytes,
LPS can recognize TLR4 to activate NLRP3 through the TLR4-
TRIF-RIPK1-FADD-CASPS8 signaling pathway, termed the alterna-
tive activation pathway of NLRP3

NLRP3-NEK7 may not be sufficient to activate NLRP3,
which may also be required to convert a central nucleotide-
binding and oligomerization from an inactive to an active
conformation because of NLRP3 oligomerization. This con-
formational transition likely requires ATP binding and other
unknown allosteric triggers [32] (Fig. 3).

Increased intracellular Ca?* levels promote NLRP3
activation

As an indispensable second messenger in many cellular
processes, Ca** plays an important role in the activation
of the NLRP3 inflammasome. Extracellular ATP promotes
Ca”" influx through the P2X7 receptor, which induces the
activation of the NLRP3 inflammasome, but this conclusion
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Fig.3 Intracellular ion signaling associated with NLRP3 activa-
tion. K* efflux is a recognized upstream signal of NLRP3 activation.
NLRP3 agonists induce the opening of Kt channels such as P2X7
receptors, THIK-1, TWIK-2, etc., mediate potassium efflux, and pro-
mote NLRP3 inflammasome activation. Opening of ion channels of
the transient receptor potential family, calcium-sensing receptors
catalyze the production of inositol-1,4,5-triphosphates by phospho-
lipase C, induce the release of calcium ions from the IP3R of the
endoplasmic reticulum and the membrane attack complex-induced
Ca2 +Influx, through activation of RyR to mediate calcium release

remains controversial and more evidence is needed to prove
it [33-35]. Increasing levels of extracellular calcium ions
stimulate G protein-coupled calcium-sensitive receptors to
catalyze the production of inositol-1,4,5-triphosphate via
phospholipase C, induce Ca>* release from endoplasmic
reticulum stores and then activate the NLRP3 inflammasome
[36, 37]. Ca>* influx induced by the membrane attack com-
plex subsequently promotes the release of calcium stored in
the endoplasmic reticulum by activating the ryanodine recep-
tor (RyR) or inositol 1,4,5-trisphosphate receptor (IP3R),
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from endoplasmic reticulum storage, and P2X7 receptors to mediate
trace Ca®* influx, excessive or sustained mitochondrial Ca>* uptake
can lead to mitochondrial damage, release mtROS and mtDNA
into the cytoplasm, ROS is a common signal for the activation of
the NLRP3 inflammasome, and the mechanism needs to be further
explored. In addition, chloride efflux mediated by chloride channels
CLICs and VARC, Na* influx mediated by NHA channel opening,
reduction of cellular pH induced by acid-sensing channel ASICs, and
lysosomal disruption by granule endocytosis are upstream of NLRP3
activation cell signaling

which will further increase the intracellular Ca** concen-
tration and cause mitochondrial dysfunction through mito-
chondrial calcium transporters, promoting the activation of
the NLRP3 inflammasome[38]. Hidenori Ichijo et al. found
that the destruction of lysosomes regulates the activation of
NLRP3 inflammasomes and promoting ASC oligomeriza-
tion [39]. In addition, some inflammasome activators medi-
ate IL-1p release by promoting the opening of a transient
receptor potential (TRP) family of ion channels, including
TRPM2, TRPMS, TRPM7, and TRPV2. The fluctuation of
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Ca”* and Mg?* concentrations promote the phosphorylation
of TAK1, which in turn activates the NLRP3 inflammasome
[13, 40, 41]. Importantly, studies have shown that excessive
or sustained Ca 2* uptake leads to mitochondrial damage
characterized by increased mtROS production, a shift in
mitochondrial permeability, and ultimately mitochondrial
rupture, releasing mtROS and mitochondria DNA (mtDNA)
into the cytoplasm, demonstrating that Ca 2* Stimulation
of mobilization leads to mitochondrial damage to activate
the NLRP3 inflammasome, and mtROS is required for the
NLRP3 inflammasome in response to LPS and ATP acti-
vation [42, 43] (Fig. 3). Most NLRP3 agonists can induce
ROS production, a common signal of NLRP3 inflammasome
activation [44, 45]. However, in-depth studies are needed
to determine the role and mechanism of ROS on NLRP3
inflammasome activation.

ClI™ efflux and NLRP3 inflammasome activation

CI™ efflux has been shown to be another regulatory pathway
that regulates NLRP3 activation. A decrease in intracel-
lular chloride ions promotes the ATP-induced processing
and secretion of IL-1p [46]. Hypotonicity induces IL-1p
release by activating the NLRP3 inflammasome; hyperto-
nicity exerts its effect through the mechanism of regulatory
cell volume reduction (RVD) achieved by reducing the con-
centrations of K* and C1~ in the cell [47]. Significant cell
expansion occurs in macrophages stimulated with LPS-ATP,
and this response is controlled by the synergistic effects of
K* and CI~ [41]. The inhibitory effects of high concentra-
tions of extracellular NaCl and chloride ion inhibitors also
indicate that chloride plays a role in the activation of the
NLRP3 inflammasome [48]. Recent studies have found that
intracellular CI” concentration at 75 mM indirectly regu-
lates NLRP3 and the pyrin domain of caspase 1 (CASP1)
with maximum expression and activity, as well as greater
ROS activity, while PYD and CARD domain-containing
(PYCARD/ASC)) expression remained constant from 0
to 125 mM CI". CI” can stimulate the secretion of mature
IL-1p through regulation, which in turn upregulates ROS,
caspase-1, NLRP3 and IL-1 itself through autocrine signal-
ing [49]. At the same time, a recent study determined that
(leucine-rich repeat-containing protein 8A) LRRC8A, an
important component of the volume-regulated anion chan-
nel (VRAC), is required for hypotonic induction of NLRP3
inflammasome activation. Therefore, other chloride channels
also regulate the activation of the NLRP3 inflammasome
[50]. In addition, CLIC1 and CLIC4, which are intracellu-
lar chloride channel proteins (CLICs), are involved in LPS-
induced IL-1p activation and modulate NLRP3 activation
[48]. CLIC-dependent chloride efflux is located downstream
of the potassium efflux-mitochondrial ROS axis and alters
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the activation of the NLRP3 inflammasome by regulating
the NEK7-NLRP3 interaction [29] (Fig. 3).

Na* influx participates in NLRP3 activation

Na* influx plays a role in NLRP3 activation, but it is not a
necessary condition for NLRP3 activation (Fig. 2). In one
study, gramicidin or other NLRP3 stimulators required a cer-
tain concentration of extracellular Na + to activate NLRP3.
The authors found that this process also caused a decrease
in K* levels in the cell. Na* influx may regulate NLRP3
activation by reducing the decrease in K* in cells [24]. How-
ever, a large amount of Na® released from mature endosomes
and lysosomes induced by monosodium urate (MSU) crys-
tals triggers the influx of water to reduce the intracellular
K* concentration rather than causing net cytoplasmic K*
loss [51]. In addition, the activation of the P2X7 receptor
induced by the accumulation of large amounts of ATP pro-
motes Na* influx and subsequently induces the activation
of the NLRP3 inflammasome [22]. Based on this evidence,
Na* influx exerts a certain effect on activating inflammas-
omes. However, the specific activation mechanism must be
further clarified.

Intracellular pH and NLRP3 inflammasome activation

The dynamic balance of pH inside and outside the cell is
necessary to maintain the various biochemical reactions
in the cell, and a decrease in pH exerts a certain effect on
promoting the occurrence of tissue inflammation. Under
acidic conditions, the low pH induces NLRP3 activation
and IL-1 release through the K* efflux mechanism, as well
as the secretion of active cathepsin B [52]. In addition, after
the virus is engulfed by endosomes and enters the cell, it
fuses to form a membrane pore in an acidic environment,
which promotes virus replication, causes infection, and acti-
vates the inflammasome [53] (Fig. 2). It was recently found
that in influenza A virus infection, the M2 proton channel
protein is activated under acidic conditions of pH 6 and
causes the fusion of the endosomal membrane and the viral
membrane, resulting in the release of viral genetic mate-
rial into the cytoplasm and regulation of Golgi dispersion,
Recruitment and activation of the NLRP3 inflammasome
leads to the production of IL-1p, which may be the induction
of influenza A pathogenesis[54]. Furthermore, extracellular
lactate was found to regulate intercellular reactive oxygen
species (ROS) levels through proton-gated channel sub-
families acid-sensitive ion channel 1 (ASIC1) and ASIC3.
ROS promotes NLRP3 inflammasome activation and IL-1
release by activating the NF-xB signaling pathway. There-
fore, ASIC is expected to be a potential target for future
treatment of NLRP3 inflammasome activation-related dis-
eases [55] (Fig. 3).
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Inflammasomes, ion channels and diseases
Parkinson's disease (PD)

Parkinson's disease is a neuroinflammatory disease charac-
terized by loss of dopamine function. a-Synuclein (aSyn)
in microglia mediates NLRP3 inflammasome activation to
induce IL-1p secretion, and pyroptosis induced by aSyn
damages dopamine neurons and causes Parkinson's dis-
ease [56, 57]. The ATP-sensitive K* (K-ATP) channel is
a member of the inward rectifying channels and consists
of four pore-forming Kir6.x (Kir6.1 or Kir6.2) subunits
and four regulatory sulfonate urea receptor (SURI or
SUR?2) subunits [58]. Studies have found that Kir6.1 (one
of the ATP-sensitive potassium (K-ATP) channel subu-
nits) deletion inhibits astrocyte phagocytosis by induc-
ing mitochondrial dysfunction and mitochondrial ROS
production, which contribute to the excessive activation
of the NLRP3 inflammasome and the production of pro-
inflammatory factors, thereby inducing the occurrence
of PD. Thus, the Kir6.1/K-ATP channel expressed in
astrocytes may be a target for preventing the degenera-
tion of DA neurons in patients with PD and treating PD
[59]. Besides, calcium ions released from the endoplas-
mic reticulum induce NLRP3 inflammasome assembly, as

well as increased osmotic pressure in glial cells, active
caspase-1 cleaves GSDMD to obtain GSDMD-CT (C-ter-
minal fragment) and GSDMD-NT (N-terminal fragment),
the latter one promotes the formation of membrane pores
and regulate cell pyroptosis, thereby promoting neuroin-
flammation. Researchers found that THIK-1 is required
for NLRP3-dependent Caspase-1 activation and IL-1p
release in response to ATP. By blocking THIK-1, it inhib-
its the release of Pro-inflammatory cytokine il-1f from
the activated microglia, which suggests that THIK-1 may
be a therapeutic target for Nervous system inflammation
diseases [26, 60].

Alzheimer's disease (AD)

The activation and aggregation of microglia induced by
the deposition of the fibrillary peptide amyloid-f (Ap) is
a neuronal abnormality that is the basis of dementia and
is an important pathological factor leading to the occur-
rence of Alzheimer's disease [57]. AP induces caspase-1
activation and the release of mature IL-1f by activating
NLRP3, causing neuroinflammation and neurotoxicity
[61]. The nonsteroidal anti-inflammatory drug fenamate
inhibits the NLRP3 inflammasome by blocking a C1™ chan-
nel on the plasma membrane called the VRAC Ticagrelor
(Table 1). This drug inhibits Alzheimer’s disease-related

Table 1 Ions and possible treatments for NLRP3 inflammasome activation-driven diseases

Ton Ton channel Disease Possible method References
K* Kir6.1(K-ATP) channel @®PD [59]
@T2DM [94]
THIK-1 neurological disease [26]
NKCCl1 PD [63]
Kir6.2 liver damage Q@Iptakalim [81]
®@Glibenclamide
KCal.1,KCa3.1(Calcium-activated potassium channels) rheumatoid arthritis [84]
Kv4.2 heart failure MCC950 [76]
Ca* transient potential receptor (TRPA1. TRPV1) pneumonia A967079 [66]
AMG9810
TRPM2 T2DM [35]
Calmodulin-dependent protein kinase heart failure Engligliflozin [70,71]
TRPMLI1 Kidney damage [90]
NCLX (Na*-Ca?* exchanger) T2DM [95]
CI~ Volume-regulated anion channel Alzheimer's disease Fenamate [62]
ANO1(Calcium ion activated chloride channel) myocardial ischemia [68]
CLICs heart failure Ticagrelor [78]
Na* NHE(Na*-H* exchanger) heart failure Engligliflozin [72]
Nat-K*ATPase(NKA) nephritis [89]
H+ ASCLs (acid-sensitive ion channel)la rheumatoid arthritis [86]

Changes in the concentrations of Na*t, K*, Ca’*, CI” and H in cells may activate NLRP3 and drive the occurrence of different diseases. Differ-
ent ion channels are involved in the occurrence of these diseases, and damage to the function or changes in the states of these ion channels may
cause different diseases. Therefore, therapeutic methods targeting a certain ion channel may be useful to treat a certain disease
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cognitive impairment in a rodent model, which provides an
option for the treatment of NLRP3-related inflammatory
diseases [62]. In addition, knockout of mouse microglia
Na*-K*-2Cl~ cotransporter (NKCC1) leads to the initiation
of the NLRP3 inflammasome and increases the production
of interleukin 1p (IL-1p), thereby predisposing microglia
to excessive inflammatory response, showing significantly
increased brain damage, inflammation, cerebral edema, and
worse neurological outcomes [63]. This suggests that the
Kir6.1/K-ATP and Na*-K*-2Cl~ channel of astrocytes may
be a target for preventing the degeneration of dopamine neu-
rons in PD and treating PD.

Pneumonia

PM2.5 is a major factor affecting people's health due to
urbanization. When PM2.5 enters the lungs from the res-
piratory tract, it may cause pneumonia, airway hyperrespon-
siveness and even asthma [64]. PM2.5 enters cells through
a variety of phagocytosis processes and release cathepsin
B to produce ROS and mediate K* efflux, which in turn
activate the NLRP3 inflammasome and eventually lead to
lung inflammation and pulmonary fibrosis [65]. Similarly,
in some experiments, an intranasal instillation of PM2.5 in
mice caused lung inflammation, airway hyperresponsive-
ness, and oxidative stress in mice, because instilled PM2.5
increases the levels of H,O, and mtROS and subsequently
directly activates TRPV1 and TRPAI. Then, Ca?* influx
mediated by the opening of TRPV1 and TRPA1 activate
the NLRP3 inflammasome, and the increase in mtROS
levels also directly induces the activation of the NLRP3
inflammasome. The authors also found that the use of the
TRPV1 antagonist AMG9810 and the TRPA1 antagonist
A967079 alone or in combination alleviates pneumonia in
mice induced by these processes. Inhibition of TRPA1 alone
or TRPV1 and TRPAI in combination may be more effective
than inhibition of TRPV1 alone in treating PM2.5-induced
lung injury [66]. Deletion of the Kcnk6 gene (encoding
TWIK?2) suppressed NLRP3 activation in macrophages and
suppressed sepsis-induced lung inflammation. Adoptive
transfer of Kenk6~'~ macrophages into the mouse airways
after macrophage depletion also prevents inflammatory lung
injury [21].

Heart failure

Studies have shown that the necrotic myocardium after myo-
cardial infarction can act as DAMP to induce the assembly
of NLRP3 inflammasome, causing cardiac inflammation and
accelerating heart failure. Therefore, the targeted therapy of
NLRP3 inflammasome may be a feasible strategy to reduce
the area of myocardial infarction and prevent heart failure
after acute myocardial infarction [67]. Some studies found
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that the upregulation of miR-144-3p significantly reduced
myocardial ischemia/reperfusion injury (MIRI) in vivo and
in vitro. They further proved that Ca®*-activated C1~ chan-
nels encoded by anoctamin-1 (ANO1) is the target gene of
miR-144- 3p. Targeting miR-144-3p / ANOI can inhibit the
activation of NLRP3 inflammasome inflammatory signal in
myocardial cells. It provides new insights for targeted ther-
apy of myocardial ischemia [68]. Studies have shown that
the overexpression of Ca®* /calmodulin-dependent protein
kinase 118 (CMCaMKIId) can cause heart failure and con-
tribute to the expression of inflammatory genes [69-71]. In
recent years, based on the occurrence of arrhythmia and oxi-
dative stress are all related to the increase of the concentra-
tion of Na* and Ca®* in myocardial cells. Long-term inhibi-
tion of Na™/H* exchanger (NHE) can prevent or reduce heart
failure [72]. A new antidiabetic drug empaglifizin, which is a
selective inhibitor of renal proximal tubule sodium-depend-
ent glucose transporter 2 (SGLT?2), can inhibit cardiac NHE
and reduce CaMKII activity and CaMKII-dependent sar-
coplasmic reticulum calcium ion leakage. Thereby reduce
cardiac cytoplasm [Na*] and [Ca®*] and increase cardio-
myocyte mitochondria [Ca®*], which can inhibit the initia-
tion and activation of NLRP3 inflammasome, thus have a
direct anti-inflammatory effect on the heart and effectively
improve the prognosis of heart failure in diabetic patients
[73-75]. The study found that administration of MCC950,
a specific NLRP3 inflammasome inhibitor, could inhibit the
NLRP3 inflammasome by upregulating the expression of
ion channel proteins (Kv4.2, KChIP2 and Cav1.2) in mice
with heart failure, thereby improving the vulnerability of
ventricular arrhythmias caused by heart failure [76]. In addi-
tion, chloride channel blockers can inhibit ROS-promoted
CLIC-induced chloride plasma membrane translocation in
cardiomyocytes and restore NLRP3-mediated cardiomyo-
cyte pyroptosis [77]. In addition, ticagrelor is an oral P2Y 12
receptor antagonist, which can rapidly and robustly inhibit
the activation of NLRP3 inflammasome in peripheral blood
mononuclear cells of patients with acute coronary syndrome
by degrading chloride intracellular channel proteins (CLICs)
and blocking the translocation of CLICs to the plasma mem-
brane [78]. (Table 1).

Liver damage

Based on the role of NLRP3 in obesity-related metabolic
syndrome, experiments have shown that saturated fatty
acids activate the NLRP3 inflammasome by inducing the
destruction of NKA caused by the accumulation of saturated
phosphatidylcholine and the loss of plasma membrane fluid-
ity. Therefore, cotreatment with unsaturated fatty acids may
represent a new treatment approach for reducing obesity-
related inflammation, such as nonalcoholic liver cirrhosis
and insulin resistance [79]. K-ATP channels are involved
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in the regulation of many cellular activities as metabolic
sensors [80]. The opening of the Kir6.2/K-ATP channel
protects mice from liver damage caused by LPS-induced
activation of the NLRP3 inflammasome, continuous high
levels of IL1p, IL-18, and TNF-o and excessive endoplasmic
reticulum stress and autophagy of liver cells. Therefore, the
new K-ATP channel opener iptakalim may exert a potential
therapeutic effect on protecting against liver injury [81]. In
contrast, studies have shown that low-dose glibenclamide
(a type 2 diabetes drug that inhibits K-ATP channels in
pancreatic  cells) downregulates TGF-f1, NLRP3, ASC,
TGF-p1, NLRP3, and ASC expression induced by thioacet-
amide (Table 1). The expression of caspase-1 and IL-1p
and upregulation of catalase resist thioacetamide-induced
liver damage, which exerts a certain protective effect on the
liver. However, appropriate doses of this drug and in vitro
and in vivo experiments are needed before future clini-
cal applications [82]. In general, approaches targeting ion
channels related to the activation of the NLRP3 inflamma-
some may provide new insights into the treatment of liver
inflammation.

Rheumatoid arthritis (RA)

RA is a common chronic autoimmune disease that usually
manifests as symmetrical and aggressive joint inflamma-
tion of multiple small joints. Studies have found that the
NLRP3 inflammasome is highly activated in the synovium
of patients with RA and collagen-induced rheumatoid
arthritis model mice and that NLRP3 activation plays an
important role in the pathogenesis of RA [83]. Researchers
have found that the Ca>*-activated K* channels KCal.l and
KCa3.1 promote the occurrence of autoimmune diseases.
One of the mechanisms underlying this event is the activa-
tion of NLRP3. Hydroxychloroquine HCQ, an ion channel
inhibitor, inhibits the K* channel activated by Ca®*, which
is a strategy for the treatment of RA [84]. The expression of
calcium-sensing receptor (CaSR) is increased in monocytes
and locally damaged joints of patients with RA, and the acti-
vation of the NLRP3 inflammasome mediated by CaSR pro-
motes the occurrence of RA. Therefore, inhibition of CaSR
is also a strategy for the treatment of RA [85]. In addition,
ASICla is an extracellular H"-activated cation channel that
mainly affects the permeability of Na* and Ca?*, which
upregulate the NLRP3 inflammasome and the expression
of proinflammatory factors to induce pyrolysis of chondro-
cytes in arthritic rats [86]. These discoveries provide a new
direction for studying the mechanism of RA.

Kidney damage

Uric acid (UA) crystals are one factor stimulating NLRP3
activation. Soluble UA increases NLRP3 expression in

proximal renal tubular epithelial cells in a TLR4-dependent
manner and promotes caspase-1 activation and the produc-
tion of IL-1p and intercellular adhesion molecule 1, ulti-
mately inducing innate immunity in proximal tubular epi-
thelial cells of the kidney [87]. High UA levels also induce
NLRP3 activation through ROS activation and K* efflux to
cause vascular endothelial cell damage [88]. Investigators
have shown that damage to the basolateral Na"*—K*"—ATPase
(NKA) leads to protein tyrosine kinase binding and dissocia-
tion of NKA, leading to NLRP3 activation, IL-1f upregula-
tion, and renal inflammation. In addition, the expression of
NKAa«l significantly reduces UA-induced ROS generation
and reduces early-onset apoptosis, but has no effect on late
apoptosis. Reversing UA accumulation leads to a decrease
in the mitochondrial membrane potential and reduces mito-
chondrial dysfunction [89]. Based on these results, NKA
exerts a protective effect on kidney damage caused by UA
and provides a new insight into strategies for protecting the
kidney. Hyperhomocysteinemia (hHcy)-induced podocyte
NLRP3 inflammasome activation is an initiating event in
glomerulonephritis. Hcy inhibits the transient receptor
potential mucolipin 1 (TRPML1) channel activity in lys-
osomes by enhancing ROS generated by NADPH oxidase,
resulting in reduced lysosome-multivesicular bodies (MVB)
interactions and more exosome release in podocytes. Exo-
some secretion may be the pathogenic mechanism mediat-
ing the release of inflammatory cytokines produced by the
NLRP3 inflammasome in podocytes. Targeting the TRPML1
channel provides a new therapeutic strategy for attenuating
podocyte-derived inflammatory exosome release and conse-
quent glomerular inflammation [90].

Type 2 diabetes

Sufficient research evidence shows that type 2 diabetes is
related to the chronic inflammatory response mediated by
monocyte activation. In particular, IL-1p released by the
activation of the NLRP3 inflammasome reduces tyrosine
phosphorylation, and the negatively regulation of insulin
receptor substrate 1| mRNA expression directly inhibits the
insulin signaling pathway, leading to insulin resistance and
type 2 diabetes mellitus (T2DM) [91, 92]. As mentioned
above, K* efflux and Na™ influx regulate the activation of the
NLRP3 inflammasome. Similarly, experiments have shown
that rats fed a high-salt diet exhibit increased oxidative stress
followed by the activation of the NLRP3 inflammasome to
induce insulin resistance, while potassium supplementation
improves insulin resistance [93]. Thus, determining the role
of NLRP3-activating related ion channels in the develop-
ment of diabetes is important for improving insulin resist-
ance. The K-ATP channel Kir6.1 is potentially useful as a
negative regulator of the NLRP3 inflammasome and insulin
resistance, and it is a very promising target for the treatment
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of diabetes [94] (Table 1). In addition, some experiments
have found that hyperglycemia (30 mM glucose for 48 h)
induces the activation of NADPH oxidase through TRPM2
channel-mediated Ca2* influx in monocytes, which contrib-
utes to ROS generation and thioredoxin-interacting protein
-mediated activation of the NLRP3 inflammasome. Thus,
TRPM?2 may represent a new target for ameliorating T2DM
caused by hyperglycemia-induced oxidative stress and sub-
sequent NLRP3 inflammasome activation [35]. Moreover,
silencing the expression of the mitochondrial Nat/Ca*"
exchanger (NCLX) will hinder mitochondrial Ca** efflux
that promotes ROS generation and mitochondrial dam-
age, which finally results in the activation of endothelial
cell apoptosis. Therefore, NCLX provides new insights into
the mechanism of diabetic vascular disease and may also
provide new strategies for the treatment of diabetes and its
vascular complications [95].

Conclusions and prospects

The NLRP3 inflammasome plays an important role in the
inflammatory response and immune defenses and is closely
related to the occurrence and development of many dis-
eases. The mechanism underlying inflammasome activa-
tion has always been the focus of discussion, and changes
in the plasma contents of K*, Ca?*, and CI~ in cells are
different cellular signals that modulate the activation of the
NLRP3 inflammasome. In recent years, further studies have
found that a variety of NLRP3 inflammasome activation-
induced diseases involve different ion channels. Based on
this knowledge, some treatment strategies have been pro-
posed for diseases associated with abnormal activation of
NLRP3. Although the mechanisms regulating these ions and
the roles of ion channels are now understood, they are not
comprehensive, the relationship between various ion signal-
ing pathways is not sufficiently clear, and the other ion chan-
nels involved in NLRP3 inflammasome-induced diseases
have not been sufficiently clarified. Therefore, more effort
is needed to obtain additional information. For example, the
unified activation pathway of NLRP3, calcium ion signaling
between the endoplasmic reticulum and mitochondria, and
the mechanism of ROS on NLRP3 inflammasome activation
need to be further studied.
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