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Abstract: Inflammation is an intricate biological response of body tissues to detrimental 
stimuli. Cardiovascular disease (CVD) is the leading cause of death worldwide, and inflamma-
tion is well documented to play a role in the development of CVD, especially atherosclerosis 
(AS). Emerging evidence suggests that activation of the NOD-like receptor (NLR) family and 
the pyridine-containing domain 3 (NLRP3) inflammasome is instrumental in inflammation and 
may result in AS. The NLRP3 inflammasome acts as a molecular platform that triggers the 
activation of caspase-1 and the cleavage of pro-interleukin (IL)-1β, pro-IL-18, and gasdermin 
D (GSDMD). The cleaved GSDMD forms pores in the cell membrane and initiates pyroptosis, 
inducing cell death and the discharge of intracellular pro-inflammatory factors. Hence, the 
NLRP3 inflammasome is a promising target for anti-inflammatory therapy against AS. In this 
review, we systematically summarized the current understanding of the activation mechanism 
of NLRP3 inflammasome, and the pathological changes in AS involving NLRP3. We also 
discussed potential therapeutic strategies targeting NLRP3 inflammasome to combat AS. 
Keywords: cardiovascular disease, atherosclerosis, NLRP3 inflammasome, mechanisms, 
therapeutic strategies

Introduction
Cardiovascular disease (CVD) remains the dominant causal factor of mortality 
globally in spite of tremendous improvements in therapy and efficacy.1 

Atherosclerosis (AS) is a leading cause of CVD, resulting in approximately 50% 
of deaths throughout the world. Four pathologic changes are considered to be 
associated with atherogenesis: (1) endothelial injury; (2) deposition of lipoproteins 
in the vessel wall; (3) adhesion, migration, and differentiation of monocytes into 
macrophages and formation of foam cells; (4) proliferation and migration of smooth 
muscle cells (SMCs).2 Notably, inflammatory response of these cells is the common 
basis for the physiopathologic changes throughout the initiation and progression of 
AS. It is now generally assumed that inflammatory processes and lipid metabolism 
work together in the formation of atherosclerotic plaques (Figure 1).3

Inflammation is a complex physiological and pathological process by which the 
body struggles to respond to injury and infection, as mediated by constituents of the 
innate immune system. The innate immune system acts as the first line of defense 
against non-self and danger signals from microbial invasion and tissue damage, and 
plays a central role in acute host defense. These danger signals can be recognized 
by pattern recognition receptors (PRRs), which are extensively expressed on the 
surface or in the cytosol in numerous types of cells, such as monocytes, macro-
phages, neutrophils, mast cells, dendritic cells, and natural killer cells. There are at 
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least five groups of PRRs, including Toll-like receptors 
(TLRs), nucleotide-binding oligomerization domain-like 
receptors (NLRs), retinoic acid-inducible gene-I-like 
receptors (RLRs), C-type lectin receptors (CLRs), and 
absent-in-melanoma (AIM)-like receptors (ALRs).4 These 
activated PRRs subsequently oligomerize and assemble 
large multi-subunit complexes to activate signaling cas-
cades that stimulate the recruitment of inflammatory med-
iators to eliminate pathogens, infected cells or tissues.5,6 

Two types of molecular patterns can be identified by 
PRRs, including pathogen-associated molecular patterns 
(PAMPs) and damage-associated molecular patterns 
(DAMPs).

To date, inflammasomes are considered to be activated by 
eight members of NLRs [including NLRP1, NLRP2, 
NLRP3, NLRP6, NLRP7, NLRP12, NLRC4, and NLR 
family apoptosis inhibitory protein (NAIP)] and AIM2, 
among which NLRP3 is most widely investigated. It recog-
nizes PAMPs and DAMPs and forms the NLRP3 inflamma-
some molecular complex, which participates in innate 
immune response.7 In response to PAMPs or DAMPs, 

NLRP3 concatenates to caspase-1 or other caspase family 
members (such as caspase-4/5 and caspase-11) through apop-
tosis-associated speck-like protein which contains a caspase 
recruitment domain (ASC) and forms a macromolecular 
complex-NLRP3 inflammasome. The inflammasome then 
initiates the release of pro-inflammatory cytokines and 
launches pyroptotic cell death called pyroptosis. Indeed, 
hyper-regulated or abnormal NLRP3 inflammasome activity 
is implicated in the pathogenesis of AS.8,9

Up to now, a plenty of studies demonstrated that many 
risks and factors can lead to AS via activating NLRP3 
inflammasome. However, there is no clear mechanism by 
which the NLRP3 inflammasome affects AS exactly. 
Therefore, understanding the mechanisms of NLRP3 
inflammasome activation is vital in seeking reliable and 
effective therapies against AS. In this review, we summar-
ize the current understanding of the molecular mechanisms 
of NLRP3 inflammasome activation, the role of NLRP3 
inflammasome activation in the development of AS, as 
well as the potential strategies for inhibiting the activation 
of NLRP3 inflammasome in AS.

Figure 1 Schematic of atherogenesis. Risk factors such as high cholesterol, hyperglycemia, and smoking are contributors of atherogenesis. These activators gain access to 
the intima via damaged endothelial cells (ECs). Damaged ECs trigger NLRP3 inflammasome activation, IL-1β and IL-18 release, thus further leading to inflammation. On the 
other hand, damaged ECs express adhesion molecules that capture the monocytes, which get into the intima and differentiate into macrophages. Macrophages ingest lipid 
and turn into foams cells, which gradually die and release their contents (such as IL-1β and IL-18), giving rise to the inflammatory response. The inflammatory response 
stimulates the migration and proliferation of smooth muscles cells (SMCs), which aggregate in the plaques to form fibroproliferative lesions.
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Overview of NLRP3 Inflammasome 
Activation
The NLRP3 inflammasome consists of a sensor (NLRP3), an 
adaptor (ASC) and an effector (caspase-1). NLRP3 is a 
macromolecular protein containing an amino-terminal pyrin 
domain (PYD) for recruitment of the adaptor protein ASC, a 
central nucleotide-binding domain (NBD) or oligomerization 
domain (NACHT) for enabling ATP-dependent oligomeriza-
tion and activation, and a carboxy-terminal leucine-rich 
repeats (LRRs) motif that serves as the sensor domain.10 

ASC is equipped with two protein interaction domains, an 
amino-terminal PYD and a carboxy-terminal caspase recruit-
ment domain (CARD). The full-length caspase-1 possesses 
an amino-terminal CARD and two different sizes of catalytic 
structural domains (p20 and p10). Once stimulated, NLRP3 
enables self-oligomerization via homotypic interactions 
between the NACHT domains. The self-oligomerized 
NLRP3 recruits ASCs via homotypic PYD-PYD interac-
tions, which instigate the assembly of ASCs into large 
speckled structures.11 Thereafter, clustered ASCs recruit 
pro-caspase-1 via CARD-CARD interactions, promoting 
activation of caspase-1 autocatalysis which controls the 
maturation of pro-inflammatory cytokines, including pro- 
interleukin-1β and −18 (pro-IL-1β and −18), by direct 
cleavage.12 Besides, activated caspase-1 cleaves gasdermin 
D (GSDMD), which then leads to pore formation and 
induces cellular lysis and pyroptosis.13,14

Mechanisms of Canonical NLRP3 
Inflammasome Activation
Canonical NLRP3 inflammasome activation necessitates 
two steps, priming (signal 1) and activation (signal 2) 
(Figure 2). With this dual imperative as a protective 
mechanism, the activation of inflammatory cells is strictly 
controlled. The priming process requires recognition of 
PAMPs and/or DAMPs by PRRs such as TLRs, TL-1R 
and cytokine receptors [eg, the tumor necrosis factor 
(TNF) receptor-TNFR1 and TNFR2], followed by activa-
tion of nuclear factor-κB (NF-κB), which then leads to 
transcriptional activation of NLRP3, pro-IL-1β and pro- 
IL-18.15,16 The activation process results in oligomeriza-
tion of NLRP3 and assembly of NLRP3, ASC, and pro- 
caspase-1 to a complex, triggering caspase-1 activation, 
IL-1β, and IL-18 maturation and release.17 Despite being 
extensively studied, the mechanism of activation of 
NLRP3 inflammasome is still in debate so far. Several 
possible theories have been proposed, including ion fluxes, 

mitochondrial dysfunction, reactive oxygen species (ROS) 
overload, release of cathepsin from destabilized lyso-
somes, and trans-Golgi disintegration.

Ion Fluxes
Ion fluxes [eg, potassium (K+) efflux, calcium (Ca2+) sig-
naling, and chloride (Cl−) efflux] have been identified as 
vital events in NLRP3 activation.18–21

K+ Efflux
K+ efflux is a prevalent ionic event in NLRP3 inflamma-
some activation. The intracellular and extracellular K+ 

concentration gradients are controlled by Na+/K+ pump, 
a transmembrane ATPase that pumps Na+ out of the cells 
and simultaneously pumps K+ into the cells, resulting in a 
relative increase in K+ concentration in the cells. Exposure 
of Na+/K+ pump to NLRP3 agonists (eg, nigericin, K+/H+ 

ionophore, and extracellular ATP) breaks the balance and 
causes a reduction of K+ concentration in cells.18,22,23 It 
has been reported that ATP is a powerful activator that can 
reduce the intracellular K+ concentration by around 50%.24 

Extracellular ATP activates ATP-gated cation channel P2X 
purinoceptor 7 (P2X7R) via regulation of the pannexin-1 
hemichannel.25 Activated P2X7R triggers K+ efflux and 
results in NLRP3 inflammasome activation and IL-1β 
maturation in macrophages and monocytes.23,26

A recent study has shown that TWIK2, a two-pore 
domain potassium channel (K2P), co-regulates K+ efflux 
with P2X7R-mediated Ca2+ and Na+ influx, leading to the 
activation of NLRP3 inflammasome in ATP-induced 
macrophages.27 Of note, the NLRP3 inflammasome fails 
to be activated in TWIK2-deficient macrophages upon 
treatment with nigericin or imiquimod, suggesting that 
TWIK2 is an indispensable driver of NLRP3 inflamma-
some activation.27 NEK7, a member of the family of 
mammalian never-in-mitosis A (NIMA)-related kinase, 
acts as a critical mediator for NLRP3 inflammasome acti-
vation via inducing K+ efflux to facilitate NLRP3 oligo-
merization and activation.22 Mechanistically, NEK7 
interplays with the leucine-rich repeat (LRR) and 
NACHT structural domains of NLRP3 through its catalytic 
structural domain to promote inflammasome activation in 
a manner independent of its kinase activity.22,28 DEAD- 
box helicase 3 X-linked (DDX3X), a newly identified gene 
that encodes the stress granule protein, interacts with 
NLRP3 and drives NLRP3 inflammasome activation by 
triggering K+ efflux under stress conditions.29 Therefore, a 
decrease of intracellular K+ concentration is an upstream 
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signal for NLRP3 inflammasome activation. Interestingly, 
several chemical compounds, such as GB111-NH2, 
CL097, and imiquimod, are able to trigger NLRP3 inflam-
masome activation independent of K+ efflux.30,31 

Activation of inflammasomes in mouse R258W macro-
phages carrying the mutant NLRP3 occurs only under 
LPS stimulation in the absence of K+ efflux.32 Taken 
together, these findings shed light on the importance of 
K+ efflux, but not a necessity in NLRP3 inflammasome 
activation.

Ca2+ Signaling
Intracellular Ca2+ mobilization plays an important role in 
the assembly and activation of NLRP3 inflammasome 
evoked by numerous stimuli (such as ATP, nigericin, and 
particulate matters).33 Inhibition of Ca2+ signaling hampers 

NLRP3 inflammasome activation, but has no impact on the 
activation of AIM2 and NLRC4 inflammasomes.19,33 The 
endoplasmic reticulum (ER) is the main intracellular Ca2+ 

reservoir and plays an important role in Ca2+ signaling. 
Previous studies have revealed that inositol 1,4,5-trispho-
sphate receptor (IP3R), a Ca2+-release channel on the ER, 
induces the release of Ca2+ and activation of NLRP3 inflam-
masome in response to extracellular calcium and ATP 
stimulation.19 Conversely, pharmacological inhibition or 
knockdown of the IP3R prevents Ca2+ mobilization and 
NLRP3 inflammasome activation.19 Calcium-sensing 
receptor (CaSR) is a G-protein coupled receptor with the 
capacity to sense extracellular calcium concentration. CaSR 
activates the NLRP3 inflammasome and IL-1β secretion via 
phospholipase C (PLC), which catalyses IP3R production 
and leads to Ca2+ release from ER.19,34 Rossol et al have 

Figure 2 Mechanism of activation of canonical NLRP3 inflammasome pathway (priming-signal 1 and activation-signal 2). Priming process (saffron yellow background) is 
triggered by pattern recognition receptors (PRR), such as TLR4 and NOD2, or cytokine receptors, such as IL-1R and TNFR, and then activate NF-κB, in turn contributing to 
the transcription and translation of NLRP3, pro-IL-1β and pro-IL-18. Activation process (light blue background) is boosted by pathogen-associated molecular patterns 
(PAMPs) or damage-associated molecular patterns (DAMPs), such as ATP, particulates and pore-forming toxins, which activate a number of upstream signaling events. These 
signaling events include ion fluxes, lysosomal leakage, reactive oxygen species (ROS) production, the release of oxidized mitochondrial DNA (mtDNA), and trans-Golgi 
disintegration. In addition, other specific events activate the NLRP3 inflammasome as well. For instance, RNA virus triggers the NLRP3 inflammasome activation via 
mitochondrial antiviral signaling protein (MAVS). The translocation of sterol regulatory element-binding proteins (SREBPs)-SREBP cleavage-activating proteins (SCAP) 
complex (SS complex) from endoplasmic reticulum to Golgi also can initiate NLRP3 inflammasome assembly. Likewise, phosphatidylinositol-4-phosphate (PtdIns4P) on 
dispersed trans-Golgi network can trigger NLRP3 inflammasome activation. The NLRP3 inflammasome activation leads to the cleavage of caspase-1, which in turn cleaves 
pro-IL-1β and pro-IL-18 as well as gasdermin D (GSDMD). The N-terminal cleaved GSDMD embeds into the membrane, forming pores and triggering cell swelling and lysis 
called pyroptosis.

https://doi.org/10.2147/JIR.S344730                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 7146

Jiang et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


suggested that the release of Ca2+ by necrotic cells mobi-
lizes ER Ca2+ storage and triggers the activation of NLRP3 
inflammasome via CaSR and the G protein-coupled cal-
cium-sensing receptor (GPRC6A).35

Another Ca2+ regulator, the C/EPB homologous pro-
tein (CHOP; also known as DDIT3), has been confirmed 
to be involved in the NLRP3 inflammasome activation.33 

As revealed in the study of Lebeaupin et al, administration 
of LPS or tunicamycin results in ER stress and up-regula-
tion of CHOP, while knockdown of Chop prevents the 
accumulation of active caspase-1 and IL-1β.36 However, 
the exact role of CHOP in NLRP3 inflammasome activa-
tion remains unknown. Additional studies have shown that 
the NLRP3 inflammasome activation induced by Ca2+ 

influx can be modulated by the transient receptor potential 
cation channels TRPM7 and TRPV2 during the process of 
regulatory volume reduction in macrophages.37

On the other hand, the opening of the cell membrane 
channel also initiates Ca2+ influx. In general, Ca2+ influx 
caused by the opening of the cell membrane channel is 
accompanied by K+ efflux, serving as a counterion to Ca2+ 

influx. Treatment with potassium on the extracellular side 
causes sustained calcium conduction from the extracellular 
side to the cytoplasmic side, rather than a transient calcium 
flux from intracellular stores, and thereby induces NLRP3 
inflammasome activation in ATP-exposed J774A.1 
macrophages,38 suggesting that K+ efflux and Ca2+ influx 
cooperate to activate the assembly of NLRP3 inflamma-
some. However, contradictory evidence has demonstrated 
that Ca2+ influx is not pivotal for NLRP3 inflammasome 
activation, as it occurs after NLRP3 inflammasome and 
caspase-1 activation.39 Hence, the role of Ca2+ influx in 
NLRP3 inflammasome activation remains controversial.

Cl− Efflux
Cl− is the second most abundant anion in the body and can be 
easily taken from salt (sodium chloride). Under physiological 
conditions, the Cl− concentration on the intracellular side (5– 
15 mM) is substantially lower than that on the extracellular 
side (110–130 mM).40 A study has shown that the reduction 
of extracellular Cl− concentration (from 130 mM to 9 mM) 
intensifies the maturation and secretion of IL-1β under ATP 
challenge via P2X7R-caspase-1-IL-1β signaling cascade in 
bone marrow-derived macrophages (BMDMs).41 However, 
Green et al have found that the level of extracellular IL-1β 
does not change under Cl− free conditions (with normal 
extracellular 5 mM K+), whereas IL-1β secretion is further 
enhanced in the combined absence of K+ and Cl− in 

BMDMs,20 indicating the synergistic role of K+ efflux and 
Cl− efflux in NLRP3 inflammasome activation. These contra-
dictory results may be due to different treatment concentra-
tions of Cl−.

Cl− channels [volume-regulated anion channel 
(VRAC) and chloride intracellular channel (CLIC)] have 
been verified to activate NLRP3 inflammasome.42,43 

Pharmacological inhibition of VRAC and CLIC blocks 
Cl− efflux, which then suppresses NLRP3 inflammasome 
activation.42,43 Besides, silencing the expression of CLIC 
family members (including Clic1, Clic4, and Clic5) inhi-
bits NLRP3 inflammasome activation and IL-1β secretion 
when exposed to NLRP3 agonist.43 Mechanistically, inhi-
bition of CLICs prevents NEK7-NLRP3 interactions, sup-
presses NLRP3-ASC complex formation and ASC 
oligomerization,43 implying that Cl− efflux mediated by 
CLICs facilitates NEK-NLRP3 interactions to trigger 
NLRP3 inflammasome activation.

ROS, Mitochondrial Dysfunction, and 
mtDNA
The generation of ROS, mitochondrial dysfunction-derived 
ROS (mtROS) or DNA (mtDNA) by multiple NLRP3 acti-
vators is a core mechanism for the assembly and activation 
of NLRP3 inflammasome. Mitochondria and NADPH oxi-
dases are two major cellular sources of ROS.

The hypothesis that ROS functions as a trigger of NLRP3 
activation is proposed by Cruz et al. They have demonstrated 
that inhibition of NADPH oxidase-derived ROS decreases the 
expression of caspase-1 and IL-1β in ATP-treated alveolar 
macrophages.44 Knockdown of the p22phox (a subunit of 
NADPH oxidase) markedly diminishes IL-1β expression in 
asbestos or monosodium urate (MSU)-treated THP1 cells, 
suggesting that ROS over-generation is an upstream event of 
NLRP3 inflammasome activation. Of note, ROS habitually 
promotes NLRP3 inflammasome activation in conjunction 
with other upstream events. ROS has been reported to trigger 
Ca2+ influx via transient receptor potential melastatin 2 
(TRPM2), and ultimately activate the NLRP3 inflammasome 
in liposomes-treated THP-1 cells.45 Tang et al have suggested 
that in the presence of NLRP3 agonists, ROS arouses the 
translocation of CLICs to the plasma membrane, which 
induces Cl− efflux and promotes NEK7-NLRP3 interaction, 
thereby activating NLRP3 inflammasome.43

Mitochondrial dysfunction triggers the activation of 
complex I and complex III of the electron transport 
chain, resulting in the production of mtROS. Both the 
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mitochondrial complex I inhibitor rotenone and tebufen-
pyrad, and complex III inhibitor antimycin A can potenti-
ate the NLRP3 induction, ASC speck formation and pro- 
IL-1β processing to IL-1β when exposed to NLRP3 
agonists.46,47 Likewise, mtDNA has been regarded as a 
DAMP for NLRP3 inflammasome activation.48 In the 
event of oxidative stress, mtROS and Ca2+ cooperate to 
open mitochondrial permeability transition (MPT) pores,49 

and the release of mtDNA into the cytoplasm is believed 
to be dependent on the MPT pores and mtROS.50 In 
particular, oxidized mtDNA can be released into the cyto-
sol where it binds to and activates the NLRP3 inflamma-
some in a mtROS-dependent manner upon impairment of 
mitochondria.50,51 Cytidine/uridine monophosphate kinase 
2 (CMPK2), a rate-limiting enzyme, provides deoxyribo-
nucleotides for mtDNA synthesis. It has been shown that 
CMPK2-dependent mtDNA synthesis is required for the 
production of oxidized mtDNA fragments after exposure 
to NLRP3 activators, highlighting the importance of 
CMPK2 in NLRP3 inflammasome activation through 
mtDNA synthesis. Conversely, scavenging ROS/mtROS 
[eg, N-acetyl-L-cysteine (NAC), mito-apocynin and 
MitoQ] or inhibiting mtDNA release into cytoplasm can 
restrain NLRP3 inflammasome activation.46,52,53 These 
studies imply that mtROS and mtDNA produced by mito-
chondrial impairment is potential inducer of the NLRP3 
inflammasome-mediated inflammatory response.

NCLX, the mitochondrial Na+/Ca2+ exchanger, under-
takes an important role in the balance between Ca2+ influx 
and efflux across the mitochondrial inner membrane. In 
high glucose-induced ECs, the expression of NCLX 
increases, and silencing of NCLX enhances mitochondrial 
Ca2+ influx and increases ROS generation, thus leading to 
NLRP3 inflammasome activation,54 which sheds light on 
the self-protective role of NCLX in mitochondrial main-
tenance and stability during NLRP3 inflammasome activa-
tion. Moreover, as shown by Zhou et al, treatment with 
uric acid crystals contributes to the dissociation of thior-
edoxin-interacting protein (TXNIP) from thioredoxin in a 
ROS-sensitive manner, which subsequently binds to 
NLRP3 and results in activation of the NLRP3 
inflammasome.55 These observations suggest the strong 
correlation between TXNIP and ROS in NLRP3 inflam-
masome activation.

A study discovered a novel mechanism for NLRP3 
inflammasome activation; the mitochondria-specific phos-
pholipid cardiolipin is proposed to be a necessary mediator 
for oxazolidinone antibiotic-induced NLRP3 inflammasome 

activation via directly binding to NLRP3 in a ROS-indepen-
dent manner, and functions as a mitochondrial butting site for 
NLRP3 inflammasome assembly.56 A very fresh study sug-
gested that the absence of IL-1α resulted in a decrease in 
caspase-1 activity and a consequent decrease in IL-1β and 
IL-18 secretion, concurrent with reduced mitochondrial 
damage; moreover, LPS priming of macrophages led to 
translocation of pro-IL-1α to mitochondria, where it directly 
interacted with mitochondrial cardiolipin.57 In addition, com-
putational modeling revealed a likely cardiolipin binding 
motif in pro-IL-1α, similar to that found in LC3b. Further 
experiments demonstrated that binding of pro-IL-1α to car-
diolipin in activated macrophages may interrupt cardiolipin- 
LC3b-dependent mitophagy, causing enhanced NLRP3 
inflammasome activation and IL-1β production.57 

Mitochondrial antiviral signaling protein (MAVS), an adap-
tor protein in the RNA sensing pathway, has been proven to 
play a critical role in the activation of the NLRP3 inflamma-
some during RNA virus infection and after stimulation with 
the synthetic RNA polyinosinic–polycytidylic acid.7,58 

MAVS urges the recruitment of NLRP3 to mitochondria 
and enhances its oligomerization and activation,58 suggesting 
that NLRP3 inflammasome activation through the mitochon-
drial pathway is not entirely dependent on mtROS or 
mtDNA.

Lysosomal Leakage
Phagocytosis of particulate matters activates NLRP3 
inflammasome by destroying lysosomes and releasing 
cathepsin, a lysosomal cysteine protease of the papain 
family, into the cytoplasm.59 The event of lysosomal acid-
ification is prior to lysosomal swelling and impairment, 
and is vital for NLRP3 activation.60 For example, bafilo-
mycin A1, a potent vacuolar H+-ATPase inhibitor, impedes 
lysosomal acidification and blocks NLRP3 inflammasome 
activation stimulated by particulate matters, such as silica 
and alum.60 To date, the cathepsin B, C, S, and Z have 
been identified to be involved in NLRP3 inflammasome 
activation.59,61–63 Utilization of cathepsin inhibitors (eg, 
cathepsin B inhibitor CA-074-Me and a broad cathepsin 
inhibitor K777) or knockdown of cathepsin blocks the 
NLRP3 inflammasome activation.62,64 Interestingly, 
impairment of lysosome triggers cathepsin D release and 
induces IL-1β secretion, but has no effect on NLRP3 and 
caspase-1 expression, suggesting that cathepsin D may be 
implicated in other inflammatory signaling pathways.65 

However, the specific mechanism underlying cathepsin D 
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and associated inflammatory signaling pathways remains 
unclear.

Of note, a generally accepted point is that only lysoso-
mal damage and rupture may demand additional signals to 
fully activate the NLRP3 inflammasome. For instance, 
Leu-Leu-O-methyl ester is a soluble lysosomotropic 
agent that induces activation of the NLRP3 inflammasome 
via the synergistic effects of lysosome membrane permea-
bilization and increased K+ efflux.66 A recent study 
showed a transfer of Ca2+ from lysosomes to cytosol 
after exposure of U937 and THP-1 cells to high glucose 
for 48 h, which leads to reduction of lysosomal Ca2+ 

concentration, the release of cathepsin B, and subsequent 
NLRP3 inflammasome activation,67 suggesting that Ca2+ 

mobilization is an important upstream event for lysosomal 
damage-mediated NLRP3 inflammasome activation.

Trans-Golgi Disintegration
The crucial role of the Golgi apparatus in NLRP3 inflam-
masome activation has been increasingly identified. Zhang 
and associates firstly reported the role of Golgi in NLRP3 
inflammasome activation. In response to NLRP3 activators 
stimulation, Golgi membranes are surrounded by mito-
chondria-associated endoplasmic reticulum membranes 
(MAMs), and diacyl glycerol (DAG) in Golgi increases, 
resulting in recruitment of protein kinase D (PKD).68 PKD 
further leads to phosphorylation of NLRP3, which is sub-
sequently released from MAMs and ultimately participates 
in the assembly of NLRP3 inflammasome,68 suggesting 
that the relationship between Golgi and MAMs during 
NLRP3 inflammasome activation is associated with the 
accumulation of DAG.

The interaction of ER and Golgi is implicated in NLRP3 
inflammasome activation. It has been proposed that pertur-
bation of ER-Golgi trafficking restrains NLRP3 inflamma-
some-dependent caspase-1 activation, suggestive of the 
engagement of ER-Golgi trafficking in NLRP3 activation.69 

ER-Golgi transport of the sterol regulatory element-binding 
proteins (SREBPs)-SREBP cleavage-activating proteins 
(SCAPs) complex may be a plausible explanation for the 
activation of NLRP3 inflammasome. Blockade of SCAP- 
SREBP2’s ER-to-Golgi translocation by interacting with 
SCAP significantly suppresses caspase-1 maturation and 
IL-1β or IL-18 secretion when treatment with NLRP3 ago-
nists in LPS-primed BMDMs.70 Chen et al uncovered the 
role of phosphatidylinositol-4-phosphate (PtdIns4P) on dis-
persed trans-Golgi network (dTGN) in NLRP3 inflamma-
some activation.71 In case of the TGN disintegration under 

NLRP3 activators, dTGN recruits NLRP3 by ionic bonding 
between its conserved polybasic region and PtdIns4P, 
thereby activating the downstream signaling cascade.71 

Conversely, disruption of the interaction between NLRP3 
and PtdIns4P on the dTGN blocks NLRP3 aggregation, 
caspase-1 activation, and IL-1β secretion. Hence, disinte-
gration of trans-Golgi undoubtedly induces NLRP3 inflam-
masome activation.

Other Mechanisms Regulate NLRP3 
Inflammasome Activation
Autophagy
Autophagy, an intracellular homeostatic mechanism, is 
responsible for delivering cytosolic constituents, including 
cytosolic macromolecules and organelles, to lysosomes for 
degradation and amino acid recycling. In yeasts and mammals, 
there are two conjugation systems involving ubiquitin-like 
proteins that contribute to the expansion of the phagophore: 
Atg12-Atg5-Atg16L1 complex and Atg8/LC3 system. The 
mission of these two systems is primarily to mentor the 
elongation of double-membrane phagosomes and the comple-
tion of mature autophagosome formation.72,73 Nowadays, 
numerous studies have confirmed that autophagy is related to 
the activation of NLRP3 inflammasome, but the specific role 
of autophagy in NLRP3 inflammasome activation is still 
debateable (Figure 3).

The first study to explicitly highlight the relationship 
between autophagy and IL-1 family cytokines revealed 
that deficiency of the autophagy-related gene 16 like-1 
(Atg16L1) in mouse fetal liver macrophages led to exces-
sive secretion of IL-1 upon TLR3/TLR4 stimulation,74 

suggesting that autophagy prevents NLRP3 inflammasome 
activation. Consistent with this result, Liu et al disclosed 
that retardation of autophagy by Sirtuin 3 (SIRT3) knock-
down induced Atg5 acetylation, autophagosome immatur-
ity and NLRP3 inflammasome activation.75 Similarly, 
Atg7 knockout triggers NLRP3 inflammasome activation 
and up-regulates caspase-1 expression upon stimulation by 
β-amyloid.76 These findings support the protective role of 
autophagy in the activation of NLRP3 inflammasome.

Potential mechanisms by which autophagy inhibits 
NLRP3 inflammasomes may be relevant to the reduction 
of ASC, phosphorylation of NLRP3, and clearance of 
mtROS or damaged mitochondria. A study has demon-
strated that hemin and its derivative, cobalt protoporphyrin 
(CoPP), significantly reduce IL-1β secretion in both human 
primary macrophages and BMDMs.77 Mechanistically, 
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hemin and CoPP are regarded as autophagy activators to 
inhibit NLRP3 inflammasome assembly by reducing the 
amount of ASC. On the contrary, inhibition of autophagy 
by 3-methyladenine (3-MA) prevents the CoPP-induced 
depletion of ASC, implying that the ASC depletion is a 
result of increased autophagy.77 Spalinger et al have dis-
covered that loss of protein tyrosine phosphatase non-recep-
tor type 22 (PTPN22) results in an increase of 
phosphorylation of NLRP3, which is a signal for NLRP3 
inflammasome inactivation. Moreover, NLRP3 inflamma-
some inactivation by the deletion of Ptpn22 is abrogated by 
inhibition of autophagy with 3-MA, wortmannin or bafilo-
mycin A1, indicating that confinement of NLRP3 in the 
phagophores is necessary in NLRP3 phosphorylation- 
mediated NLRP3 inflammasome inactivation.78 Besides, 
sestrin 2 (SESN2), a stress-inducible protein, suppresses 
NLRP3 inflammasome activation by clearance of damaged 
mitochondria through inducing mitophagy in LPS and ATP- 
treated BMDMs.79

However, evidence referring to the detrimental role of 
autophagy in NLRP3 inflammasome activation has 

emerged. Houtman et al have discovered that Beclin1, a 
regulatory protein of autophagy, affects cytokine produc-
tion of microglia. NLRP3, caspase-1, IL-1β and IL-18 
expression are increased in microglia isolated from 
Beclin1+/− mice compared to wild type microglia exposed 
to LPS and ATP.80 Moreover, it has shown that mycotoxin 
zearalenone can induce autophagy and NLRP3 inflamma-
some activation, and inhibition of autophagy by 3-MA 
exacerbates the expression of NLRP3 and downstream 
caspase-1 and IL-1β in zearalenone-exposed rat insuli-
noma cells via the activation of NF-κB signaling pathway.-
81 Besides, our group have also proved that in ECs treated 
with acrolein, the activation of autophagy occurs prior to 
the activation of the NLRP3 inflammasome, and blockade 
of autophagy via pre-treatment with 3-MA or Atg7 knock-
down aggravates NLRP3 inflammasome activation.82,83 

These studies indicate that autophagy promotes NLRP3 
inflammasome activation, and the possible explanations 
for the two contrary effects of autophagy on the NLRP3 
inflammasome may be that the models triggering NLRP3 
inflammasome activation or the degree of autophagy 

Figure 3 The role of autophagy in NLRP3 inflammasome activation. Autophagy plays a key role in NLRP3 inflammasome activation, but the role of autophagy remains 
controversial. On one hand, inhibition of autophagy-related genes (Atg5, Atg7, and Atg16L1) suppresses NLRP3 inflammasome activation; on the other hand, inhibition of 
autophagy-related genes (Atg7 and Beclin1) promotes NLRP3 inflammasome activation.
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activation by various stimuli differ, thus further work is 
needed to address this discrepancy.

Post-Translational Modifications
Post-translation modifications (PTMs) are defined as any 
change of a protein or an amino acid sequence after 
translation and synthesis from ribosome, including phos-
phorylation, ubiquitination, sumoylation, glycosylation 
and acetylation.84,85 Emerging studies have identified that 
both the priming process and subsequent activation phase 
of NLRP3 can be regulated by PTMs.86 However, the 
regulatory mechanisms of these PTMs are complicated, 
and some PTMs have dual effects on NLRP3. Of these, 
phosphorylation is the most widely recognized PTM and 
involves over hundreds of kinases and phosphatases that 
dynamically modulate the proteome. The effects of phos-
phorylation on the NLRP3 inflammasome are discussed 
next (Figure 4).

Phosphorylation of NLRP3 is first reported by 
Spalinger et al,78,87 (see “Autophagy”) who proposed 
that PTPN22 is a prerequisite for NLRP3 inflammasome 
activation, as Ptpn22 knockdown results in diminished IL- 
1β secretion.78 Dephosphorylation of Tyr861 (human) or 
Tyr869 (mouse) residue in the LRR domain of NLRP3 
positively regulates NLRP3 inflammasome activation.87 In 
addition to these sites, dephosphorylation of Ser5 (human) 
or Ser3 (mouse) residue by protein phosphatase 2A 
(PP2A) in the PYD of NLRP3 also induces NLRP3 
inflammasome activation.88 PP2A inhibition by okadaic 
acid and knockdown of Pp2a prevents ASC dissociation 
from IKKα and substantially suppresses NLRP3 inflam-
masome activation when exposure of BMDMs to 
nigericin.88,89 These studies reveal that dephosphorylation 
in the PYD structural domain may disrupt the interaction 

between NLRP3 and ASC, whereas maintaining a phos-
phorylated state induces the activation of NLRP3 inflam-
masome. Additionally, C-Jun N-terminal kinase 1 (JNK1)- 
mediated phosphorylation of NLRP3 at Ser198 (mouse) or 
Ser194 (human) in the NACHT domain is critical for the 
NLRP3 oligomerization, which promotes NLRP3 inflam-
masome assembly.90 Besides, phosphorylation of NLRP3 
mediated by PKD is essential for the complete activation 
of the NLRP3 inflammasome. Activated PKD interacts 
with NACHT of NLRP3 and phosphorylates Ser295 
(human) or Ser293 (mouse), resulting in NLRP3 discharge 
from MAMs to cytoplasm and eventually NLRP3 inflam-
masome maturation and activation.68

From above mentioned, phosphorylation of NLRP3 
can trigger NLRP3 inflammasome assembly, and phos-
phorylation of ASC or caspase-1 can also induce NLRP3 
inflammasome activation. Spleen associated tyrosine 
kinase (SYK) and JNK are able to active caspase-1 via 
the ASC-dependent NLRP3 inflammasomes. 
Phosphorylation of Tyr144 in mouse ASC is critical for 
speck formation and caspase-1 activation, which suggests 
that phosphorylation of ASC controls inflammasome activ-
ity through the formation of ASC specks.91 Lin et al also 
have reported that the phosphorylation of ASC both at 
Tyr144 (mouse) and Tyr187 (mouse) residues by SYK is 
critical to enhance for ASC oligomerization, pro-caspase-1 
recruitment, and NLRP3 inflammasome formation.92 

Intriguingly, SYK plays a cell type-specific role in 
NLRP3 inflammasome activation, given that this process 
is not indispensable in dendritic cells.91 Similarly, proline- 
rich tyrosine kinase 2 (PYK2) directly phosphorylates 
ASC at Tyr146 (human) to activate the NLRP3 
inflammasome.93 Mambwe et al have uncovered that the 

Figure 4 The role of phosphorylation in NLRP3 inflammasome activation. Phosphorylation plays a dual role in the activation of NLRP3 inflammasome. The pale green 
background represents phosphorylation of NLRP3 or ASC inhibits NLRP3 inflammasome activation, and the saffron yellow background represents phosphorylation of 
NLRP3 or pro-caspase-1 promote NLRP3 inflammasome activation. Activators and inhibitors of the NLRP3 inflammasome are represented by red and blue rounded 
rectangle, and phosphorylation sites on different domains of NLRP3 (LRR, NACHT, and PYD), ASC (PYD and CARD), and pro-caspase-1 (CARD, p10, and p20) from human 
and mouse species are indicated with (h) and (m), respectively.
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phosphorylation of Tyr60 (human) and Tyr137 (human) of 
ASC is critical for NLRP3 inflammasome assembly by 
site-directed mutagenesis of ASC tyrosine residues, but 
exactly which upstream molecules contribute to the phos-
phorylation has not been determined.94 Furthermore, p21- 
activated kinase 1 (PAK1) immunoprecipitated from 
lysates of Helicobacter pylori LPS-challenged THP-1 
cells induces phosphorylation of caspase-1 at Ser376 
(human), resulting to caspase-1 activation.95 To conclude, 
these phosphorylation events function as inflammasome 
activators and are crucial for NLRP3 inflammasome or 
downstream activation.

Otherwise, phosphorylation events can also inhibit 
NLRP3 inflammasome activation. It has been reported 
that ephrin type-A receptor 2 (EphA2), a transmembrane 
tyrosine kinase, interacts with NLRP3 and induces its 
phosphorylation of Tyr132 (mouse) in the PYD domain, 
thereby inhibiting NLRP3 inflammasome assembly in 
murine airway epithelial cells during reovirus infection.96 

Protein kinase A (PKA), a serine/threonine kinase, pre-
vents NLRP3 inflammasome activation through the induc-
tion of Ser295 (human) or Ser291 (mouse) residue 
phosphorylation of NLRP3 in the NACHT.97,98 Studies 
have put forward that prostaglandin E2 (PGE2) and bile 
acids, as two protective factors can activate PKA signaling 
by up-regulation of cytoplasmic cyclic adenosine mono-
phosphate (cAMP) levels, subsequent contribute to phos-
phorylation of the Ser295 residue of NLRP3, and 
inhibition of NLRP3 inflammasome activation.97,98 

Pharmacological activation of PKA by forskolin causes 
an increase of cytoplasmic cAMP levels and inhibits 
NLRP3 inflammasome activation through phosphorylation 
of Ser295 residues in NLRP3.97 Iκκα dual phosphorylates 
Ser16 (mouse) and Ser193 (mouse) of ASC, leading to the 
confinement of ASC in the nucleus and inactivation of 
downstream NLRP3 inflammasome assembly.89 In con-
trast, Iκκi enables ASC binding and phosphorylation of 
the Ser58 (human) site during LPS-induced priming, 
which promotes ASC translocation from the nucleus to 
the perinuclear region.89 These studies demonstrate that 
phosphorylation events block NLRP3 inflammasome 
activation.

MicroRNAs
MircroRNAs (miRNAs), endogenous noncoding RNA, are 
20–23 nucleotides in length and perform regulatory roles 
through base complementation with the 3′ untranslated 
region (3′ UTR) of protein-coding mRNAs.99 MiRNAs 

originate from long RNA hairpins precursor transcripts 
through the activity of the nucleases Drosha and Dicer, 
and dysregulation of miRNAs is correlated with the patho-
genesis of many chronic inflammatory diseases. For 
instance, miR-7 targets NLRP3 inflammasome and mod-
ulates neuroinflammation in the pathogenesis of 
Parkinson’s disease.100 MiR-20a inhibits NLRP3 expres-
sion via targeting TXNIP in adjuvant-induced arthritis 
fibroblast-like synoviocytes.101 Several miRNAs, such as 
miR-9, miR-155, miR-30c-5p, miR-181a, miR-181b-5p, 
and miR-20a, regulate NLRP3 inflammasome activation 
in AS (see “NLRP3 inflammasome in AS” section).102–107 

These findings strongly support the importance of 
miRNAs in regulating NLRP3 inflammasome.

Mechanisms of Non-Canonical 
NLRP3 Inflammasome Activation
The non-canonical NLRP3 inflammasome pathway is 
characterized by a requirement of caspase-11 (in mouse) 
or caspase-4/caspase-5 (in human) in the activation of the 
NLRP3 inflammasome complex and secretion of IL-1β 
and IL-18 (Figure 5) in response to specific infection 
caused by intracellular LPS of Gram-negative bacteria 
(eg, Escherichia coli, Citrobacter rodentium, and Vibrio 
cholerae).108 It is proposed that caspase-4/caspase-5 and 
caspase-11 have certain specificity and affinity for direct 
binding of their CARD domains with the lipid A moiety of 
LPS to induce NLRP3 inflammasome activation.108,109 

Activated caspase-4/5 and caspase-11 cleave GSDMD, 
leading to pyroptosis in the absence of caspase-1.13 

However, neither activated caspase-4/5 nor caspase-11 
has the proteolytic activity processing pro-IL-1β and pro- 
IL-18. In general, caspase-4/5 or caspase-11-mediated pyr-
optosis works in collaboration with the NLPR3 inflamma-
some to promote inflammatory response. It has been 
revealed that caspase-11 instigates the extracellular release 
of ATP, followed by activation of the P2X7R and K+ 

efflux, which then results in the activation of the NLRP3 
inflammasome and pyroptosis independent of GSDMD.110 

Akin to the mechanisms of the canonical pathway, K+ 

efflux through the pannexin-1 channel is an upstream 
event of caspase-11-mediated NLRP3 inflammasome 
activation.110 Interestingly, stimulation of LPS directly 
induces the release of endogenous ATP from human 
monocytes and activates the P2X7R, thereby triggering 
the activation of the NLRP3 inflammasome and the 
maturation of IL-1β.111 Nevertheless, in mouse bone 
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marrow-derived dendritic cells, exposure to LPS alone 
induces IL-1β secretion independent of the ATP-P2X7 

pathway.111 Of note, deficiency of pannexin-1 in murine 
BMDMs deprives caspase-11-pannexin-1 axis, but still 
leads to K+ efflux and NLRP3 inflammasome activation 
independent of P2X7,110 indicating that ATP-P2X7- 
mediated K+ efflux is dispensable for the activation of 
the non-canonical NLRP3 inflammasome, and distinct 
cell types or germ lines may have different mechanisms 
for the activation of NLRP3 inflammasome.

Studies have unveiled the role of type I interferon 
(IFN) signaling in the activation of non-canonical 
NLRP3 inflammasome.112,113 Recognition of Gram-nega-
tive bacterial LPS by TLR4 triggers TRIP-mediated IFN 
signaling, which then increases caspase-11 expression.113 

Under the circumstance of Gram-negative bacterial infec-
tion, IFN signaling is activated and the expression of 

guanylate-binding proteins (GBPs) is increased. GBPs 
are recruited to the pathogen-containing vacuole (PCV), 
where they mediate rupture of the PCV and induce the LPS 
release into the cytoplasm to interact with caspase-11. 
After that, the combination of LPS with caspase-11 acti-
vates the proteolytic function of caspase-11, resulting in 
caspase 1-dependent IL-1β/18 processing. Besides, acti-
vated caspase-11 induces the cleavage of GSDMD, 
which triggers pyroptotic cell death.114 However, IFN 
inhibits NLRP3 inflammasome-dependent IL-1β secretion 
in response to urate crystals and ATP (in canonical NLRP3 
inflammasome signaling),115 suggesting that IFN has dual 
effects in NLRP3 inflammasome activation. In conclusion, 
these data underline the importance of IFN signaling in the 
NLRP3 inflammasome surveillance of bacterial infections.

In addition to the LPS of Gram-negative bacteria, there is 
some evidence supporting the role of certain lipids as caspase- 

Figure 5 Mechanism of activation for non-canonical NLRP3 inflammasome pathway. The non-canonical NLRP3 inflammasome activation is induced by LPS of Gram-negative 
bacteria. Extracellular LPS induces the expression of pro-IL-1β, pro-IL-18, NLRP3, and type I interferon (IFN) via the TLR4/TRIF/MyD88-dependent pathway. IFN provides a 
feedback loop and activates type I interferon receptor (IFNR) to induce caspase-4/5 (mouse) or caspase-11 (human) expression. Guanylate-binding proteins (GBPs) are 
recruited to the pathogen-containing vacuole (PCV), where they mediate rupture of the PCV to permit the LPS release into the cytoplasm. Gram-negative bacteria deliver 
LPS into the cytosol. Cytosolic LPS binds to caspase-11 leading to caspase-11 activation. Activated caspase-11 then drives pyroptosis and activation of the non-canonical 
NLRP3 inflammasome.
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11 activators. Oxidized-1-palmitoyl-2-arachidonoyl-sn-gly-
cerol-3-phosphorylcholine (Ox-PAPC, 100 µg/mL), an endo-
genous oxidized phospholipid, binds to caspase-11 and 
induces caspase-11-dependent IL-1β release in murine bone 
marrow-derived dendritic cells.116 However, it is interesting to 
note that although LPS triggers caspase-11-mediated IL-1β 
release as well as pyroptosis, Ox-PAPC only triggers IL-1β 
release, resulting in a hyper-activated status without cell 
death.116 These differences probably are attributed to the dif-
ferent binding sites of caspase-11 targeted by LPS and Ox- 
PAPC, and their discrepancy in terms of promoting caspase-11 
enzyme activity. Intriguingly, exposure to different concentra-
tions of Ox-PAPC (10 ng/well-200 ng/well) inhibits IL-1β 
release and pyroptosis in LPS-incubated BMDMs.117 Ox- 
PAPC competes with LPS to bind the CARD and catalytic 
domain of caspase-11 by employing caspase-11 mutants (cas-
pase-11ΔCARD and caspase-11C254A) and pull-down assay,117 

unraveling a virtually identical binding modality of caspase-11 
by LPS and Ox-PAPC. Consequently, the role of Ox-PAPC is 
still unknown. Probably, low concentrations of Ox-PAPC can 
inhibit the activation of the NLRP3 inflammasome, and a toxic 
response arises with increasing concentrations, which in turn 
leads to the activation of the NLRP3 inflammasome. 
Moreover, stearoyl lysophosphatidylcholine (SLPC), another 
oxidized phospholipid, blocks LPS binding to caspase-11 and 
shields mice from lethal endotoxemia.118 PGE2 inhibits cas-
pase-11-driven pyroptosis in BMDMs via interacting with 
caspase-11.119 In consequence, the exact role of endogenous 
lipid-based inflammatory mediators in the non-canonical sig-
naling pathway is unclear.

Mechanisms of Alternative NLRP3 
Inflammasome Activation
As mentioned above, NLRP3 inflammasome activation 
triggers caspase-1 activation and IL-1β maturation through 
priming and activation signaling pathways. Nevertheless, 
NLRP3 inflammasome activation does not invariably com-
ply with the two-step activation model. Stimulation with 
LPS alone induces caspase-1-dependent IL-1β maturation 
and secretion in human monocytes, but not in murine 
monocytes.120,121 This type of NLRP3 inflammasome acti-
vation is found to be mediated by the TRIF-RIPK1- 
FADD-caspase-8 axis in human and porcine peripheral 
blood mononuclear cells, but not murine cells.122 K+ 

efflux, ASC speck formation and pyroptosis are not 
required in this pathway.122 A recent study has suggested 
that apolipoprotein C3 (ApoC3) induces NLRP3 

inflammasome activation in human monocytes through 
this signaling pathway via caspase-8 and dimerization of 
TLR-2 and TLR-4.123 Furthermore, they have unveiled 
that alternative inflammasome activation in human mono-
cytes is mediated by the TLR adapter protein-SCIMP, 
which induces the activation of caspase-8 by triggering 
tyrosine kinase LYN/SYK-dependent calcium influx and 
the production of ROS.123 This specific activation pathway 
induced by TLR2 or TLR4 signaling pathway without 
involving other secondary activators, is referred to as 
alternative NLRP3 inflammasome activation (Figure 6).

NLRP3 Inflammasome in AS
Endothelial cells (ECs), immune cells (such as monocytes, 
macrophages and dendritic cells), and SMCs are three 
types of cells involved in AS pathogenesis and are able 
to express components of NLRP3 inflammasome,124–126 

which is emphasized by a large number of studies to 
play an important role in the pathogenesis of AS. 
Therein, IL-1β and IL-18 are NLRP3 inflammasome acti-
vation products that play a key role in atherogenesis. In 
murine as well as human atherosclerotic coronary arteries, 
IL-1β is produced by ECs, macrophages and SMCs.127,128 

Compared to the ApoE−/− (knockout of apolipoprotein E) 
mice, ApoE−/− and IL-1β−/− (double knockout of apolipo-
protein E and IL-1β) mice show an approximately 30% 
reduction in the size of atherosclerotic plaques, demon-
strating that IL-1β is a deleterious regulator in atherogen-
esis. Surprisingly, one recent study showed the 
atheroprotective effect of IL-1β in mice with advanced 
atherosclerotic lesions, including promotion of cardiac 
outward remodelling and formation and maintenance of 
fibrous cap.129 Evidently, the role of IL-1β in AS depends 
on the stage of AS.

The role of NLRP3 inflammasome in AS is firstly 
reported by Duewell et al in 2010.124 They discovered 
that absence of Nlrp3, Asc or IL-1α/β in the bone marrow 
cells in atheroprone low-density lipoprotein receptor 
(Ldlr)−/− mice results in smaller size of atherosclerotic 
lesions. Consistent with this notion, in 2015, transplanta-
tion of caspase-1−/− or caspase-11−/− bone marrow into 
Ldlr−/− mice induced a significant decrease in the size of 
atherosclerotic plaques, after 12 weeks feeding of high-fat 
diets (HFD) and high-cholesterol diets (HCD).130 In recent 
years, several epidemiological studies have revealed the 
relationship between the activation of NLRP3 inflamma-
some and development of AS in human beings. High 
expression of NLRP3 in the aorta is observed in patients 
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undergoing coronary artery bypass graft, and the expres-
sion of NLRP3 in ascending aortic tissues is dramatically 
higher than those without AS and is positively correlated 
with the severity of AS lesions and risk factors of AS.131 

Moreover, compared to healthy arteries in patients, the 
transcription and translation levels of NLRP3, ASC and 
caspase-1, as well as IL-1β and IL-18 were significantly 
increased in carotid plaques, which was proposed in 
2015.132 Besides, a study in 2016 has shown that in 
human atherosclerotic plaque samples, NLRP3 and ACS 
co-exist in CD68-positive macrophages, as well as in 
SMCs.133 Recently, evaluation of functional dependency 
of single-nucleotide polymorphisms in NLRP3 inflamma-
some activation in monocyte-enriched peripheral blood 
mononuclear cells reveals a significantly higher incidence 
of coronary heart disease in individuals carrying NLRP3 
intronic variant rs10754555 than in non-carriers.134 

However, a study published in 2016 found no significant 
association between NLRP3 polymorphisms and suscept-
ibility to CVD in patients with pre-hypertension,135 possi-
bly due to the small size of the cohort and the sample size 

needs to be increased to improve the authenticity of the 
results.

Numerous NLRP3 agonists drive NLRP3 inflamma-
some activation in various way. Herein, the role of 
NLRP3 inflammasome activation in ECs and monocytes/ 
macrophages in AS is discussed as follows.

Vascular Endothelial Cells Injury
Covering the inner surface of the blood vessels as a single 
layer, ECs are responsible for transporting nutrients from 
the blood to surrounding tissues, providing them with 
essential nutrients for growth and metabolism.136 Lesions 
of the ECs is an inaugural step in AS, and both mechanical 
injury (eg, hemodynamic force) and chemical injury (eg, 
tobacco smoking, heavy metal exposure, hyperlipemia, 
and hyperglycemia) can cause EC damage.137–139 In ECs, 
these stimuli trigger NLRP3 inflammasome activation, 
which secretes IL-1β and IL-18 to promote further inflam-
matory processes.8 Activated caspase-1 has been reported 
to promote the expression of C-X-C motif chemokine 
ligand 16 (CXCL16) and its receptor CXCR6, resulting 

Figure 6 Mechanism of activation for alternative NLRP3 inflammasome pathway. The alternative NLRP3 inflammasome pathway is triggered by TLR2/TLR4. LPS binds to 
TLR2/TLR4, which results in up-regulation of pro-1β, pro-18, and NLRP3 via the NF-κB signaling pathway. However, this type of NLRP3 inflammasome activation is mediated 
by the TRIF-RIPK1-FADD-caspase-8 axis, whereas K+ efflux, ASC speck formation and pyroptosis are not required in this pathway.
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in the recruitment of T lymphocytes into endothelium, 
consequently stimulating and propelling the inflammatory 
response of ECs.140 Secreted IL-1β and IL-18 also foster 
the secretion of adhesion molecules [eg, E-selectin, inter-
cellular adhesion molecule-1 (ICAM-1) and vascular cell 
adhesion molecule-1 (VCAM-1)] and secondary inflam-
matory factors [eg, IL-6 and C-reactive protein (CRP)], 
inducing a potent pro-inflammatory response.8 With this 
positive feedback regulation, the injury of ECs is further 
exacerbated. Besides, NLRP3 inflammasome-mediated 
pyroptosis has been identified as a potential cause of ECs 
death.

An increasing number of stimuli have been reported to 
activate NLRP3 inflammasome through different mechan-
isms (Table 1). The disturbed blood flow and associated 
oscillatory stress (OS) at the point of arterial curvature and 
branch points are physical risk factors for AS that can 
trigger inflammatory response in ECs. Xiao et al found 
that the expression of caspase-1 and IL-1β is significantly 
increased in both ECs and the lesser curvature of the aortic 
arch in C57BL/6 mice under OS stress.141 More recently, a 
similar study has proposed that m6A methyltransferase- 
METTL3 expression and m6A hypermethylation are 
increased as a response to disturbed flow and OS, while 
knockdown of Mettl3 prevents the atherogenic process and 
NLRP3 up-regulation in AS model induced by partial 
ligation of the carotid artery.142 Recent studies identified 
low shear stress as another physical risk factor for the 
onset and development of AS, which is involved in ECs 
injury. As shown by Xu et al, low shear stress suppresses 
miR-181b-5p expression, accompanied by the elevated 
expression of signal transducer and activator of transcrip-
tion 3 (STAT3) and NLRP3-dependent pyroptosis in 
ECs.106 STAT3 works as a direct target of miR-181b-5p 
to regulate NLRP3 inflammasome activation. Introduction 
of miR-181b-5p or silencing of Stat3 can alleviate NLRP3 
inflammasome-dependent pyroptosis.106

Hyperlipidemia [eg, increase of total serum cholesterol, 
ApoC3, low-density lipoprotein cholesterol (LDL-C), and 
especially oxidized LDL (ox-LDL)] and hyperglycemia 
serve as hazard factors of AS and lead to NLRP3 inflam-
masome in ECs.143,144 Early hyperlipidemia facilitates 
ECs activation prior to monocyte recruitment via cas-
pase-1-sirtuin 1 axis and ROS generation, followed by 
pyroptosis of ECs.143,145 Early AS can be attenuated in 
ApoE(-/-)/caspase-1(-/-) mice, indicative of a detrimental 
role of ApoE and caspase-1 in AS development. Another 
study has suggested that TNF-α receptor-associated factor- 

interacting protein with forkhead-associated domain 
(TIFA) regulates the priming and activation of NLRP3 
inflammasome in ECs by generating ROS under hypergly-
cemia conditions.146 Moreover, LDL triggers ER stress 
and ROS generation, which then activates the NLRP3 
inflammasome and ultimately leads to ECs injury.147 

Similarly, Huang and co-workers found that exposure to 
ox-LDL in ECs or feeding mice with HFD triggers ROS 
generation, contributing to NLRP3 inflammasome activa-
tion and IL-1β secretion; whereas, endothelia-specific 
Nlrp3 knockout attenuates the severity of AS in HFD-fed 
mice.148 In addition, intraperitoneal administration of 
poloxamer 407-induced acute hypercholesterolemia in 
mice aggravates endothelial dysfunction in normal 
Nlrp3+/+ coronary arteries, which is markedly ameliorated 
in Nlrp3−/− mice, and exposure of ECs to cholesterol 
crystals induces NLRP3 inflammasome activation and 
pyroptosis.149 Besides, hyperglycemia is supposed to 
induce endothelial NLRP3 inflammasome activation via 
up-regulation of E74-like ETS transcription factor 3 
(ELF3).150 Mechanistically, high glucose increases ELF3 
expression, reduces histone methyltransferase-SET8 
expression, and improves microtubule affinity-regulating 
kinase 4 (MARK4) promoter activity, thus leading to 
NLRP3 inflammasome activation.150 These findings pro-
vide new insights into the development of therapeutic 
strategies for AS.

An increasing number of miRNAs have been proved to 
be involved in AS development via ECs injury in the 
presence of ox-LDL. For instance, miR-125a-5p can med-
iate ox-LDL-induced pyroptosis in ECs via abnormal 
DNA methylation and mitochondrial dysfunction/ROS 
pathway. MiR-125a-5p down-regulates ten eleven translo-
cation methylcytosine dioxygenase 2 (TET2) and pro-
motes the activation of NF-κB, NLRP3 and caspase-1, 
which eventually results in pyroptosis.151 Moreover, 
miR-20a expression is decreased in ox-LDL-irritative 
ECs, specifically, it negatively regulates MyD88/NF-κB- 
mediated NLRP3 pathway by interacting with TLR4 and 
TXNIP,107 indicating a protective role of miR-20a in the 
activation of NLRP3 inflammasome. Likewise, miR-30c- 
5p plays a protective role in NLRP3 inflammasome acti-
vation as well. The expression of miR-30c-5p is decreased 
upon treatment of ox-LDL in ECs, while overexpression 
of miR-30c-5p protects ECs from ox-LDL-induced 
NLRP3 inflammasome activation and pyroptosis.104 

These AS-associated miRNAs provide new vision for 
inhibition of AS development under ox-LDL stress.
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Exogenous stimuli can also induce NLRP3 inflamma-
some activation and cause AS. Tobacco smoking is a 
major contributor of AS, in which nicotine, a chemical 

constituent of tobacco, results in larger atherosclerotic 
plaques and secretion of inflammatory cytokines in 
ApoE−/− mice fed with HFD.152 Exposure of ECs to 

Table 1 The Role of Vascular Endothelial Cells (ECs) Injury in Atherogenesis

Risk Influences and Potential Mechanisms References

Vascular 
endothelial 

cells

Hemodynamic 
force

Disturbed 
blood flow and 

associated 

oscillatory 
stress

↑ Endothelial inflammation 
↑ m6A methyltransferase-METTL3 expression 

↑ m6A methylation level

[141,142]

Low shear 
stress

↑ NLRP3 activation, and pyroptosis 
↑ STAT3 expression 

↓ miR-181b-5p expression

[106]

Hyperlipidemia ↑ ROS/mtROS generation 

↑ ER stress 
↑ NLRP3 activation 

↑ ICAM-1, MyD88, TLR4, TRIF, and TXNIP expression 

↑ Caspase-1-sirtuin 1 axis, IL-1β secretion and pyroptosis 
↑ TET2 expression and NF-κB activity 

↑ miR-125a-5p expression 

↓ miR-20a. and miR-30c-5p expression

[104,107,143,145–149,151]

Hyperglycemia ↑ ELF3 expression 

↑ MARK4 promoter activity 
↑ NLRP3 activation 

↓ Histone methyltransferase-SET8

[150]

Tobacco 

smoking

Nicotine ↑ ROS-mediated NLRP3 activation 

↑ Cathepsin B-dependent NLRP3 pathway 

↑ IL-1β and IL-18 secretion and pyroptosis 
↑ LDH activity

[152,153]

Acrolein ↑ ROS-dependent autophagy 
↑ Cathepsin B-dependent NLRP3 activation 

↑ IL-1β and IL-18 secretion and pyroptosis 

↑ LDH activity 
↓ ECs migration

[82,83]

Heavy metals Hexavalent 
chromium

↑ ROS generation 
↑ JNK and p38 MAPK pathways 

↑ ICAM-1 and VCAM-1 expression 

↑ TNF-α, NLRP3 and IL-1β expression

[154]

Cadmium ↑ mtROS generation 

↑ NLRP3 activation 
↑ Caspase-1 cleavage, IL-1β secretion and pyroptosis

[155]

Trimethylamine-N-oxide ↑ mtROS generation 
↑ NLRP3 activation 

↓ SOD2 activation and SIRT3 expression

[156]

SARS-CoV-2 ↑ Endothelial dysfunction 

↑ NLRP3 activation

[157]

Note: ↑ Represents up-regulation; ↓ Represents down-regulation.
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nicotine activates the NLRP3 inflammasome and induces 
cell pyroptosis through the ROS signaling pathway. 
Nicotine induces cleavage of caspase-1, secretion of IL- 
1β and IL-18, and elevation of LDH activity, while silen-
cing of Nlrp3, scavenging of ROS by NAC, or inhibition 
of caspase-1 by VX-765 suppresses these pathways.152 

Furthermore, nicotine-induced ECs dysfunction can be 
triggered by cathepsin B-dependent NLRP3 inflamma-
some activation.153 We previously have found another 
chemical constituent of tobacco, acrolein, induces 
NLRP3 inflammasome-mediated cell pyroptosis via 
ROS-dependent autophagy and cathepsin B-dependent sig-
naling pathway.82,83 Besides, exposure to heavy metals, 
such as hexavalent chromium and cadmium, are also 
believed to result in NLRP3 inflammasome activation 
and pyroptosis in ECs via ROS/mtROS signaling 
pathway.154,155 Trimethylamine-N-oxide (TMAO) has 
recently been recognized as a novel and independent risk 
factor that promoting AS by inducing vascular inflamma-
tion. It has been showed that TMAO activates NLRP3 
inflammasome via engagement of mtROS signaling 
pathway.156 A very fresh study has suggested that SARS- 
CoV-2 attacks the immune system, which results in 
NLRP3 inflammasome activation and perpetuates a 
vicious cycle of deteriorated endothelial dysfunction that 
further promotes AS.157 Taken together, endothelial 
NLRP3 inflammasome activation plays an important role 
in AS development.

Notably, it has been proved that NLRP3 inflammasome 
activation up-regulates the expression of ICAM-1 and 
E-selectin in ECs after treatment with macrophage-derived 
microparticles (MPs).158 Knockdown of Nlrp3 in THP-1 
cells reduces the activity of the MPs, and blockade of the 
IL-1 receptor (IL-1R) in MPs-treated ECs suppresses the 
expression of cell adhesion molecules.158 This study 
implies that NLRP3 inflammasome activation in ECs 
probably may be an intricate progress involving the 
engagement and regulation of multiple types of cells. 
The cross-talk between ECs and macrophages needs 
further investigation.

The Infiltration of Monocytes/ 
Macrophages and the Formation of Foam 
Cells
Recruitment of monocytes/macrophages into the intima 
and subintima and formation of foam cells are pathological 
hallmarks of AS.159 The importance of innate and adaptive 

immune factors in AS is increasingly highlighted. 
Monocytes, as a type of immune cells, play an important 
role in the development and exacerbation of AS. 
Mechanistically, uptake of excessive oxidized lipoproteins 
followed by monocyte infiltration and lipid-rich foam cell 
formation results in the formation of early plaques called 
fatty streaks.160 Lipid-laden macrophages generate extra-
cellular matrix (eg, collagen), and subsequently form a 
fibrous plaque called atheroma. Inflammatory macro-
phages in the atheroma enlarge the lesion area by secreting 
growth factors, cytokine, and proteases, which gradually 
destabilize the plaque and eventually lead to plaque dis-
ruption and thrombosis.161 In this process, monocytic 
NLRP3 inflammasome activation is a key event driving 
AS (Table 2).

Tobacco smoking not only induces NLRP3 inflamma-
some activation in ECs, but also in monocytes. A study 
recruiting 100 patients with coronary heart disease found 
that smokers have higher burden of plaque, and expression 
of TXNIP, IL-1β and IL-18 than non-smokers.162 

Treatment of BMDMs with nicotine enhances lipid pha-
gocytosis, chemotaxis, and ROS generation, which 
induces TXNIP/NLRP3 axis activation and pyroptosis. 
Nicotine intake by ApoE-/- mice fed HFD shows a similar 
result.162 Moreover, exposure to tobacco smoke conden-
sate activates NLRP3 inflammasome in THP-cells, which 
is indicated by up-regulation of NLRP3 at both transcrip-
tional and translational levels, and increase of IL-1β and 
IL-18 expression.125 After treatment with MyD88 inhibitor 
(NBP2-29328) in tobacco smoke condensate-exposed 
THP-1 cells, NLRP3, caspase-1, IL-1β and IL-18 expres-
sion are significantly attenuated via suppression of NF-κB, 
suggesting that MyD88/NF-κB pathway is an upstream 
regulator of NLRP3 inflammasome in smoking-induced 
AS.163 Intriguingly, NLRP3 inflammasome activation is 
inhibited by tobacco smoke condensate in a study, while 
caspase-1 is activated via TLR4-caspase-8-dependent 
pathway,164 demonstrating that tobacco smoking is a sti-
mulator of caspase-1 activation, IL-1β and IL-18 secretion, 
and contributes to the development of AS via different 
inflammatory signal pathways.

Total serum cholesterol, LDL-C and ox-LDL can also 
induce macrophages to secrete inflammatory factors that 
aggravate AS. Cholesterol crystals are phagocytosed by 
macrophages, causing lysosomal destabilization and leakage 
of cathepsin B to cytoplasm, which then activates NLRP3 
inflammasome.165 Besides, macrophages phagocytosis also 
causes K+ efflux that further activates NLRP3 
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inflammasome.165 Consistently, cholesterol is identified to 
induce NLRP3 inflammasome activation and atherogenesis 
both in monocytes and mice model.166 Importantly, choles-
terol transporters ATP binding cassette A1 and G1 (ABCA1/ 
G1) mediate cholesterol efflux to high-density lipoprotein 
(HDL), which then suppresses NLRP3 inflammasome acti-
vation. Therefore, ABCA1/G1 play a protective role against 
NLRP3 inflammasome activation,166 As such, stimulation 
with ox-LDL in THP-1 cells up-regulates P2X7R, NLRP3 
and IL-1β expression.167 Moreover, the expression of P2X7R 
in the atherosclerotic lesions of the aortic sinuses is higher in 
ApoE−/− mice than in the wild type.167 Knockdown of P2x7r 
attenuates the development of AS in ApoE−/− mice,167 indi-
cating that P2X7R serves as an NLRP3 driver and plays a key 
role in the development of AS. Other lipids [eg, the saturated 

fatty acid (palmitate and stearate) and its metabolic product 
ceramide and triglyceride], which are danger factors of AS, 
can also trigger macrophage NLRP3 inflammasome-depen-
dent pyroptosis and accentuate AS development.168–170

Chronic inflammation induced by some components of 
bacteria is an additional risk factor that can lead to AS. As 
reported by Chen and co-workers, injection of Lactobacillus 
casei cell wall extract (LCWE) and feeding with HFD for 8 
weeks in ApoE or Ldlr knockout mice shows a dramatic 
acceleration of AS.171 Besides, LCWE induces atherogenesis 
through activation of caspase-1 and secretion of IL-1β and 
IL-18 by CD11c+ macrophages, whereas deletion of cas-
pase-1 or Nlrp3 inhibits atherogenesis.172 Chronic 
Chlamydia pneumoniae infection has been associated with 
AS development.173 It has been established that the 

Table 2 The Role of Monocytes/Macrophages Infiltration in Atherogenesis

Risk Influences and Potential Mechanisms References

Monocytes/ 
macrophages

Tobacco 
smoking

Nicotine ↑ Lipid phagocytosis and chemotaxis 
↑ ROS-mediated TNXIP/NLRP3 pathway

[162]

Tobacco smoke 
condensate

↑ NLRP3 activation 
↑ IL-1β and IL-18 secretion

[125]

Tobacco smoke 
condensate

↑ TLR4-caspase-8-dependent caspase-1 pathway 
↓ NLRP3 activation

[164]

Hyperlipidemia Cholesterol 

crystals

↑ Lysosomal destabilization and cathepsin B expression 

↑ K+ efflux 

↑ NLRP3 activation 
↓ Myeloid ABCA1/G1 expression

[165,166]

Palmitate and 
stearate

↑ NLRP3 activation 
↑ IL-1β secretion

[168]

Triglyceride ↑ IL-1β secretion 
↑ Caspase-1 activation

[170]

ox-LDL ↑ JAK1/STAT pathway 
↑ ERK1/2 phosphorylation 

↑ MEK/ERK/NF-κB pathway 

↑ NLRP3 activation 
↑ miR-155 expression 

↓ miR-9 and miR-181a expression

[102,103,105,167]

Chronic 

inflammation

Lactobacillus casei ↑ Caspase-1 production 

↑ IL-1β and IL-18 secretion

[171,172]

Chlamydia 
pneumoniae

↑ TLR2 expression 

↑ NLRP3 activation 

↑ Lipid uptake or utilization

[175,176]

Porphyromonas 
gingivalis

↑ IL-1β, IL-18 and TNF-α production [177]

Note: ↑ Represents up-regulation; ↓ Represents down-regulation.
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atherogenic effects of Chlamydia rely on serum cholesterol 
and are specific for pneumoniae.174 Chlamydia pneumoniae 
induces macrophage foam cell formation predominantly via 
modulation of TLR2.175 Moreover, it has been shown that in 
addition to eliciting NLRP3 inflammasome activation, 
Chlamydia pneumoniae can also harness NLRP3 inflamma-
some activation for intracellular replication via increased 
lipid uptake or utilization of chlamydial inclusions.176 

Porphyromonas gingivalis has been shown to accelerate 
development of atherosclerotic lesion in hyperlipidemic ani-
mals. Oral infection with Porphyromonas gingivalis signifi-
cantly increases the area of atherosclerotic plaque covering 
the aortic sinus and alveolar bone loss in ApoE−/− mice.177 

Stimulation with Porphyromonas gingivalis enhances IL-1β, 
IL-18 and TNF-α production in peritoneal macrophages, and 
gene expression of Nlrp3, pro-IL-1β, pro-IL-18 and pro- 
caspase-1 in gingiva and aorta.177 It can be seen from the 
above, chronic inflammation caused by some special bacteria 
is a potential risk of NLRP3 inflammasome-driven AS.

In addition to these regulators and risk factors, some 
miRNAs are deemed to affect monocyte/macrophage 
NLRP3 inflammasome activation in AS. MiR-9, a known 
target of inflammatory pathway, recently has been con-
firmed to be a negative regulator of NLRP3 inflamma-
some, thereby attenuating AS.102,178 It has been shown 
that miR-9 is down-regulated in peripheral blood mono-
nuclear cells isolated from patients with acute coronary 
syndrome and ApoE−/− mice fed with HFD.178 In ox-LDL- 
stimulated human THP-1 derived macrophages, inhibition 
of miR-9 aggravates NLRP3 inflammasome assembly via 
activation of Janus kinase 1 (JAK1)-STAT.102 Moreover, 
as reported by Yin et al, miR-155 is remarkably up-regu-
lated in intravascular plaques of ApoE−/− mice fed with 
HFD.103 Transfection of miR-155 promotes the ox-LDL- 
induced NLRP3 inflammasome activation in THP-1 
macrophages and aggravates atherosclerosis in ApoE−/− 

mice through phosphorylation of extracellular signal-regu-
lated kinase 1/2 (ERK1/2).103 More recently, miR-181a 
has been suggested to be involved in atherogenesis. In 
the carotid of AS mice and ox-LDL-stimulated THP-1 
macrophages, the expression of miR-181a is down-regu-
lated, while the expression of meiosis-specific serine/ 
threonine-protein kinase 1 (MEK1) and NLRP3 is up- 
regulated. Exogenous overexpression of miR-181a inhibits 
the activation of the MEK/ERK/NF-κB pathway and 
decreases the expression of NLRP3 inflammasome-related 
proteins, including NLRP3, caspase-1, IL-18 and IL-1β.105

Targeting the NLRP3 
Inflammasome for the Treatment of 
AS
Owing to its crucial role in the pathogenesis of inflamma-
tory response, NLRP3 is a promising therapeutic target for 
AS. To date, a number of advances have been achieved in 
identifying exogenous compounds that suppress NLRP3 
inflammasome activation or IL-1 activity. Whilst most of 
them are still under pre-clinical studies, the canakinumab 
anti-inflammatory thrombosis outcome study (CANTOS) 
trial provides compelling evidence for their anti-inflamma-
tory effect in AS.179 The mechanisms of NLRP3 inflam-
masome activation are quite complicated, and thus a 
diverse range of targets are used to develop therapeutic 
strategies, such as suppression of upstream signaling path-
ways, inhibition of NLRP3 inflammasome activation, 
blockade of NLRP3 inflammasome assembly, suppression 
of caspase-1 activation and IL-1 secretion. Herein, several 
typical pharmacological inhibitors against AS develop-
ment will be discussed below (Table 3).

MCC950
MCC950 (also known as CP-456773), a diarylsulfonylurea- 
containing compound, inhibits ASC oligomerization as well 
as inflammasome assembly and activation, leading to a 
reduction in IL-1β production.180 MCC950 specifically inhi-
bits the NLRP3 inflammasome activation at nanomolar con-
centrations to reduce the secretion of IL-1β, but not the 
NLRP1, NLRC4 or AIM2 inflammasomes,180 implying 
that MCC950 partially blocks IL-1β secretion and maintains 
immune response to certain extent. The potential therapeutic 
effect of MCC950 in AS has been demonstrated in several 
studies. MCC950 ameliorates IL-1β release in BMDMs and 
dendritic cells in response to LPS and cholesterol crystals 
stimulation, and reduces the development of atherosclerotic 
lesions in ApoE−/− mice.181 Sharma et al found remarkable 
down-regulation of the caspase-1 and IL-1β expression in 
vitro under high glucose or LPS challenge, a reduction in 
plaque development, an increase in plaque stability, and 
improvement in vascular function in vivo.182 Similarly, 
MCC950 alleviates AS development in TMAO-treated ECs 
and in aortas from ApoE−/− mice, as demonstrated by 
reduced expression of NLRP3 and IL-1β.156 These results 
suggest that MCC950 is a potential small compound that 
improves the development of AS by targeting the NLRP3 
inflammasome.
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Table 3 Potential Drugs or Small Molecule Compounds for the Treatment of AS

Drugs or Small Molecule 
Compounds

Targets Influences and Potential Mechanisms References

MCC950 (CP-456773) NLRP3 (direct) ↑ Plaque stability and vascular function 

↓ NLRP3 expression 

↓ Caspase-1 expression and IL-1β secretion 
↓ Atherosclerotic lesions development

[156,180–182]

Tranilast ↑ Enhance plaque stability 
↓ NLRP3 oligomerization 

↓ Chymase secretion 

↓ Atherosclerotic lesion size

[184–186]

VX-740 Caspase-1 (direct) ↓ Caspase-1 cleavage 
↓ Pro-IL-1β/18 cleavage and pyroptosis 

↓ Atheroma progression and AS development

[189,193]

VX-765

Bay 11-7082 NF-κB and NLRP3 

(direct)

↓ IKKβ activity 

↓ NLRP3 inflammasome activation 

↓ VCAM-1, E-selectin and ICAM-1 expression 
↓ Pro-IL-1β level

[194,195,197,198]

Canakinumab IL-1β (direct) ↑ Cardiovascular outcomes 
↓ IL-1β level

[179]

Anakinra IL-1R (direct) ↓ IL-1α and IL-1β activities 
↓ CRP level 

↓ Atherosclerotic lesion formation

[109,204,205]

Colchicine NLRP3 (indirect) ↓ NLRP3 inflammasome activity 

↓ Production of IL-1β and IL-18 

↓ SMC proliferation and migration activity 
↓ Pro-thrombotic activity

[206–211]

Statins ↑ Stability of vulnerable atherosclerotic plaques 
and lesion area 

↓ Cholesterol synthesis 

↓ Atherosclerotic lesion area 
↓ NLRP3 inflammasome activation 

↓ IL-1β, IL-18 and TNF-α secretion

[212–215]

Insulin secretagogues ↓ ATP-sensitive potassium channel 

↓ NLRP3 inflammasome activation 

↓ IL-6 and CRP expression 
↓ P65 and ERK1/2 phosphorylation 

↓ Carotid intima-media thickness

[216–219]

DPP-4 inhibitors ↓ NLRP3 inflammasome activation 

↓ TLR4 and IL-1β expression 

↑ GLP-1R expression

[223]

GLP-1R agonists ↓ NLRP3 inflammasome activation 

↓ ASC, and cleaved caspase 1 (p10) 
↓ IL-1β and IL-18 maturation 

↓ LDH release and TXNIP expression

[225]

Note: ↑ Represents up-regulation; ↓ Represents down-regulation.
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Tranilast
Tranilast, an analogue of tryptophan metabolite, has been 
approved since 1982 in Korea and Japan for the treatment 
of allergies, asthma and hypertrophic scars.183 It has been 
reported that tranilast binds to the NACHT domain of 
NLRP3 and prevents the assembly of the NLRP3 inflam-
masome by blocking NLRP3 oligomerization.184 A study 
has suggested that mice fed with HDL diets are susceptible 
to plaque vulnerability by increasing the activity and 
secretion of chymase, while treatment with tranilast sig-
nificantly inhibits the secretion of chymase, thereby enhan-
cing plaque stability.185 A very recent study has elaborated 
the protective role of tranilast in AS by targeting NLRP3 
inflammasome, in which tranilast markedly suppresses 
NLRP3 inflammasome activation in Ldlr−/− and ApoE−/− 

macrophages.186 In vivo, Ldlr−/− and ApoE−/− mice 
receiving western diets for 12 weeks show a significant 
reduction in atherosclerotic lesion size after treatment with 
tranilast, along with a significant decrease in macrophage 
content and expression of IL-1β in plaques.186 Therefore, 
tranilast is a promising therapeutic agent for the treatment 
of NLRP3-related inflammatory diseases such as AS.

VX-740 and VX-765
VX-740 (Pralnacasan) and its analogue VX-765 are oral 
active prodrugs hydrolyzed by plasma esterases to produce 
a potent and selective caspase-1 inhibitor.187,188 These two 
small compounds covalently modify the catalytic cysteine 
residues at the caspase-1 active sites, thus hindering the 
cleavage of caspase-1 and processing pro-IL-1β/18.189 

VX-740 has been shown to be effective in treating rheu-
matoid arthritis (RA) and osteoarthritis (OA) both in mur-
ine models and phase IIa clinical trials. However, severe 
hepatotoxicity was observed after long-term application, 
and therefore further studies have been discontinued.190 

Nowadays, VX-765 has become the most commonly 
exploited caspase-1 inhibitor and has been used for treat-
ing various diseases such as psoriasis, epilepsy, RA and 
AS.191–193 Simultaneously, in Phase II trials for patients 
with epilepsy and RA, VX-765 exhibits significant neuro-
protective and anti-inflammatory effects with a good phar-
macokinetic profile.191,192 In addition, VX-765 
dramatically reduces pyroptosis and IL-1β expression in 
ox-LDL-incubated SMCs and inhibits the progression of 
atheroma and the development of AS in ApoE−/− mice fed 
with western diets as well.193 Therefore, VX-765 is a 
promising agent for NLRP3-related diseases.

Bay 11-7082
Bay 11-7082, a phenyl vinyl sulfone, not only blocks the 
NF-κB signaling pathway by inhibiting the kinase activity 
of IKKβ, but also selectively inhibits NLRP3 inflamma-
some, whereas it has no effects on NLRP1, NLRC4, and 
AIM2 inflammasomes.194–196 Bay 11-7082 suppresses 
NLRP3 inflammasome activation in the presence of ATP, 
nigericin, and MSU in macrophages due to the alkylation 
of cysteine residues of the NLRP3 ATPase region.196 In 
TNF-α-stimulated ECs, Bay 11-7082 reduces the mRNA 
levels of VCAM-1, E-selectin, and ICAM-1.197 In addition, 
pre-treatment with Bay 11-7082 suppresses the expression 
of NLRP3 and pro-IL-1β in CRP-treated ECs.198 Taken 
together, Bay 11-7082 shows a good inhibitory effect on 
NLRP3 inflammasome activation.

Canakinumab
The CANTOS trail has identified IL-1β as a therapeutic 
target for AS, as its neutralization with antibody-canaki-
numab (at a dose of 150 mg every 3 months) selectively 
reduces the probabilities of AS-related cardiovascular 
events significantly, independent of the reduction in lipid 
levels.179 However, The CANTOS trail does not show a 
decline in all-cause mortality, and presences side effects 
such as leucopenia and a higher rate of fatal infection.179 

Although interference with IL-1β improves cardiovascular 
outcomes clinically, heralding a new era of anti-inflamma-
tory treatment for AS, further studies should identify the 
subgroups of the patient with inflammation specifically 
driven AS, and who would benefit most from anti-inflam-
matory therapy. For instance, as mentioned above, IL-1β 
functions as a protective factor in advanced atherosclerotic 
lesions of mice. Treatment of AS with canakinumab at this 
stage is apparently inappropriate. Therefore, accurate sta-
ging of the AS provides important guidance for clinical 
intervention.

Anakinra
Anakinra, a human IL-1R antagonist, blocks the IL-1R to 
inhibit the activities of IL-1α and IL-1β. It has recently been 
approved for the treatment of adult-onset Still’s disease, 
deficiency of the IL-1R antagonist, rheumatoid arthritis, 
and cryopyrin-associated periodic syndromes.199–202 Due to 
the large numbers of patients having received daily treatment 
with anakinra for over 15 years, the safety of anakinra 
compared to other biologics has been well established.203 

However, it has not been approved for the treatment of AS. 
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In a phase II clinical trial, the patients with acute coronary 
syndromes received 14 days anakinra show a reduction of 
CRP expression levels but no improvement in clinical 
symptoms.204 Animal models of AS have shown a reduction 
of atherosclerotic lesion formation upon treatment with 
anakinra,172,205 suggesting that anakinra might be a potential 
drug against AS.

Colchicine
Colchicine is a broadly available, safe and affordable drug 
that is used primarily in gouty arthritis and familial 
Mediterranean fever. More recently, it has been illustrated 
that colchicine acts as an effective anti-inflammatory agent 
by blocking the activity of NLRP3 inflammasome and sup-
pressing the secretion of IL-1β and IL-18 under NLRP3 
agonists stress.206,207 Pre-clinical data shows a beneficial 
effect of colchicine on the development of atherogenesis. 
Colchicine contributes to the diminution of SMC prolifera-
tion and migration activity in atherosclerotic plaques and 
inhibits the pro-thrombotic activity of ox-LDL in 
ECs.208,209 In patients with the acute coronary syndrome 
who received short-term colchicine treatment, the expression 
of IL-1β and caspase-1 is significantly down-regulated com-
pared with the untreated patients,210,211 elucidating that col-
chicine has a certain atheroprotective property.

Statins
Statins stand out for their ability of inhibiting cholesterol 
synthesis, which makes them effective agents for the treatment 
of AS. A 3-hydroxy-3-methylglutaryl coenzyme A inhibitor, 
known as atorvastatin, is shown to enhance the stability of 
vulnerable atherosclerotic plaques and reduce aortic lesion 
area in AS mice model.212 In addition, atorvastatin inhibits 
NLRP3 inflammasome activation, inflammatory cytokines 
(IL-1β, TNF-α, and IL-18) secretion and enhances autophagy 
in ox-LDL-treated RAW264.7 cells.212 Furthermore, atorvas-
tatin exerts an anti-inflammatory effect by inhibiting NLRP3 
inflammasome activation due to its suppression of TLR4/ 
MyD88/NF-κB pathway in THP-1 cells stimulated by phorbol 
12-myristate 13-acetate (PMA).213

In addition to atorvastatin, rosuvastatin and simvastatin 
also show potency for the treatment of AS. In acute 
coronary syndrome patients, administration of high dose 
rosuvastatin modulates the inflammatory process of AS by 
down-regulation of cathepsin-B, NLRP3, IL-1β and IL- 
18.214 Treatment with simvastatin suppresses NLRP3 
inflammasome activation and IL-1β release triggered by 
cholesterol crystals in human peripheral blood 

mononuclear cells.215 These studies highlight the protec-
tive role of statins against AS.

Insulin Secretagogues
To date, studies have confirmed that some insulin secreta-
gogues can prevent the progression of AS. Glyburide, a 
sulfonylurea drug widely used in the treatment of type 2 
diabetes mellitus (T2DM), blocks the ATP-sensitive potas-
sium channel (KATP), to release insulin.216 Glyburide has 
been reported to prevent crystal-induced NLRP3 inflam-
masome activation in BMDMs, and this inhibition effect 
seems to be specific to NLRP3 inflammasome as it cannot 
prevent the IL-1β secretion from other NLRs.217 It has 
been shown that administration of glyburide remarkedly 
ameliorates the progression of AS and reduces the produc-
tion of inflammatory cytokines as well as phosphorylation 
of p65 and ERK1/2 in LPS-stimulated RAW264.7 cells.218 

A clinical trial has also revealed that receiving repaglinide 
or glyburide for 12 months reduces postprandial glucose 
peak, serum IL-6 and CRP level, and carotid intima-media 
thickness,219 suggesting that these two hypoglycemic 
drugs have anti-AS effects to some extent.

Dipeptidyl Peptidase 4 (DPP-4) Inhibitors 
and Glucagon Like Peptide 1 Receptor 
(GLP-1R) Agonists
DPP-4 inhibitors and GLP-1R agonists are novel groups of 
medicine used in T2DM. DPP inhibitors protect the incre-
tin hormone GLP-1 and glucose dependent insulinotropic 
polypeptide (GIP) from enzymatic degradation by DPP-4 
to promote diet-stimulated insulin secretion from pancrea-
tic β cells.220 Beyond the hypoglycemic effect, DPP-4 
inhibitors have been shown the beneficial effects on body 
weight, blood pressure, postprandial lipemia, inflammatory 
markers, oxidative stress, and endothelial function in 
patients with T2DM.221,222 Besides, DPP-4 inhibitors 
have been supposed to exert anti-AS function to a certain 
extent. Sitagliptin and NVPDPP728, two kinds of DPP-4 
inhibitors, can induce a significant reduction in NLRP3, 
TLR4 and IL-1β expression and increasement in GLP-1R 
expression in ox-LDL-induced THP-1 cells.223 GLP-1R 
agonists exhibit cardiovascular benefits as well.224 

Dulaglutide, a newly developed GLP-1R agonist, pos-
sesses a protective effect against high glucose- induced 
activation of the NLRP3 inflammasome in endothelial 
cells.225 These findings reveal the potential anti-AS effects 
of DPP-4 inhibitors and GLP-1R agonists.
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Conclusion and Perspective
Shedding light on the molecular mechanisms in charge of 
NLRP3 inflammasome activation is essential for improv-
ing our understanding of the pathogenesis of AS in asso-
ciation with the NLRP3 inflammasome. Numerous 
DAMPs and PAMPs trigger canonical, non-canonical and 
alternative NLRP3 inflammasome activation through a 
variety of signaling and cellular events (Figure 7). Upon 
activation, it enhances the cleavage property of pro-cas-
pase-1, the release of the inflammatory cytokines (IL-1β 
and IL-18), and induces inflammatory cell death (pyropto-
sis). These discoveries provide new insights into the 
understanding of NLRP3 inflammasome activation.

It is well accepted that the progression of AS is impli-
cated in the NLRP3 inflammasome. ECs injury, the infiltra-
tion of monocytes/ macrophages, and the formation of foam 
cells are the main pathologic changes of AS, and the risk 
factors of AS (eg, hemodynamic force, hyperlipidemia, 
hyperglycemia, and tobacco smoking) are acting on these 
cells and leading to AS via activation of NLRP3 inflamma-
some. Hence, inhibition of NLRP3 inflammasome activation 

is a possible therapeutic strategy for the treatment of AS. The 
current treatment for AS in clinical is primarily lipid-low-
ering therapy. In recent, anti-IL-1β therapy has been con-
firmed to be extremely effective in the treatment of AS, 
indirectly implying that activation of the NLRP3 inflamma-
some is a major driver of AS. Besides, some small-molecule 
inhibitors that directly inhibit NLRP3 inflammasome and 
caspase-1 activation could be a promising therapeutic strat-
egy to combat AS, but some have serious side effects and are 
still in clinical trials. Further studies should focus on the 
development of specific small-molecule inhibitors of 
NLRP3 inflammasome with improved pharmacokinetic 
properties to ameliorate the progression of AS.
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