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Abstract: We are witnessing the globalization of a specific type of arteriosclerosis with rising preva-
lence, incidence and an overall cardiovascular disease burden. Currently, atherosclerosis increasingly
affects the younger generation as compared to previous decades. While early preventive medicine
has seen improvements, research advances in laboratory and clinical investigation promise to provide
us with novel diagnosis tools. Given the physio-pathological complexity and epigenetic patterns of
atherosclerosis and the discovery of new molecules involved, the therapeutic field of atherosclerosis
has room for substantial growth. Thus, the scientific community is currently investigating the role
of nucleotide-binding and oligomerization domain-like receptor family pyrin domain-containing 3
(NLRP3) inflammasome, a crucial component of the innate immune system in different inflammatory
disorders. NLRP3 is activated by distinct factors and numerous cellular and molecular events which
trigger NLRP3 inflammasome assembly with subsequent cleavage of pro-interleukin (IL)-1β and
pro-IL-18 pathways via caspase-1 activation, eliciting endothelial dysfunction, promotion of oxidative
stress and the inflammation process of atherosclerosis. In this review, we introduce the basic cellular
and molecular mechanisms of NLRP3 inflammasome activation and its role in atherosclerosis. We
also emphasize its promising therapeutic pharmaceutical potential.
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1. Introduction

Atherosclerosis, one of the 21st century’s fastest rising health emergencies, is defined
as the accumulation of lipids, inflammatory cells, fibrous tissue, and calcification within
vessels, especially in large arteries [1,2]. Exact data about its prevalence are hard to obtain,
but its extent can be estimated by studying the multiple complications that result from and
atherosclerotic disease [1,2]. The vascular pathological consequences of the macrovascular
and microvascular systems, such as cardiovascular disease (CVD) and cerebrovascular
events, are the most significant causes of morbidity and mortality in patients and place a
substantial financial burden on the provision of equal access to treatment [3–6]. Of the four
stages within the pathophysiology of atherosclerosis, comprising endothelial dysfunction
succeeded by lipoprotein deposition, foam cell formation, inflammatory cell proliferation
and migration, the inflammatory response appears to have the most prominent role. It is
involved in both the initiation and the progression of atherogenesis [3,7]. After dyslipidemia
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emerged as a major risk factor for atherosclerosis which may lead to CVD, further research
proved that atherosclerosis-related cardiovascular events are not entirely contingent solely
on plasma lipid levels, prompting the emergence of additional risk factors underlying
the development of atherosclerosis [3,6]. From the first reports about the inflammatory
theory of atherosclerosis in 1999 [8] to the present date, more research is increasingly
focused on systemic inflammation as a particular risk factor based on the relationship
established between increased cardiovascular events and inflammatory markers, such as
interleukin (IL)-6 and high-sensitivity C-reactive protein (hsCRP) [9]. Recent results from
the Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS), in which
anti-IL-1β treatment significantly reduced cardiovascular events independent of lipid
levels, further support the idea of addressing inflammation as a key process in arresting
atherosclerosis with a focus on inflammasomes [2,10,11].

There is increasing evidence that damage-associated molecular patterns (DAMPs),
alongside hyperglycemia and hyperlipidemia, are associated with the accelerated onset of
atherosclerosis via NLRP3 inflammasomes [12,13]. Furthermore, it has been established
that NLRP3 inflammasome associated with the activation of interleukin-1β (IL-1β) and
interleukin-18 (IL-18) amplifies vascular endothelial cell (VECs) damage, monocyte ad-
hesion and infiltration, vascular smooth muscle cell (VSMC) proliferation, and promotes
secondary plaque vulnerability [14–16].

While the role of inflammation in atherosclerosis is currently extensively explored, the
precise deleterious effects on endothelial integrity and the involvement of molecules, such
as NLRP3 inflammasomes, in the pathogenesis and evolution of atherosclerosis remain
elusive [17,18].

In this narrative review, we aim to give an up-to-date perspective on the implica-
tions of NLRP3 inflammasome in atherosclerosis by describing their intricate physio-
pathological relationship, their known therapeutic pathways and the existence of newer
molecules that can modulate atherosclerosis via NLRP3 inflammasome. Finally, as a new
approach, we point out in parallel the most recent reviews, their different focuses and their
main highlights.

2. Portrayal of NLRP3 Inflammasome

As explained afterward, chronic inflammation is considered an essential part of the
underlying multifactorial pathways of atherosclerosis, along with NLRP3 inflammasome
activation. Inflammasomes were first introduced by Tschopp’s research in 2002 and soon
after, innate immunity and cellular signal transduction became the main topics of research;
inflammasomes in particular began to dominate this field of study [19,20].

Inflammasomes are intracellular protein complexes that are formed as pattern recog-
nition receptors (PRRs) and interact either with DAMPs or with pathogen-associated
molecular patterns (PAMPs) [21]. Examples of intrinsic molecules known as DAMPs that
are generated in response to injury or distress include extracellular adenosine triphosphate
(ATP) and cholesterol crystals (CCs). PAMPs are molecules of external origins, such as
toxins generated by bacteria and viruses [22]. Although the number of other recognition
receptors identified as having the ability to trigger inflammasome generation is consis-
tently increasing, currently only nucleotide-binding oligomerization domain (NOD)-like
receptor (NLR) family pyrin domain (PYD) containing 1 (NLRP1), NLRP3, NLR family
caspase-recruitment domain (CARD) containing 4 (NLRC4), absent in melanoma 2 (AIM2)
and pyrin are accepted as inflammasome receptors [6,14].

The NLRP3 inflammasome ubiquitously present in the cytosol of numerous cell types
(monocytes, macrophages, T and B cells, fibroblasts) is the most extensively researched and
prominent family member of inflammasomes [23]. Infections, cholesterol crystals, uric acid,
bacteria, and a plethora of different ligands associated with underlying sterile inflammation
in pathologies such as diabetes, hypertension, and atherosclerosis are just a few of the
signals that cause NLPR3 to be activated [24–26]. By promoting caspase-1 activation to
further break down pro-IL-1β and pro-IL-18 into mature and physiologically active forms
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(IL-1 and IL-18), it functions as a molecular switch for the inflammatory pathway that
initiates and propagates atherogenesis [6,21].

Nevertheless, the precise pathway through which the NLRP3 inflammasome impacts
atherosclerosis is elusive; hence, comprehending the inflammasome activation pathways is
pivotal for developing innovative targeted and efficient treatments [27].

2.1. Structure of NLRP3 Inflammasome

The sequentially organized process of assembling an inflammasome usually involves
a sensor protein, an adaptor protein, and an effector protein [12]. The NLRP3 inflam-
masome is a three-domain cytosolic protein compound consisting of three domains: a
C-terminal leucine-rich repeat (LRR) domain, a central nucleotide-binding and oligomeriza-
tion (NACHT/NOD) domain and an N-terminal effector PYD that interfaces with apoptosis-
associated speck-like protein containing a caspase recruitment domain (ASC) [6,21,28].

The bridge between NLRP3 and caspase-1 is in turn mediated by ASC, an adaptor protein
with an N-terminal PYD and a C-terminal caspase recruitment domain (CARD) [16,29]. In
addition, the interaction with NLRP3 and other inflammasomal proteins, as well as ASC self-
association, relies on the PYD domain [16,29]. Caspase-1, also known as the IL-1β converting
enzyme (ICE), originally produced as an inactive zymogen through proteolytic cleavage [30,31],
plays a major part in inflammation by mediating the conversion of the proinflammatory
cytokines pro-IL-1β and pro-IL-18 into their mature and metabolically active forms, i.e., IL-1
and IL-18 [6,30,31].

In response to a particular stimulus, the NLRP3 sensing protein couples with ASC
using homotypic PYD-PYD domain interactions, creating a single ASC “speck” residing
within the activated cell and subsequently attracting pro-caspase-1 via CARD-CARD do-
main interactions [22,32]. Pro-caspase-1 undergoes autoproteolytic cleavage subsequent to
the assembly of NLRP3, ASC and pro-caspase-1, releasing its active p20/10 subunits, which
contribute to the self-inhibition of proteolysis. Additionally, proinflammatory cytokines
from the IL-1 family, including IL-1β and IL-18, are cleaved by active caspase-1, releasing
their mature forms [22,31–34]. Similar to the aforementioned, mature caspase-1 has just
demonstrated its contribution to the proteolytic cleavage of gasdermin D (GSDMD), taking
part in the development of the oligomeric membrane pore and inflammatory cell death
mediated by inflammasomes known as pyroptosis [34]. Notably, pyroptosis is considered
a highly inflammatory form of lytic programmed cell death mediated by the gasdermin
family of proteins. It is initiated upon intracellular danger signals and acts as a defense
mechanism against infection by inducing pathological inflammation, accompanied by the
activation of inflammasomes and the maturation of pro-inflammatory cytokines [34].

2.2. Mechanisms of NLRP3 Inflammasome Activation

To date, several NLRP3 inflammasome activation pathways have been established:
the canonical pathway which comprises of a two-signal model involving priming (signal 1)
and activation (signal 2); a non-canonical pathway that necessitates caspase-4/caspase-5,
secretion of IL-1β and IL-18 which respond to a particular intracellular lipopolysaccharide
(LPS)-induced infection of gram-negative bacteria; and the alternative pathway driven by
toll-like receptor 2 (TLR2) or TLR4 signaling without implicating additional secondary
activators [35–37]. We further described the canonical pathway in the paragraphs that
follow, given that is the main culprit for underlying atherosclerosis.

Two steps are required for canonical NLRP3 inflammasome activation: initiation
(signal 1) and activation (signal 2). Both constitute simultaneous defense mechanisms that
tightly regulate inflammatory cells (Figure 1) [37].
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receptor family pyrin domain-containing 3 (NLRP3); NLR Family CARD domain-containing pro-
tein 4 (NLRC4); the interferon-inducible protein/absent in melanoma 2 (AIM2); pyrin domain (PYD); 
leucine-rich-repeat domain (LRR); function-to-find domain (FIIND); caspase recruitment domain 
(CARD); apoptosis-associated speck-like protein containing a CARD (ASC); caspase-1/ IL-1β con-
verting enzyme (ICE); central nucleotide-binding and oligomerization domain (NACHT/NOD); 
hematopoietic interferon-inducible nuclear proteins with a 200-amino-acid repeat (HIN-200). 

The priming process involves the recognition of PAMPs and DAMPs by PRRs (TLRs, 
TL-1Rs, and cytokine receptors) followed by the activation of nuclear factor-κB (NF-κB), 
resulting in transcriptional activation of NLRP3, pro-IL-1β, pro-IL-18 and structural pro-
tein shifts, such as ASC phosphorylation and de-ubiquitination of NLRP3 [16,38]. The ac-
tivation step involves NLRP3 oligomerization and NLRP3, ASC, and pro-caspase-1 com-
plex formation, prompting caspase-1 activation as well as IL-1β and IL-18 generation [39]. 

Mechanisms of NLRP3 inflammasome activation continue to be a matter of interest, 
despite being thoroughly explored. Ion fluxes (K+ efflux, Ca2+ influx, and Cl- efflux), mito-
chondrial malfunction, reactive oxygen species (ROS) accumulation, cathepsin B release 
from unstable lysosomes and trans-Golgi decay are several of the hypotheses that have 
been put forward [14,16,40]. 

2.2.1. Ionic Fluxes 
Most of the NLRP3 activators, which include extracellular ATP, nigericin (K+ iono-

phore), and particulate matter, activate inflammasome assembly via K+ efflux; this path-
way has been deemed to be the predominant route of activation [41]. Conflicting findings 
have emerged as the alternative NLRP3 inflammasome pathway does not require K+ ef-
flux, whereas the caspase-11-mediated non-canonical inflammasome pathway does 
[14,16,40]. More recent research has revealed that pharmacological substances, such as 
GB111-NH2, imiquimod and CL097, can activate NLRP3 by bypassing potassium efflux, 
implying that this event is presently accepted as a required but not crucial step for inflam-
masome activation [42]. 

Figure 1. A diagrammatic representation of the assembly of different known inflammasomes and
the NLRP3 inflammasome complex structure. Nucleotide-binding and oligomerization domain-
like receptor family pyrin domain-containing 3 (NLRP3); NLR Family CARD domain-containing
protein 4 (NLRC4); the interferon-inducible protein/absent in melanoma 2 (AIM2); pyrin domain
(PYD); leucine-rich-repeat domain (LRR); function-to-find domain (FIIND); caspase recruitment
domain (CARD); apoptosis-associated speck-like protein containing a CARD (ASC); caspase-1/ IL-1β
converting enzyme (ICE); central nucleotide-binding and oligomerization domain (NACHT/NOD);
hematopoietic interferon-inducible nuclear proteins with a 200-amino-acid repeat (HIN-200).

The priming process involves the recognition of PAMPs and DAMPs by PRRs (TLRs,
TL-1Rs, and cytokine receptors) followed by the activation of nuclear factor-κB (NF-κB),
resulting in transcriptional activation of NLRP3, pro-IL-1β, pro-IL-18 and structural protein
shifts, such as ASC phosphorylation and de-ubiquitination of NLRP3 [16,38]. The activa-
tion step involves NLRP3 oligomerization and NLRP3, ASC, and pro-caspase-1 complex
formation, prompting caspase-1 activation as well as IL-1β and IL-18 generation [39].

Mechanisms of NLRP3 inflammasome activation continue to be a matter of interest,
despite being thoroughly explored. Ion fluxes (K+ efflux, Ca2+ influx, and Cl- efflux),
mitochondrial malfunction, reactive oxygen species (ROS) accumulation, cathepsin B
release from unstable lysosomes and trans-Golgi decay are several of the hypotheses that
have been put forward [14,16,40].

2.2.1. Ionic Fluxes

Most of the NLRP3 activators, which include extracellular ATP, nigericin (K+ ionophore),
and particulate matter, activate inflammasome assembly via K+ efflux; this pathway has
been deemed to be the predominant route of activation [41]. Conflicting findings have
emerged as the alternative NLRP3 inflammasome pathway does not require K+ efflux,
whereas the caspase-11-mediated non-canonical inflammasome pathway does [14,16,40].
More recent research has revealed that pharmacological substances, such as GB111-NH2,
imiquimod and CL097, can activate NLRP3 by bypassing potassium efflux, implying
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that this event is presently accepted as a required but not crucial step for inflammasome
activation [42].

In addition, potassium efflux triggers Ca2+ independent phospholipase A2, enabling
IL-1β formation. Further cellular pathways, such as Ca2+ mobilization via calcium-sensing
receptor (CaSR), Na+ influx and Cl- efflux via volume-regulated anion channel (VRAC)
and chloride intracellular channels (CLICs), were also proposed to indirectly activate the
inflammasome by modulating K+ efflux [6,16]. The intermediate phase of never-in-mitosis
A-related kinase 7 (NEK7)-NLRP3 molecular complex assembly underlies the mechanism
by which K+ efflux-mediated activation occurs, being crucial for subsequent inflammasome
activation [22,25,43]. Nonetheless, the precise regulatory mechanisms of these cellular
processes are incompletely unraveled and still under dispute.

2.2.2. Oxidative Stress

Another crucial element in NLRP3 inflammasome activation is the generation of mito-
chondrial ROS (mtROS). In particular, numerous studies have shown that ROS transform
mitochondrial DNA (mtDNA) generated in response to NLRP3 activators into an oxidized
form, thereby promoting inflammasome activation [6,16,44]. Whereas mtDNA interacts
with NLRP3 and AIM2, the oxidized mtDNA is precisely required for triggering TLR
signaling and NLRP3 inflammasome activation [16,44,45].

The manner in which NADPH-oxidase (NOX), another known important ROS genera-
tor, affects NLRP3 inflammasome activation is questionable. Although it was previously
stated that NLRP3 inflammasome activation was not impacted by genetic and pharmaceu-
tical inhibition of NOX, it has been proposed that NOX4 may play a role by controlling
carnitine palmitoyl transferase 1A (CPT1A) and by increasing fatty acid oxidation, which is
a potent inflammasome promoter [27,46]. ROS production in relation to oxidative stress
also promotes inflammasome activation by dissociation of a thioredoxin-interacting protein
(TXNIP) [27,46].

2.2.3. Lysosomal Damage, Autophagy and the Trans-Golgi Network

Cathepsin release from the injured lysosome is an additional cellular driver of NLRP3
inflammasome activation. Degradation occurs if monosodium urate, CCs, asbestos, sil-
ica, β-amyloid, calcium crystals and silica particles are scavenged by macrophages but
insufficiently degraded in lysosomes [40,47]. However, it is not yet known how lysosomal
disruption and NLRP3 inflammasome activation are linked.

The build-up of diacylglycerol (DAG) was also linked to the potential involvement
of the Golgi apparatus in NLRP3 inflammasome activation since Golgi membranes are
surrounded by DAG and mitochondria-associated endoplasmic reticulum membranes
(MAM) [43,48]. In response to NLRP3 activators, the protein kinase D (PKD) attraction
induces NLRP3 phosphorylation, thereby facilitating inflammasome assembly [43,48]. The
discovery of Nek7, alongside new developments in the role of a dispersed trans-Golgi
network and mtDNA in NLRP3 inflammasome activation, constitutes important novel
findings in this area [49].

It has been documented that autophagy is an alternative pathway that diminishes
NLRP3 inflammasome activation through the removal of activators and intracellular com-
ponents. In addition, pyrin, often referred to as the tripartite motif 20, serves as a targeted
receptor that mediates precise autophagy of NLRP3 and pro-caspase-1 to trigger autodegra-
dation [22]. Further research is warranted to unravel the activation process and the integra-
tion of stimulus-induced signaling events that activate the NLRP3 inflammasome [32].

2.2.4. Regulation of NLRP3 Inflammasome

In addition, various other regulatory mechanisms, including post-translational modi-
fication (PTM), microRNA (miRNA) and endogenous modulator (CARD proteins, pirin
proteins), control NLRP3 inflammasome expression and function. PTMs involving ubiq-
uitination, phosphorylation, nitrosylation, sumoylation, glycosylation, and acetylation
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may control the initial activation of NLRP3 as well as its consequent priming [16,21,50].
In the regulation of ATS-NLRP3 inflammasome activation, several miRNAs, including
miR-9, miR-155, miR-30c-5p, miR-181a, miR-181b-5p and miR-20a, were revealed to be
implicated [43]. However, so far, this domain has not identified as a commonly shared
mechanism of NLRP3 inflammasome activation. NLRP3 stimuli have been reported to
induce activation of the inflammasome and a variety of cell signaling sequences. Arguably,
the most critical signaling event amongst these is still the K+ efflux, which is required for
most stimuli to activate the NLRP3 inflammasome [21]. The relevance of other events,
including Ca2+ mobilization, Cl- efflux, ROS, and mitochondrial dysfunction, are currently
uncertain and under investigation [29,32,50].

2.3. Role of NLRP3 Inflammasome in Atherosclerosis

Localized inflammation in the vascular wall is prompted by dyslipidemia, high low-
density lipoprotein (LDL) cholesterol and lipoproteins, which are all amplified in type
2 diabetes mellitus and enhance the development of atherosclerotic plaques [24]. IL-1β
and IL-18, both by-products of NLRP3 inflammasome activation, appear to have a relevant
contribution in the occurrence and propagation of atherosclerosis which is corroborated
by abundant data obtained from the evaluation of atherosclerotic plaques in rodents and
humans [26,31]. Besides the expression of adhesion molecules, such as the intercellular
adhesion molecule-1 (ICAM-1) and the vascular cell adhesion molecule-1 (VCAM-1), in-
flammatory cytokines and chemokines, such as IL-6, IL-8, IL-1β, monocyte chemoattractant
protein-1/chemokine(C-C motif) ligand 2 (MCP-1/CCL2) and matrix metalloproteinases
(MMPs), elicit an inflammatory phenotype in endothelial cells and VSMC that enable
macrophage build up [51]. While IL-18 receptors α/β are expressed in macrophages,
endothelial cells and VSMC, IL-18 is expressed only in macrophages [40].

The discovery by Duewell et al. [52] in 2010 that low-density lipoprotein receptor
(LDLR)−/− atheroprone mice exhibit diminished atherosclerotic lesions consequent to their
lack of NLRP3, ASC or IL-1α/β in bone marrow cells yielded the first concrete evidence
that the NLRP3 inflammasome contributes to the onset of atherosclerosis [48,52]. This
discovery paved the path for further research into this theory, and abundant examples of
NLRP3 activating stimuli related to atherosclerosis are shown (Table 1); CCs are reported
among the most effective activators of the NLRP3 inflammasome that occur during all
phases of ATS [50,53]. Secondary to failure of macrophages to adequately achieve CC
phagocytosis, it causes lysosomal instability and cathepsin efflux, which activates the
NLRP3 inflammasome [50,53]. Moreover, it has also been documented that the genera-
tion of neutrophil extracellular traps (NETs), which primes macrophages, is initiated by
CCs [21,50]. Furthermore, CCs contribute to a vicious cycle by enhancing NET release
and macrophage priming, further complementing IL-1β, IL-18 and NET formation and
NLRP3 inflammasome activation [6,50]. Nonetheless, the underlying pathway relating
NETs to NLRP3 activation has not been fully determined and requires further exploration.
Since oxidized low-density-lipoproteins (oxLDLs) can generate the initiation signal, this
may be sufficient to send the NLRP3 inflammasome to both the activation and the priming
signals [53]. The uptake of oxLDL by macrophage scavenger receptors, such as cluster of
differentiation (CD) 36, initiates the formation of a TLR4/TLR6 heterodimer, which further
activates the inflammasome and triggers NF-κB signaling [36,54].

ATP-dependent NLRP3 activation revealed itself as an important player in diet-
induced atherosclerotic lesions via the purinergic 2X7 receptor (P2X7R), whose deficiency
has been reported to suppress the extent of atherosclerotic plaques and decrease inflamma-
some activation [23,27,55].

Novel experimental data using animal and cellular designs of atherosclerosis provide
mechanism-based perspectives on inflammasome modulation, particularly in the matter
of diabetic macrovascular dysfunction [56]. Both in vitro and in vivo, NLRP3 promoted
hyperglycemia-induced endothelial inflammation [13,57,58]. OxLDLs and high mobility
group box protein 1, two agonist ligands of receptor for advances glycation endproducts
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(RAGE), have also been linked to NLRP3 activation which occurs in parallel with the
atherosclerotic process in conjunction with hyperglycemia-induced ROS overproduction.
Despite inconsistent published results, it is becoming evident that TXNIP, another redox
signaling regulator, is significantly increased in response to hyperglycemia and may act as a
direct ligand of the NLRP3 inflammasome [29,33,59]. Whilst advanced glycation end prod-
ucts(AGEs) have undisputedly contributed to diabetic atherosclerosis, it is not currently
established whether the AGE/RAGE axis likewise activates NLRP3 in the atherogenic pro-
cess [60–62]. Besides glucose toxicity, another potential inflammasome regulatory molecule,
i.e., sterol regulatory element binding protein-1 (SREBP-1), is reported to be a key player in
oxLDL-induced excessive lipid accumulation, causing foam cell formation and de novo
lipid synthesis through the ROS-mediated NLRP3/IL-1β/SREBP-1 pathway [20,33,63].

Although endogenous factors that can activate inflammasomes (Figure 2) have been
uncovered, additional research is required to comprehend how these signals are direct
determinants of diabetes-related macrovascular dysfunction [23,64,65]. While endogenous
signals that can activate inflammasome assembly have been identified, further research is
needed to understand how they are directly linked to diabetes-related macrovascular injury.
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Figure 2. Two step canonical activation of NLRP3 inflammasome-driven downstream events in
the arterial endothelial cells. Signal 1 (priming) or ubiquitination phosphorylation, is activated by
TLRs or cytokine receptors that recognize and combine the corresponding signals to activate NF-κB
at the transcriptional level. The activation signal (Signal 2) is mediated by common intracellular
events, such as mitochondrial injury and ROS generation; K+ efflux; lysosome rupture and cathepsin
B release; and dispersal of the trans-Golgi network. The NLRP3 inflammasome activates mature
caspase-1 that cleaves pro-IL-1b and pro-IL-18 into their active forms. Active caspase-1 also cleaves
GSDMD, and its cleaved N-terminus (GSDMD-N) forms subsequently with pyroptosis. ROS = radical
oxygen species; nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB); apoptosis-
associated speck-like protein containing a CARD (ASC); P2X purinoreceptor 7 (P2RX7); vascular cell
adhesion molecule 1 (VCAM-1); monocyte chemoattractant protein 1 (MCP-1); IL-= in-terleukin-1;
IL-18= interleukin-18; never-in-mitosis A-related kinase 7 (NEK7); gasdermin D (GSDMD); terminal
domain (GSDMD-N; the up-arrow indicates upregulation.
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Table 1. Role of NLRP3 inflammasome in atherosclerosis.

Subjects Notable NLRP3 Effects in ATS Refs.

Ascending aortic tissue (CABG patients) - NLRP3 expression higher in patients with AS and correlated with
the degree of coronary artery disease [66]

Human carotid atherosclerotic plaques - NLRP3 inflammasome and components (ASC, caspase-1, IL-1β
and IL-18) higher expression in unstable atherosclerotic plaques [67]

Atherosclerotic plaques (ischemic
cerebrovascular disease, MI patients) - NLRP3–mRNA expression higher in symptomatic AS patients [68]

Peripheral blood monocyte (chronic heart
disease and acute coronary syndrome

patients)

- NLRP3 inflammasome positive correlation with
coronary atherosclerosis [69]

ApoE−/− mice fed with a HF and
HM diet

- Increased NLRP3 expression and proinflammatory effect in
hyperhomocysteinemia-induced atherosclerosis [70]

ApoE−/− mice fed with a HF diet

- NLRP3 inflammasome inhibition increased plaque stability [71]
- NLRP3 inflammasome inhibition reduced the size of

atherosclerotic plaques and IL-1β and IL-18 levels [72]

- CCs activate NLRP3 inflammasome [52]

ApoE−/− mice chow diet
- NLRP3 inflammasome activation via Sirt3/FOXO3a/Parkin

signaling pathway reduced atherosclerotic progression [73]

ApoE−/− mice western-type diet
- Specific NLRP3 inflammasome inhibition reduced atherosclerotic

plaque development [74]

Ldlr−/− mice fed with PUFAs diet
- NLRP3 inflammasome inhibition reduced atherosclerosis by

macrophage autophagy activation [75]

ApoE−/− mice
- The oxLDLs promote direct NLRP3 inflammasome activation and

indirect via ERK1/2 pathway [76]

ApoE−/−/caspase-1−/− double
knockout mice

- The extent of the area of atherosclerotic plaque reduced in
caspase-1 deficient mice [77]

Macrophages incubated with oxLDLs - NLRP3 inflammasome activation, increase in IL-1β and
IL-18 levels [52]

NLRP3-deficient THP-1 cells
- NLRP3 inhibition reduces foam cell formation of THP-1

macrophages by oxLDL uptake suppression and increasing
cholesterol efflux

[73]

HAECs
- NLRP3 inflammasome is activated by nicotine which promotes

pyroptosis, proinflammatory cytokines secretion and
atherosclerosis

[78]

Human and mice aortic endothelial cells - Melatonin inhibits pyroptosis through the MEG3/miR-223/
NLRP3 signaling axis [79]

HAECs - NLRP3 inhibitor Microrna-30c-5p inhibits inflammation and
pyroptosis via F0X03 pathway [80]

VSMC - AIM2 can stimulate caspase-1 via NLRP3 pathway and then
mediates the inflammatory response by slicing GSDMD [81]

coronary artery bypass grafting (CABG); myocardial infarction (MI); microRNA (mRNA); apolipoprotein E-
deficient (ApoE−/−); high-fat and high-methionine (HF and HM); silent information regulator 3 (Sirt3); forkhead
box O3 (FOXO3); LDL receptor knock-out (Ldlr−/−); polyunsaturated fatty acids (PUFAs); human aortic endothe-
lial cells (HAECs); vascular smooth muscle cells (VSMC); absent in melanoma 2 (AIM2).

3. Atherosclerosis

Despite all the major advances in addressing risk factors, such as obesity, hypertension,
and dyslipidemia, atherosclerotic-CVD manifested by myocardial infarction, stroke, and
peripheral vascular disease, with an accelerated progression and concurrent impairment
of several arterial territories, remains a primary cause of mortality with a significant
negative influence on the quality of life [60,82]. Therefore, developing new strategies for
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atherosclerosis prevention and treatment is essential, given the rising prevalence and the
severity of atherosclerosis-associated complications encumbered by its progression [83].

Endothelial dysfunction caused by oxidative stress, glyco-oxidation, and systemic
inflammation amplified by hyperglycemia and dyslipidemia, allows mainly LDL and
lipoprotein(a) (Lp(a)) to infiltrate vascular walls and enhance the migration of inflam-
matory cells through the expression of leukocyte adhesion markers, such as E-selectin,
P-selectin, ICAM-1 and VCAM-1 [84,85]. LDL oxidation and an inflammatory immune
response mediated by T lymphocytes and monocytes are prolonged in plaque-like lesions
composed of inflammatory cells trapped in the subendothelial zone [10]. OxLDLs engulfed
by monocyte-derived macrophages form foam cells that cluster in the vascular intima and
cause necrotic core formation, inflammation, and phenotypic transition of VSMCs [60].

An extracellular matrix is produced in the fibrous cap as a result of VSMC migration
and proliferation, collagen build-up and subsequent calcification [86]. As a result, the
intima thickens and a self-perpetuating cycle of localized inflammation and apoptosis
begins, causing gradual endothelial damage and the development of lipid-rich plaques
with fibrous capsules, especially at the arterial emergence sites or bifurcations that are
predisposed to blood flow alteration [87,88].

Whilst the early stages of endothelial dysfunction are relatively understood, it remains
puzzling to comprehend how the progression and destabilization phases of atheromatous
plaque take place [89].

3.1. Endothelial Dysfunction and Oxidative Stress

The majority of pathologies that are related to atherosclerosis display vascular en-
dothelial dysfunction [90]. Local hemodynamics of blood flow constitute a regional risk
factor for atherogenesis by producing injury prone areas primarily where laminar flow
is altered. Endothelial cells, through their ability to modulate an optimal hemodynamic
response to fluctuations in blood flow, play an instrumental role in atherogenesis [83,91,92].

A vicious loop that promotes apoptosis and increases extracellular matrix synthesis
results in increased vascular permeability, activation of NOX, and worsened vasodilation
due to decreased NO generation and increased ROS formation [88,93]. ROS production
through the activation of several enzymes, including those in the mitochondrial respiratory
chain, NOX, endothelial uncoupled nitric oxide oxidase (eNOS), cyclooxygenase, and xan-
thine (XO), provoke vasodilation abnormalities. This increases vascular permeability, thus
encouraging the production of more adhesion molecules, such as ICAM-1, VCAM-1, and
growth factors, such as vascular endothelial growth factor (VEGF), ET-1 and plasminogen
activator inhibitor 1 (PAI-1), which accelerate the development of vascular sclerosis [94–96].
Increased activity of NF-κB triggers the production of proinflammatory cytokines, includ-
ing IL-1β, IL-6 and TNF-α, and is secondary to reduced NO bioavailability, thus further
attracting the creation of a pro-coagulant state by promoting the expression of tissue factor
PAI-1 and the von Willebrand factor besides their role in maintaining the inflammatory
milieu [60,86,95,97].

Under the influence of ROS production, as illustrated above, the structural integrity
of the vascular endothelium is altered, resulting in the elevated expression of adhesion
molecules (ICAM-1 and VCAM-1) and the adhesion of monocytes into the subendothelial
space [2,10,98]. The differentiation of monocytes into macrophages attracts the release
of IL-1β, IL-18, TNF-α, INF-γ, and MCP-1, leading to a vicious pathway of ROS produc-
tion [88,93]. Subsequently, LDL cholesterol infiltrates into the subendothelial space in the
intima, where it is deposited and modified into oxLDLs [99]. Further, the differentiation of
monocytes in the subendothelial region into macrophages that release proinflammatory
cytokines and ingest oxLDLs leads to the production of foam cells [97,99,100]. In addition,
oxLDL causes the upregulation and release of inflammatory modulators, which further
encourage the migration of monocytes, an increase in the density of scavenger macrophage
receptors and the uptake of oxLDL during foam cell formation [99,101].
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Furthermore, ROS potentiate various inflammatory pathways through redox modi-
fication of inflammatory mediators, such as DAMPs, transcription factors, nuclear factor
erythroid 2-related factor 2 (Nrf2), NF-κB, hypoxia-inducible factor 1 (HIF-1) and activa-
tor protein 1 (AP-1), and through the formation of redox-dependent protein complexes
(Nrf2- kelch-like ECH-associated protein 1 (Keap1)) [94,102]. In conjunction with causing
insulin resistance, stimulation of the MAPK pathway also affects the phosphatidylinositol-
3-kinase/serine-threonine kinase (PI3K/AKT) eNOS modulatory mechanism [86,98,103].

By modulating the NLRP3 inflammasome, the interaction between oxidative stress
(OS) and inflammation through cytokine release is likewise documented [57,60]. As a result
of a myriad of conditions, secondary dysfunctional endothelium implies a change from a
quiescent to a proinflammatory phenotype and serves as the first stage in the development
of an atherosclerotic lesion.

3.2. Inflammation in Atherosclerosis

As stated earlier in the previous part of this review, inflammation is a pivotal element
in the pathophysiology of accelerated ATS, from the earliest stages of development to
the final thrombotic outcomes; thus, it has a potential therapeutical endpoint [104]. The
progression of atherosclerotic plaques is a continuum of processes involving both immune
and non-immune vascular cells [10,24].

LDLs build up in the subendothelial region within the early stages of atherosclerosis,
where they are transformed into oxLDLs and can activate ECs and macrophages in a
proinflammatory manner, aggravate endothelial damage and attract leukocytes [10,99].
When VSMCs are subjected to modified LDLs, CCL2, CCL5, and MCP-1 are released, thus
mediating monocyte recruitment [35,86,105]. In response to the local macrophage colony-
stimulating factor (M-CSF), underlying subendothelial monocytes divide into macrophages,
which additionally release IL-1, IL-18, TNF-α, and INF- γ [24,35]. Under the influence of
TNF-α, INF-γ and TLR ligands, macrophages adjacent to the lipid core differentiate into the
proinflammatory M1 phenotype that correlates with self-reinforcing inflammatory processes,
development of vulnerable plaques and the progression of atherosclerosis [35,106,107].

Another facet of atherosclerosis pathogenesis is the upregulation and activation of
TLR4 and NLRP3 inflammasome and the nuclear transcription factor NF-kB as an extension
of the endogenous host response to cholesterol efflux signaling misregulation, which is
mediated by oxLDL and CCs [33,54,105,108,109]. Furthermore, NLRP3 inflammasomes
have been linked to plaque development and progression through increased IL-1β and
IL-18 production, increased MCP-1 and VCAM-1 and accumulation of the vascular extra-
cellular matrix; these effects result from the JNK-induced apoptotic pathway, ASC and
pro-caspase-1 [14,31,54,110,111]. In addition, the remodeling that proceeds with plaque
development, intraplaque neovascularization, matrix depletion with thinning of the fibrous
cap and eventually fibrous cap rupture causing thrombosis have all been connected to
inflammation [2].

Considering the association between the accelerated progression of atherosclerosis in-
duced by chronic sterile inflammation, addressing the disorder from this perspective may be
a more reliable way to limit the development of its vascular consequences. Currently, no con-
sensus guidelines are targeting specific inflammatory pathways that can improve outcomes
for patients; therefore, there is a compelling need to further attractive research alternatives
and therapeutic strategies that may arise from inhibiting inflammatory pathways.

4. Therapeutic Targets
4.1. Hypoglycemic Agents

Anti-diabetic drugs have recently emerged as important novel mediators in treating
diabetic vascular dysfunction and atherosclerosis by inhibiting NLRP3 inflammasome
activation and reducing endothelial damage.

Glyburide, an FDA-approved sulfonylurea drug, interferes with the release of insulin
from pancreatic β cells by inhibiting ATP-sensitive potassium channels (KATP) [57]. Gly-
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buride was reported to exhibit anti-inflammatory effects mediated by the benzamide and
sulfonyl group specific to NLRP3, thus blocking caspase-1 activation, IL-1β secretion and
crystal-induced activation without relying on KATP channels and acting further down-
stream of P2X7R and upstream of inflammasome formation [112,113]. While glyburide
effectively inhibits NLRP3 activation in vitro, the high doses required in vivo limit its use-
fulness as a treatment due to major adverse effects. Its exact mechanism of action remains
not yet fully understood [21].

Since 1995, metformin, which was originally synthesized in 1922, has become broadly
recognized as the first-line treatment for T2DM, thus starting a new phase in the growing
burden of diabetes [114]. The main therapeutic mechanisms behind the drug are primarily
the result of adenosine monophosphate-activated protein kinase (AMPK) activation, which
further reduces hepatic gluconeogenesis and improves insulin resistance while improving
glucose uptake in peripheral tissues [115]. Metformin is currently being investigated
for new roles and pharmacological processes in light of growing interest in the role of
inflammation in the etiology of both T2DM and atherosclerosis [114,116]. The main data
revealed that metformin increased the production of AMPK and protein phosphatase 2A
(PP2A) expression, leading to reduced expression and inhibition of NLRP3 inflammasome
activation in oxLDL-stimulated macrophages [117]. These findings were additionally
supported by the fact that metformin averted accelerated diabetic AS in apoE−/− mice by
activating the Trx-1/Txn pathway [32,116,118].

The Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Patients
(EMPA-REG OUTCOMES) study reported that treatment with sodium–glucose cotrans-
porter 2 (SGLT2) inhibitors, a novel class of hypoglycemic agents, reduced the rate of all-
cause cardiovascular death in patients with T2DM at high risk of cardiovascular events [119].
The mechanism of action is mediated by the proximal kidney tubules, where SGLT2 in-
hibitors reduce renal glucose reabsorption and increase urinary glucose excretion [32,57]. In
ex vivo research employing human macrophages, empagliflozin administration, in addition
to previous effects, diminished NLRP3 inflammasome activation and IL-1 release, partly by
increasing β-hydroxybutyrate (BHB) and by reducing serum insulin, glucose and uric acid
levels [120].

Dapagliflozin, another family member, alleviated diabetic cardiomyopathy by in-
hibiting NLRP3 through activation of the AMPK system and blocked the TXNIP/NLRP3
pathway [54,121]. Furthermore, dapagliflozin therapy suppressed the generation of serum
NLRP3, IL-1β, IL-18 levels and ROS in the vasculature of atherosclerotic aortic lesions,
thus reducing the progression of ATS, diminishing macrophage infiltration and improving
lesion stability [122]. Regardless, the reported results strongly indicate compelling reasons
to further research the effects of SGLT2 inhibitors as a therapeutic solution for NLRP3
inflammasome inhibition in diabetic patients [32,57].

Apart from their hypoglycemic action, dipeptidyl peptidase 4 (DPP-4) inhibitors and
glucagon-like peptide receptor (GLP-1R) agonists have been demonstrated to improve
inflammatory markers, oxidative stress, endothelial function and, to some extent, the
atheroprotective features in patients with T2DM [123]. Saxagliptin was reported to reduce
myocardial injury by inhibiting the ERK/TLR4/NLRP3 and p38/miR-146b/TLR4/NLRP3
pathways, implying that DPP4 inhibition blocks the first step involved in inflammasome
activation [124]. In oxLDL-induced THP-1 cells, sitagliptin elicited a substantial downreg-
ulation of NLRP3, TLR4 and IL-1 expression and an increase in GLP-1R expression [43].
Vildagliptin, as per Qi et al., mitigates endothelial dysfunction mediated by elevated
free fatty acid (FFA) levels by inhibiting the AMPK-NLRP3-HMGB1 pathway, preserves
mitochondrial function and restores eNOS levels while decreasing cellular lactate dehy-
drogenase (LDH) production and ROS levels [125]. Anagliptin, a new DPP-4 inhibitor
approved for treating T2DM, was recently reported to reverse endothelial dysfunction by
SIRT1-dependent inhibition of NLRP3 inflammasome activation and suppression of NOX4-
ROS-TXNIP-NLRP3 crosstalk, in this way creating scope for additional research [46,126]. In
addition, glucagon-like peptide-1 receptor (GLP-1 RA) agonists provide beneficial effects on
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the cardiac function as well. Dulaglutide, a novel representant of the class, inhibits NLRP3
inflammasome, NOX4 and TXNIP expression in endothelial cells in a SIRT1-dependent
manner, protecting against the effects of increased glucose on the NLRP3 inflammasome
activation [43,46,127].

4.2. Direct and Indirect NLRP3 Inhibitors

Aiming to prevent inflammasome-mediated cell death and thereby decrease local
inflammation, pharmacological suppression of NLRP3 inflammasome activation may
represent a more precise and certain therapeutic approach for CVD [21]. Agents with
small molecules, such as MCC950, dapansutrile (OLT1177), CY-09 or tranilast, block
NLRP3 inflammasome activation by specifically targeting the NATCH domain of the
NLRP3 structure while numerous other inhibitors act by impairing ATPase function, such
as 3,4-methylenedioxy-nitrostyrene (MNS), Bay 11-7082, BOT-4-one, parthenolides and
INF39 [128]. Furthermore, because of many other biological functions, as shown in more
detail below, these agents are unlikely to function as specific NLRP3 inhibitors [21]. Nev-
ertheless, the scarcity of in vivo studies and NLRP3-dependent models underlines the
shortage of information on some compounds and the reasons why they remain unap-
proved as treatments.

4.2.1. MCC950

MCC950, a sulfonylurea compound that was first identified in 2001 as CP-456773
and subsequently known as cytokine release inhibitor drug 3 (CRID3), is an effective and
selective NLRP3 inflammasome inhibitor that binds to a specific residue in the walker B
motif of the NATCH domain of NLRP3 to prevent ASC oligomerization and NLRP3 ATP
hydrolysis [129]. Since it was established as an NLRP3 inhibitor, it has been used as a phar-
macological instrument to unravel the pathogenic functions of the NLRP3 inflammasome in
several disease models, including T2DM, ATS, and many others [46]. Corcoran et al. com-
prehensively analyzed its functions in more than 100 preclinical models of inflammatory
diseases [130]. At nanomolar doses, MCC950 inhibits NLRP3 inflammasome activation by
suppressing IL-1β secretion but not NLRP1, NLRC4, or AIM2 inflammasomes, suggesting
a capacity to modulate the immune system by only partial interleukin inhibition [35,59,131].
By indirectly influencing intraplaque macrophage composition or through processes such
as macrophage proliferation, the diminished size of atherosclerotic lesions represents the
probable therapeutic benefit of MCC950 in ApoE−/− mice [43]. In addition, through sirtuin
1 and superoxide dismutase (SOD), tissular overexpression of MCC950 exhibited antioxi-
dant capacity [132]. Regardless of the favorable outcomes in animal models, the compound
is currently withheld from clinical trials because of its liver toxicity [24,36].

4.2.2. CY-09

By interfering directly with the ATP-binding Walker A motif protein, another small-
molecule inhibitor, CY-09, selectively inhibits the NLRP3 inflammasome ATPase activity [21,133].
Ex vivo and in vivo designs for cryopyrin-associated periodic syndromes (CAPS), type
2 diabetes, gout and non-alcoholic fatty liver disease (NAFLD) have established the ef-
ficacy of CY-09, although further research is required to materialize its full therapeutic
value [134,135].

4.2.3. OLT1177/Dapansutrile

OLT1177, also referred to as dapanustrile, is a nitrile sulfonyl derivative that selectively
inhibits the inflammasome ATPase activity, disabling NLRP3-ASC and NLRP3-caspase-1
interactions and IL-1β generation in neutrophils and monocyte-derived macrophages [136].
In a phase I clinical trial, dapanustrile, proved to be safe and tolerated in oral application in
healthy adults, with both in vitro and in vivo efficacy distinguishing it from MCC950 [36,137].
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4.2.4. Tranilast

Originally discovered to suppress NF-κB by disrupting the association between NF-κB
and CREB-binding protein (CBP), tranilast, an analogue of a tryptophan metabolite, has
been utilized to treat bronchial asthma in Japan, China and South Korea since 1982 [43].
Highlighted in current emerging research as a selective NLRP3 inhibitor and IL-1β down-
regulator, in contrast to other direct inhibitors, the compound mediates only the NLRP3-
ASC interplay and does not affect ATPase activity of the protein [138]. Tranilast suppresses
inflammation by inhibiting NLRP3 inflammasomes but not AIM2 or NLRC4 inflamma-
somes. Additionally, it blocks LPS-induced pro-IL-1β and IL-6 production, despite having
an in vivo potency that is 5–10 times less effective than MCC950 [21].

In addition to its anti-inflammatory properties, it further exhibited antioxidant effects
demonstrated by ROS scavenging and direct suppression of xanthine oxidase activity
in vitro, as well as reducing TXNIP expression and ROS generation in rats that were
administered streptozotocin [36].

4.2.5. Oridonin

Oridonin (Ori), a natural constituent derived from the plant Rabdosia rubescens, is
frequently consumed in East Asia as a dietary supplement for its anti-inflammatory, an-
titumor, antimicrobial and neuroprotective effects. Through the disruption of NF-κB
signaling, nuclear translocation and DNA binding, it mediates the suppression of var-
ious pro-inflammatory regulators [139–141]. Recently, ori has emerged as a selective,
non-reversible inhibitor of NLRP3 that suppresses IL-1β generation and NLRP3-NEK7
interaction by covalently altering the C279 cysteine residue in the NACHT domain without
impacting the ATPase [142].

Concerns regarding the toxicity and the detrimental pharmacological consequences of
ori exist, despite the in vivo effects observed in preclinical investigations [143]. To increase
pharmacological activity and bioavailability, more studies on ori analogues are warranted.

4.2.6. 3,4-Methylenedioxy-β-Nitrostyrene (MNS)

By interfering with the synthesis of IL-1β, IL-18 and caspase-1 activation, the spleen
tyrosine kinase (Syk) and Src tyrosine kinase inhibitor, 3,4-methylenedioxy-β-nitrostyrene
(MNS) is likewise a reliable and selective inhibitor of the NLRP3 inflammasome [144].
Subsequent findings indicate MNS binds to the LRR and NACHT domains of the NLRP3
protein, inhibiting ATPase function but not the inflammasome AIM2 or NLRC4. However,
its extreme toxicity hindered further research [47].

4.2.7. INF Analogues

INF analogues were first introduced in 2014; one of the compounds, INF4E (compound
9), irreversibly inhibits the NLRP3 protein via its Michael acceptor. They display a potential
role as targets for IL-1β secretion, ATPase and caspase-1 activity inhibition [145]. In addi-
tion, INF4E inhibits ATP- and nigericin-induced cell death and inhibits pyroptosis, demon-
strating novel additional cardioprotective benefits in myocardial ischemia/reperfusion
injury via the ERK/Akt/GSK-3β RISK pathway [54,146]. The discovery of the analogue
INF58 (compound 14), which irreversibly inhibits the NLRP3 ATPase with enhanced po-
tency, and INF39 (compound 11), which has reduced cytotoxicity and reactivity while
attenuating NEK7-NLRP3 interactions, was made possible by derivatization and comple-
mentary structural analysis [145].

With no inhibition of AIM2 or NLRC4 inflammasomes but inhibition of ASC speck
production and cleavage of caspase-1, IL-1β and GSDMD proteins, INF39 is the most
studied representative as a potential future NLRP3 selective inhibitor [147].

4.2.8. BAY 11-7082

BAY 11-7082 (BAY), a phenylvinylsulfone with multiple pharmacological and potential
pathways, is known to reduce TNF-α, which inhibits the nuclear factor-κB (IκB) kinase (IKK)
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phosphorylation that in turn reduces NF-κB signaling and NLRP3 production [36,43]. By
completely alkylating cysteine residues in the NLRP3-ATPase region through a Michael
coupling process, BAY decreases NLRP3’s ATPase function and prevents ASC oligomeriza-
tion [148]. The covalent cysteine residue C191 alkylation by the compound is involved in
the GSDMD pore formation, as was observed by Hu et al. [149].

4.2.9. VX-740 (Pralnacasan) and VX-765

The orally targeted caspase-1 inhibitors VX-740 (Pralnacasan) and their analogue
VX-765 represent two novel compounds that covalently alter the catalytic cysteine residues
in the active sites of caspase-1, thereby impairing caspase-1 cleavage and pro-IL-1β/18
processing [150]. While both rheumatoid arthritis (RA) and osteoarthritis (OA) have been
successfully managed with VX-740 in phase IIa clinical trials, additional research has been
suspended due to the severe hepatotoxicity uncovered with prolonged use [43]. Since
VX-765 was proved to significantly downregulate pyroptosis and IL-1β expression in SMCs
incubated with oxLDL and suppress AS formation in ApoE−/− mice, it has become the
most researched caspase-1 inhibitor [151].

4.2.10. Anakinra (Kineret), Rilonacept (Arcalyst) and Canakinumab (Ilaris)

Anakinra is a synthetic IL-1Ra. Rilonacept is a dimeric fusion protein with decoy
receptors containing extracellular residues of the two IL-1R subunits. Canakinumab is an
anti-IL-1β monoclonal antibody that specifically binds to and neutralizes IL-1β. These are
the three biological therapies currently approved by the FDA that additionally target the
NLRP3 pathway [6]. Neither of the biologics previously listed has received approval for use
in clinical practice as an NLRP3 inhibitor alone, despite the NLRP3-IL-1b inflammasome
pathway being a potentially valuable therapeutic target for patients with atherosclerosis
and other inflammatory conditions [15]. Regarding CVDs, some clinical trials with anakinra
have been carried out in patients with myocardial infarction (VCU-ART and VCU-ART2;
MRC-ILA-Heart Study) [152,153], but the stated outcomes are controversial due to the
sparse patient samples involved [15,154].

A large-scale clinical trial, the Canakinumab Anti-inflammatory Thrombosis Outcomes
Study (CANTOS), was conducted to explore the theory of inflammation interplay in
ATS [11]. Although neutralizing IL-1β with the canakinumab antibody (at a dose of 150 mg
every three months) improved cardiovascular events related to atherosclerosis, a major
impediment in admitting this compound as a therapy are the undefined strict criteria for
eligibility as the study revealed substantial side effects of the treatment [11,24,43].

4.2.11. Colchicine

In addition to its proven proficiency in treating gouty arthritis and pericarditis,
colchicine, a widespread drug, has proven recently to be an effective anti-inflammatory
compound by blocking NLRP3 inflammasome activity and suppressing IL-1β and IL-18
secretion [31,43].

Patients with acute coronary syndrome who were administered short-term colchicine
in the Colchicine Cardiovascular Outcomes Trial (COLCOT) displayed markedly decreased
IL-1 and caspase-1 production when compared to untreated patients, indicating that
colchicine has potential atheroprotective effects [155]. The incidence of cardiovascular
mortality, myocardial infarction, ischemic stroke and ischemia-induced coronary revas-
cularization was decreased by 31% in the Low-Dose Colchicine (LoDoCo20) trial, which
enrolled patients with chronic stable CAD after one month of colchicine treatment (0.5 mg
once daily). The LoDoCo2 trial that included patients with stable chronic CAD after one
month of colchicine use (0.5 mg once daily) had a 31% reduction in the incidence of car-
diovascular death, myocardial infarction, ischemic stroke and ischemia-driven coronary
revascularization when compared with patients receiving placebo [156]. The results re-
inforce the promising advantages of anti-inflammatory agents in patients with coronary
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artery disease and are concordant with those of the COLCOT study and the first LoDoCo
study [24,155,157].

Even though CANTOS and LoDoCo2 have still not adjusted the therapeutic agenda for
cardiovascular risk reduction in clinical practice [11,156], these pivotal studies constitute an
important step in the practical implementation of immunomodulatory therapies targeting
NLRP3 for CVD.

4.2.12. Less Known NLRP3 Inhibitors

Other NLRP3 inflammasome inhibitors are currently being studied, but they are in
an early stage of research and, considering that new molecules are constantly emerging,
require further evaluation to be considered as potential future therapies.

The benzoxathiol derivative BOT-4-one exerts anti-inflammatory properties through
various pathways, including inhibition of the NF-κB pathway by alkylation of IKKβ and
consequently decreased production of NLRP3 [149]. Although the effect on ubiquitination
is uncertain, the molecule’s capacity to arrest ATP-induced IL-1 release deserves further
exploration in atherosclerosis [47,158]. By disrupting the transcription factors NF-κB
and signal transducer and activator of transcription 1 (STAT1), methylene blue, an anti-
inflammatory, antioxidant and neuroprotective substance, has lately proved its effects in
reducing NLRP3, pro-IL-1β and iNOS expression [159,160].

Disulfiram, the FDA-approved treatment in alcohol dependence, additionally ex-
hibited lysosomal protection, mitochondria-independent ROS generation and NLRP3
inhibition [161]. In particular, disulfiram has been reported to suppress GSDMD pore
development, hindering IL-1 β release and associated pyroptosis [162]. Supplementary
research is needed to retarget disulfiram treatment for inflammatory pathologies.

Some phenamic acid derivatives have been reported to interact with NLRP3 inflam-
masomes by disrupting the Cl- volume-regulated anion channel (VRAC) as a complement
to their extensive use as nonsteroidal anti-inflammatory drugs (NSAIDs) that inhibit cy-
clooxygenase (COX) [163]. The detection of pleiotropic effects in antidepressants has been
enabled by acknowledgement of the importance of inflammatory routes in the pathophysi-
ology of psychiatric diseases. Recently, fluoxetine revealed direct NLRP3 inhibitory effects
and downstream IL-1β regulation in macrophage cells and retinal pigment epithelium
(RPE) cells [164]. This opens potential new areas of use for fluoxetine and phenamic acid
derivatives, but further studies are necessary to determine their efficacy in various con-
ditions. Another innovative approach is ursodeoxycholic acid (UDCA), which decreased
intracellular CC by dissolving in macrophages and thereby reducing IL-1β secretion [165].

Considering its entanglement in inflammatory disorders, with the direct consequence
of endorsing cytokine release and mediation of endothelial pyroptosis, NLRP3 inflamma-
some is an attractive therapeutic target. As observed, new pharmacological approaches
hamper its pathway by targeting a specific phase via different components or by directly
inhibiting NLRP3 and fully stopping its effects (Table 2).

Table 2. Therapeutic pharmacological agents against NLRP3 inflammasome according to their
activation phases.

Agent Study Design Salient Results Ref.

Phase I (priming)

Bay 11-7082 Preclinical
(Experimental study)

- Via NF-κB inhibition selectively blocks IKKβ kinase activity with
subsequent inhibition of the NLRP3 inflammasome activation;

- Inhibited nigericin-induced and MSU-induced caspase-1 activation by
the NLRP3 inflammasome.

[148]

NLRP3 oligomerization

CY-09
(glitazone derivate)

Preclinical
(Experimental study)

- It binds to the ATP-binding motif of NLRP3 NACHT domain and
inhibits NLRP3 ATPase assembly and activity in macrophages;

- Inhibits NLRP3 ATPase activity;
- Reverses metabolic effects via NLRP3 inhibition.

[166]
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Table 2. Cont.

Agent Study Design Salient Results Ref.

MCC 950 Preclinical
(Experimental study)

- Inhibits NLRP3 inflammasome activation by suppressing IL-1β
secretion;

- It does not affect NLRP1, NLRC4 or AIM2 inflammasomes;
- Atheroprotective activity by reducing the size of the plaque;

- Reversed the impaired endothelial dysfunction.

[129–131]

Dapansutrile
CT

(Phase I, randomized
controlled trial)

- Inhibits NLRP3-ASC band NLRP3-caspase-1 interaction. [137]

Tranilast Approved
(Experimental study)

- Reduces ROS, TXNIP expression and directly inhibits xhantine oxidase
activity in vitro;

- Via binding to the NATCH domain of NLRP3, inhibits assembly and
its effects.

[21,36]

Phase II (activation)

Ang-(1-7) Preclinical
(Experimental study)

- Anti-inflammatory and anti-senescent action through RAAS;
- Inhibits IL-1

-induced iNOS expression and NF-κB activation in vascular
smooth muscle cells;

- Diminishes NLRP3 inflammasome/IL-1
over-activation loop.

[167]

HL2351
CT

(Phase I, randomized
controlled trial)

-Inhibition of IL-1
function with indirect NLRP3 inflammasome action. [113]

GSK1070806
CT

(Phase II, randomized,
placebo-controlled)

- Inhibition of IL-18;
- Inhibition of IL-18 did not lead to any improvements in glucose control. [168]

Rilonacept
Approved

(Phase III, double-blind,
randomized-withdrawal)

- Inhibition of the IL-1 pathway;
- Reduced the activation of endothelial cell NADPH oxidase. [169]

Canakinumab
Approved

(Randomized,
double-blind)

- Direct blockade of IL-1
or its receptor;

- Antioxidant effects.
[11]

Anakinra
Approved

(Randomized,
double-blind)

- Modulation of mitochondrial ROS production by activating SOD2. [11]

Iκβ kinase β (IKKβ); monosodium urate (MSU); clinical trial (CT); the anti-interleukin-18 monoclonal antibody
(GSK1070806); renin-angiotensin-aldosterone system (RAAS); superoxide dismutase 2 (SOD2).

4.3. Statins

Modern research shows that statins, as analogues of 3-hydroxy-3-methylglutaryl coen-
zyme A inhibitor (HMG-CoA) and typically utilized for their cholesterol-lowering ability,
also have pleiotropic effects, including immunomodulatory and anti-inflammatory abilities.

Wu et al. [170] revealed that atorvastatin, the most researched member of the class,
inhibits the NLRP3 inflammasome and the molecules involved in pyroptosis, such as caspase-
1 and IL-1 β, by increasing the production of NEXN-antisense RNA1 (AS1) lncRNA and
its related gene NEXN [170,171]. In addition, the anti-inflammatory effects translated as
IL-1β downregulation are supported by inhibition of the TLR4/MyD88/NF-κB pathway
demonstrated in THP-1 cells stimulated with phorbol 12-myristate 13-acetate (PMA) [27,172].
In this account, it is reasonable to hypothesize that reduced NLRP3 inflammasome signaling
is at least broadly accountable for the effects of atorvastatin on the progression of atherogenic
pathways and chronic inflammation [43].

Simvastatin therapy also substantially decreased expression levels of NLRP3, cathepsin
B, IL-1β and IL-18 in peripheral blood monocytes in response to CC stimulation both
in vitro and in vivo [32,173]. Additionally, another atheroprotective pathway emerged and
is exemplified by the endothelial Kruppel-like factor 2 (Klf2)-Forkhead box P transcription
factor 1 (Foxp1)–NLRP3 inflammasome network; it warrants more consideration for its
potential effect in delaying T2DM-associated atherosclerosis progression [46,174]. Another
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class representative, rosuvastatin, displayed in vivo decreased NLRP3 activation mostly via
crosstalk with the oxidative stress enzymatic players, such as SOD, glutathione peroxidase
and catalase (CAT) [54,175].

When considered collectively, preclinical research findings imply that statins have the
potential to be an efficient therapeutic and prevention approach for cardiovascular disease
by controlling NLRP3 activation.

4.4. Natural Compounds

A vast array of novel substances identified from a variety of natural compounds
that have been used for many years in conventional, traditional medicine qualify as
potential NLRP3 inflammasome inhibitors that can provide effective therapies. How-
ever, the mechanisms underlying their immune modulatory function have not been
thoroughly investigated.

4.4.1. Flavonoids

Many fruits, vegetables and grains contain a phytonutrient class commonly known
as flavonoids; it is widely recognized for its neuroprotective, anti-inflammatory, and
antioxidant effects. The ability of flavonoids to decrease ROS production and expression
of inflammasome components, such as ASC, NLRP3 and active caspase 1, as well as the
consistent release of IL-1β, are presumed to be molecular mechanisms by which they
modulate inflammasome activity [47,176]. The most promising NLRP3 inflammasome
antagonists will hereafter be outlined.

Reductions in levels of the pro-inflammatory cytokines IL-6, IL-1β and TNF-α, coupled
with additional inhibition of the ERK1/2 and NF-κB pathways, are accomplished by the
flavone apigenin, contained in vegetables such as celery and parsley [32,177]. Although
apigenin does not affect ASC protein levels despite reduced NF-κB activation, it has
recently been reported to reduce phosphorylation of two key enzymes involved in ASC
phosphorylation: Syk and the protein tyrosine kinase 2 (Pyk2) [176]. Additional research is
required to define the specific NLRP3 inhibitory mechanism since the compound exhibits
non-selective function by interfering with IL-1β production via AIM2 inflammasome [178].

Cardamonin, a naturally occurring chalcone identified in the Alpinia katsumadai Hay-
ata plant, has been documented to reduce nitric oxide (NO) levels via NF-κB inhibition and
by increasing the AhR/Nrf2/NQO1 pathway, a recognized NLRP3 downregulator [179].
However, there is a lack of research papers on the effects of cardamonin on ATS [180].

Because of their high concentrations of flavonoids, chalcones and other phytonu-
trients, including isoliquiritigenin (ILG) and glycyrrhizin (GL), two extracts from the
Glycyrrhiza uralensis (licorice) plant, have traditionally been utilized to treat a series of
conditions [47]. Either compound inhibits NF-κB and MAPK activity by repressing the
TLR4/MD-2 molecule [54]. A single study concluded that isoliquiritigenin therapy reduced
NLRP3 inflammasome, caspase-1 activation and IL-1β generation in obesity through in-
terference with both the inflammasome initiation and activation phases [181]. Albeit in a
non-specific manner modulated by NF-κB luteolin present in plants such as broccoli, celery,
thyme and pepper, these compounds can reduce ROS and NLRP3 generation besides other
inflammatory mediators [182,183]. Further testing raised the hypothesis of luteonin inflam-
masome inhibitor potential, but none focused on ATS [182,184]. IL-1β secretion via NLRP3
and AIM2 inflammasome pathways is diminished by the non-selective inflammasome
inhibitor quercetin, commonly present in a variety of grains, vegetables, and fruits [185].
Quercetin represses the NLRP3 inflammasome activation phase by impairing ASC-speck
oligomerization, although the exact mechanism is currently unclear [47,186].

4.4.2. Phenols

Several species of the genus Artemisia have prompted interest in further study of their
anti-inflammatory benefits due to their current use in traditional Asian remedies. As a
pertinent example, the dysregulated activation of NLRP3 or AIM2 inflammasomes yields



Int. J. Mol. Sci. 2023, 24, 8162 18 of 29

the anti-inflammatory effects of Artemisia princeps extract (APO), which suppresses the
generation of ASC speck [187,188]. Additional constituents, such as Artemisinin from
Artemisia annua, ameliorated foam cell production by impairing the inflammatory AMPK/
NF-κB-NLRP3 pathway response in macrophages [32,189]. By modulating ASC-PYD
binding and inhibiting NLRP3-ASC interplay, the phenolic class representant caffeic acid
phenethyl ester (CAPE) found in bee propolis might decrease NF-κB activation and hinder
NLRP3 and AIM2 inflammasome activation [190].

Curcumin, a common polyphenol substance renowned for its anti-inflammatory and
antioxidant properties, reduced NLRP3 expression due to IKK phosphorylation inhibition
that further impaired the TLR4/MyD88, NF-κB and P2X7R inflammasome pathways [32,191],
thus dismissing the hypothesis of inhibition by the antioxidant mechanism [192].

While a promising target for suppressing the AIM2 inflammasome, the terpene group
compounds, such as andrographolide and parthenolide, produce only mild inhibitory
effects on the NLRP3 inflammasome [47,192,193].

4.4.3. Miscellaneous

The traditional Chinese herbal naftoquinone compound Shikonin, extracted from the
roots of Lithospermum erythrorhizon, displays numerous anti-inflammatory mechanisms by
targeting NF-κB suppression and NLRP3 mediated IL-1β production; however, the effects
on cardiovascular disease are still unknown [194,195]. In addition, Salvia miltiorrhiza Bunge
contains salvianolic acid A (SAA), a phenolic molecule that hinders NLRP3 activation
in aortic tissues via the NF-κB pathway and reduces early-stage ATS [196]. Moreover,
6-shogal, the most potent ginger-derived compound, displayed positive effects by reducing
Akt activation, ROS production and NLRP3 inflammasome activation, thereby alleviating
hyperglycemia-induced calcification of arterial smooth muscle cells [55,197]. Inhibition
of ROS/TXNIP/NLRP3 crosstalk has been established in mangiferin, puerarin, and rutin
administration that can further mitigate oxidative stress and inflammation in vascular
endothelial cells [56,198]. As AGEs induced endothelial dysfunction, salidroside might
play a pivotal role by regulating AMPK/NF-κB/NLRP3 signaling [199].

Inhibiting diabetes-related atherosclerosis by raising eNOS levels and decreasing NF-
κB and TXNIP expression in response to the priming signal from NLRP3 inflammasome
activation, Biejiajian (BJJ), a traditional Chinese medicine, has lately exhibited promising
results [12]. The LOX-1/NLRP3 pathway recently emerged as an important mediator in
inflammasome activation upon the use of astragaloside IV (AS-IV), the active component
of Astragalus membranaceus (Fisch.) Bge., an antioxidant treatment [200,201].

The aforementioned natural elements function essentially as antioxidants. In part,
this can account for their function as NLRP3 inflammasome inhibitors by reducing ROS
generation. However, they also provide new insights into the complex interaction be-
tween inflammation and oxidation and suggest potential therapeutic options for vascular
problems [56]. Current studies are insufficient to completely explain the therapeutic ef-
fects of these substances, and further research is necessary to better understand their
inflammasome-inhibiting potential.

5. Discussion

Although inflammatory biomarkers (hsCRP, IL-6, IL-1, TNF-, MCP-1), endothelial
biomarkers (ICAM-1, VCAM-1) and selectins are established in both human and exper-
imental studies as routinely detected in retrieved blood samples, we are still bound by
particular detection methods when it comes to quantifying inflammation as a target. While
in preclinical studies these changes have been detected in samples of peripheral blood
monocytes, macrophages, aortic endothelial cells from mouse tissues and cell cultures
using a variety of staining methods and tests (e.g., Western blotting, real-time polymerase
chain reaction), the assessment of the therapeutic–inflammatory response is not clearly
delineated in most human clinical studies. This underlines the necessity of designing a
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specific test for sensing and assessing anti-inflammatory therapy that can be implemented
in clinical practice in conjunction with a more extensive panel of inflammatory biomarkers.

We need to emphasize some of the contrasts between our research and some of the
most important reviews that have been conducted in this topic over the last three years after
thorough research. For instance, in their work, Silvis et al. [31] focused on the mechanisms
and the involvement of NLRP3 inflammasome strictly in coronary artery disease and acute
myocardial infarction with a brief mention of therapy options mentioning only clinical
immunotherapy trials. Jiang et al. [43], in their review, discussed in detail the NLRP3
inflammasome components and their pathophysiological implications in atherosclerosis,
with a focus only on direct and indirect NLRP3 inflammasome inhibitors and setting aside
natural components which could prove an inexpensive source of treatment in the future.
Sharma B.R. et al. [38] reviewed the mechanisms of NLRP3 regarding chronic inflam-
mation in atherosclerosis and cancer, without any mention of treatment options, while
Sharma A. et al. [132] raised awareness about NLRP3 inflammasome involvement in dia-
betic atherosclerosis in relation to only one therapeutic option. In contrast, Burger et al. [202]
pointed out the role of NLRP3 inflammasome in plaque destabilization and only briefly
covered the treatment potential of colchicine. Takahashi et al. [6] covered NLRP3 inflam-
masome involvement in atherosclerosis in addition to the vascular pathology of different
causes (aortic aneurysm, Kawasaki disease). They discuss known clinical trials (e.g., CAN-
TOS, COLCOT) with a concise overview of preclinical studies. Zeng et al. [203] discussed
the implications and therapeutic possibilities of pyroptosis but concerning only one as-
pect of the myriad ramifications of the NLRP3 inflammasome in the pathophysiology of
atherosclerosis; they only discuss one therapeutic product.

While pharmacological inhibitors of NLRP3 inflammasome and natural compounds
have shown promise in animal models, there are limitations to their use in clinical practice.
The lack of comprehensive studies on a larger scale in humans and high-quality research
prevents the Food and Drug Administration (FDA) and medical experts from recommend-
ing the use of numerous molecules in the form of affordable dietary supplements that
contain mainly the natural compounds presented above for the prevention and treatment
of atherosclerosis. Furthermore, these agents may have limited bioavailability and can be
metabolized quickly, making them less effective in vivo. For example, some inhibitors have
low specificity and can also affect other inflammasomes, leading to potential off-target
effects. Inhibiting only IL-1 and IL-8 may not fully address the complex inflammatory
response downstream of NLRP3 activation, as its activation leads to the production of
various cytokines and chemokines that contribute to inflammation, including IL-1β, IL-
18, IL-6, TNF-α and IL-8. Additionally, the multiple downstream mediators inhibition
treatments targeting IL-1 and IL-18 do not have NLRP3 specificity and can also inhibit
the normal immune response pathways. Additionally, the long-term use of interleukin
inhibitors is well known for their immune-related adverse events, including low blood
pressure, nausea, vomiting, liver enzyme elevations, diarrhea and increased rates of in-
fection. While NLRP3 is a key regulator of inflammasome activation, there is increasing
evidence that other inflammasome sensors, such as NLRC4 and AIM2, also play a role in
atherosclerosis. Therefore, targeting NLRP3 alone may not be sufficient to fully modulate
the inflammasome response in atherosclerosis. Combining NLRP3 inhibitors with other
agents that target other aspects of atherosclerosis., such as lipid metabolism or immune
cell recruitment, may provide synergistic effects and enhance therapeutic efficacy. Ad-
vances in drug discovery and development may lead to identifying new, more specific and
potent NLRP3 inhibitors with improved bioavailability and pharmacokinetic properties,
potentially resulting in fewer adverse effects. While NLRP3 inflammasome activation is a
promising therapeutic target for the treatment of atherosclerosis (Figure 3), and most of
its beneficial effects are seen in experimental studies, developing other NLRP3-modifying
agents is necessary to address the limitations of current agents. It is also necessary to
account for NLRP3-independent mechanisms and explore potential combination therapies.
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As noted, we conclude that our updated review provides scientific data not only about
the pathophysiology underlying atherosclerosis, which involves the complex relationship
between inflammation, hyperglycemia and oxidative stress and the role of NRLP3 in these
pathways, but also encompasses a wider array of therapy information. In addition, our
review outlines both preclinical and clinical findings on NLRP3 inhibitors and includes
integrative reviews of other lesser-known NLRP3 inhibitors. The aim of this manuscript
is to reveal the vastness of this field, which encompasses still unexplored pathways and
molecules with biomarker potency and less addressed potential therapeutic targets. Hope-
fully, it can be of help for future researchers.
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6. Conclusions

Unfortunately, as the human population grows, unhealthy lifestyles are increasingly
adopted, leading to a rise in the incidence and prevalence of metabolic diseases. All things
considered, despite the efforts of bringing new molecules for atherosclerosis treatment
and up-to-date management guidelines, atherosclerosis still holds the title of one of the
most debilitating diseases when its multiple central and peripheric vascular complications
are considered.

For this reason, over the last decades, the scientific community has directed its attention
to the supplementary investigation of the pathogenesis behind this disease, with more
concentration on inflammasome pathway research. A plethora of evidence noted the
role of NLRP3 inflammasome in endothelial dysfunction and atherosclerosis. Human
and preclinical studies predominantly displayed the beneficial effects of direct or indirect
NLRPR signaling/assembly/activation phase inhibitors.

A better understanding through translational research could enlighten the full role
and potential of inflammasomes in CVD disease. Thus, perhaps the discovery of clini-
cally approved novel pharmacological molecular inhibitors of NLRP3, along with other
adjuvant therapy agents, may bring new therapeutic strategies with a reduced burden of
atherosclerosis complications.
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Nat. Rev. Dis. Prim. 2019, 5, 56. [CrossRef]
2. Libby, P. The Changing Landscape of Atherosclerosis. Nature 2021, 592, 524–533. [CrossRef]
3. Liberale, L.; Montecucco, F.; Schwarz, L.; Lüscher, T.F.; Camici, G.G. Inflammation and Cardiovascular Diseases: Lessons from

Seminal Clinical Trials. Cardiovasc. Res. 2021, 117, 411–422. [CrossRef] [PubMed]
4. Montecucco, F.; Liberale, L.; Bonaventura, A.; Vecchiè, A.; Dallegri, F.; Carbone, F. The Role of Inflammation in Cardiovascular

Outcome. Curr. Atheroscler. Rep. 2017, 19, 11. [CrossRef]
5. Liberale, L.; Holy, E.W.; Akhmedov, A.; Bonetti, N.R.; Nietlispach, F.; Matter, C.M.; Mach, F.; Montecucco, F.; Beer, J.H.;

Paneni, F.; et al. Interleukin-1β Mediates Arterial Thrombus Formation via NET-Associated Tissue Factor. JCM 2019, 8, 2072.
[CrossRef] [PubMed]

6. Takahashi, M. NLRP3 Inflammasome as a Key Driver of Vascular Disease. Cardiovasc. Res. 2022, 118, 372–385. [CrossRef]
[PubMed]

7. Fernandez, D.M.; Rahman, A.H.; Fernandez, N.F.; Chudnovskiy, A.; Amir, E.D.; Amadori, L.; Khan, N.S.; Wong, C.K.; Shamailova,
R.; Hill, C.A.; et al. Single-Cell Immune Landscape of Human Atherosclerotic Plaques. Nat. Med. 2019, 25, 1576–1588. [CrossRef]
[PubMed]

8. Ross, R. Atherosclerosis—An Inflammatory Disease. New Engl. J. Med. 1999, 340, 115–126. [CrossRef] [PubMed]
9. Kritharides, L. Inflammatory Markers and Outcomes in Cardiovascular Disease. PLoS Med. 2009, 6, e1000147. [CrossRef]

[PubMed]
10. Björkegren, J.L.M.; Lusis, A.J. Atherosclerosis: Recent Developments. Cell 2022, 185, 1630–1645. [CrossRef] [PubMed]
11. Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, J.G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.; Koenig, W.;

Anker, S.D.; et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N. Engl. J. Med. 2017, 377,
1119–1131. [CrossRef]

12. Fu, Y.; Yuan, J.; Sang, F.; Shao, M.; Yan, S.; Li, L.; Zhu, R.; Wang, Z. Biejiajian Pill Ameliorates Diabetes-Associated Atherosclerosis
through Inhibition of the NLRP3 Inflammasome. Evid. -Based Complement. Altern. Med. 2022, 2022, 9131178. [CrossRef] [PubMed]

13. Wan, Z.; Fan, Y.; Liu, X.; Xue, J.; Han, Z.; Zhu, C.; Wang, X. NLRP3 Inflammasome Promotes Diabetes-Induced Endothelial
Inflammation and Atherosclerosis. DMSO 2019, 12, 1931–1942. [CrossRef] [PubMed]

14. Grebe, A.; Hoss, F.; Latz, E. NLRP3 Inflammasome and the IL-1 Pathway in Atherosclerosis. Circ. Res. 2018, 122, 1722–1740.
[CrossRef] [PubMed]

15. Abbate, A.; Toldo, S.; Marchetti, C.; Kron, J.; Van Tassell, B.W.; Dinarello, C.A. Interleukin-1 and the Inflammasome as Therapeutic
Targets in Cardiovascular Disease. Circ. Res. 2020, 126, 1260–1280. [CrossRef]

16. Kelley, N.; Jeltema, D.; Duan, Y.; He, Y. The NLRP3 Inflammasome: An Overview of Mechanisms of Activation and Regulation.
IJMS 2019, 20, 3328. [CrossRef]

17. Fatima, S.; Ambreen, S.; Mathew, A.; Elwakiel, A.; Gupta, A.; Singh, K.; Krishnan, S.; Rana, R.; Khawaja, H.; Gupta, D.; et al.
ER-Stress and Senescence Coordinately Promote Endothelial Barrier Dysfunction in Diabetes-Induced Atherosclerosis. Nutrients
2022, 14, 2786. [CrossRef]

18. Mikkelsen, R.R.; Hundahl, M.P.; Torp, C.K.; Rodríguez-Carrio, J.; Kjolby, M.; Bruun, J.M.; Kragstrup, T.W. Immunomodulatory
and Immunosuppressive Therapies in Cardiovascular Disease and Type 2 Diabetes Mellitus: A Bedside-to-Bench Approach. Eur.
J. Pharmacol. 2022, 925, 174998. [CrossRef]

19. Martinon, F.; Burns, K.; Tschopp, J. The Inflammasome: A Molecular Platform Triggering Activation of Inflammatory Caspases
and Processing of ProIL-Beta. Mol. Cell 2002, 10, 10. [CrossRef]

20. Zhou, W.; Chen, C.; Chen, Z.; Liu, L.; Jiang, J.; Wu, Z.; Zhao, M.; Chen, Y. NLRP3: A Novel Mediator in Cardiovascular Disease.
J. Immunol. Res. 2018, 2018, 5702103. [CrossRef]

https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1038/s41586-021-03392-8
https://doi.org/10.1093/cvr/cvaa211
https://www.ncbi.nlm.nih.gov/pubmed/32666079
https://doi.org/10.1007/s11883-017-0646-1
https://doi.org/10.3390/jcm8122072
https://www.ncbi.nlm.nih.gov/pubmed/31779200
https://doi.org/10.1093/cvr/cvab010
https://www.ncbi.nlm.nih.gov/pubmed/33483732
https://doi.org/10.1038/s41591-019-0590-4
https://www.ncbi.nlm.nih.gov/pubmed/31591603
https://doi.org/10.1056/NEJM199901143400207
https://www.ncbi.nlm.nih.gov/pubmed/9887164
https://doi.org/10.1371/journal.pmed.1000147
https://www.ncbi.nlm.nih.gov/pubmed/19901972
https://doi.org/10.1016/j.cell.2022.04.004
https://www.ncbi.nlm.nih.gov/pubmed/35504280
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1155/2022/9131178
https://www.ncbi.nlm.nih.gov/pubmed/35692570
https://doi.org/10.2147/DMSO.S222053
https://www.ncbi.nlm.nih.gov/pubmed/31571967
https://doi.org/10.1161/CIRCRESAHA.118.311362
https://www.ncbi.nlm.nih.gov/pubmed/29880500
https://doi.org/10.1161/CIRCRESAHA.120.315937
https://doi.org/10.3390/ijms20133328
https://doi.org/10.3390/nu14142786
https://doi.org/10.1016/j.ejphar.2022.174998
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1155/2018/5702103


Int. J. Mol. Sci. 2023, 24, 8162 22 of 29

21. Swanson, K.V.; Deng, M.; Ting, J.P.-Y. The NLRP3 Inflammasome: Molecular Activation and Regulation to Therapeutics. Nat. Rev.
Immunol. 2019, 19, 477–489. [CrossRef]

22. Biasizzo, M.; Kopitar-Jerala, N. Interplay Between NLRP3 Inflammasome and Autophagy. Front. Immunol. 2020, 11, 591803.
[CrossRef]

23. Gora, I.M.; Ciechanowska, A.; Ladyzynski, P. NLRP3 Inflammasome at the Interface of Inflammation, Endothelial Dysfunction,
and Type 2 Diabetes. Cells 2021, 10, 314. [CrossRef] [PubMed]

24. Engelen, S.E.; Robinson, A.J.B.; Zurke, Y.-X.; Monaco, C. Therapeutic Strategies Targeting Inflammation and Immunity in
Atherosclerosis: How to Proceed? Nat. Rev. Cardiol. 2022, 19, 522–542. [CrossRef] [PubMed]

25. Ding, S.; Xu, S.; Ma, Y.; Liu, G.; Jang, H.; Fang, J. Modulatory Mechanisms of the NLRP3 Inflammasomes in Diabetes. Biomolecules
2019, 9, 850. [CrossRef]

26. Lee, J.; Wan, J.; Lee, L.; Peng, C.; Xie, H.; Lee, C. Study of the NLRP3 Inflammasome Component Genes and Downstream
Cytokines in Patients with Type 2 Diabetes Mellitus with Carotid Atherosclerosis. Lipids Health Dis. 2017, 16, 217. [CrossRef]
[PubMed]

27. Parsamanesh, N.; Moossavi, M.; Bahrami, A.; Fereidouni, M.; Barreto, G.; Sahebkar, A. NLRP3 Inflammasome as a Treatment
Target in Atherosclerosis: A Focus on Statin Therapy. Int. Immunopharmacol. 2019, 73, 146–155. [CrossRef] [PubMed]

28. Baldrighi, M.; Mallat, Z.; Li, X. NLRP3 Inflammasome Pathways in Atherosclerosis. Atherosclerosis 2017, 267, 127–138. [CrossRef]
29. Tong, Y.; Wang, Z.; Cai, L.; Lin, L.; Liu, J.; Cheng, J. NLRP3 Inflammasome and Its Central Role in the Cardiovascular Diseases.

Oxidative Med. Cell. Longev. 2020, 2020, 4293206. [CrossRef]
30. Meyers, A.K.; Zhu, X. The NLRP3 Inflammasome: Metabolic Regulation and Contribution to Inflammaging. Cells 2020, 9, 1808.

[CrossRef]
31. Silvis, M.J.M.; Demkes, E.J.; Fiolet, A.T.L.; Dekker, M.; Bosch, L.; van Hout, G.P.J.; Timmers, L.; de Kleijn, D.P.V. Immunomodula-

tion of the NLRP3 Inflammasome in Atherosclerosis, Coronary Artery Disease, and Acute Myocardial Infarction. J. Cardiovasc.
Trans. Res. 2021, 14, 23–34. [CrossRef] [PubMed]

32. Liu, Y.; Li, C.; Yin, H.; Zhang, X.; Li, Y. NLRP3 Inflammasome: A Potential Alternative Therapy Target for Atherosclerosis.
Evid. -Based Complement. Altern. Med. 2020, 2020, 1561342. [CrossRef]

33. Wang, Y.; Liu, X.; Shi, H.; Yu, Y.; Yu, Y.; Li, M.; Chen, R. NLRP3 Inflammasome, an Immune-inflammatory Target in Pathogenesis
and Treatment of Cardiovascular Diseases. Clin. Transl. Med. 2020, 10, 91–106. [CrossRef] [PubMed]

34. Zeng, X.; Liu, D.; Huo, X.; Wu, Y.; Liu, C.; Sun, Q. Pyroptosis in NLRP3 Inflammasome-Related Atherosclerosis. CST 2022, 6,
79–88. [CrossRef]

35. Kong, P.; Cui, Z.-Y.; Huang, X.-F.; Zhang, D.-D.; Guo, R.-J.; Han, M. Inflammation and Atherosclerosis: Signaling Pathways and
Therapeutic Intervention. Sig. Transduct. Target 2022, 7, 131. [CrossRef] [PubMed]

36. González-Moro, A.; Valencia, I.; Shamoon, L.; Sánchez-Ferrer, C.F.; Peiró, C.; de la Cuesta, F. NLRP3 Inflammasome in Vascular
Disease: A Recurrent Villain to Combat Pharmacologically. Antioxidants 2022, 11, 269. [CrossRef]

37. Huang, Y.; Xu, W.; Zhou, R. NLRP3 Inflammasome Activation and Cell Death. Cell Mol. Immunol. 2021, 18, 2114–2127. [CrossRef]
38. Sharma, B.R.; Kanneganti, T.-D. NLRP3 Inflammasome in Cancer and Metabolic Diseases. Nat. Immunol. 2021, 22, 550–559.

[CrossRef]
39. Moasses Ghafary, S.; Soriano-Teruel, P.M.; Lotfollahzadeh, S.; Sancho, M.; Serrano-Candelas, E.; Karami, F.; Barigye, S.J.;

Fernández-Pérez, I.; Gozalbes, R.; Nikkhah, M.; et al. Identification of NLRP3PYD Homo-Oligomerization Inhibitors with
Anti-Inflammatory Activity. IJMS 2022, 23, 1651. [CrossRef]

40. Hoseini, Z.; Sepahvand, F.; Rashidi, B.; Sahebkar, A.; Masoudifar, A.; Mirzaei, H. NLRP3 Inflammasome: Its Regulation and
Involvement in Atherosclerosis. J. Cell Physiol. 2018, 233, 2116–2132. [CrossRef]

41. Zheng, Y.; Xu, L.; Dong, N.; Li, F. NLRP3 Inflammasome: The Rising Star in Cardiovascular Diseases. Front. Cardiovasc. Med.
2022, 9, 927061. [CrossRef]

42. Groß, C.J.; Mishra, R.; Schneider, K.S.; Médard, G.; Wettmarshausen, J.; Dittlein, D.C.; Shi, H.; Gorka, O.; Koenig, P.-A.;
Fromm, S.; et al. K + Efflux-Independent NLRP3 Inflammasome Activation by Small Molecules Targeting Mitochondria. Immunity
2016, 45, 761–773. [CrossRef] [PubMed]

43. Jiang, C.; Xie, S.; Yang, G.; Wang, N. Spotlight on NLRP3 Inflammasome: Role in Pathogenesis and Therapies of Atherosclerosis.
JIR 2021, 14, 7143–7172. [CrossRef] [PubMed]

44. Zhong, Z.; Liang, S.; Sanchez-Lopez, E.; He, F.; Shalapour, S.; Lin, X.; Wong, J.; Ding, S.; Seki, E.; Schnabl, B.; et al. New
Mitochondrial DNA Synthesis Enables NLRP3 Inflammasome Activation. Nature 2018, 560, 198–203. [CrossRef] [PubMed]

45. Shimada, K.; Crother, T.R.; Karlin, J.; Dagvadorj, J.; Chiba, N.; Chen, S.; Ramanujan, V.K.; Wolf, A.J.; Vergnes, L.; Ojcius, D.M.; et al.
Oxidized Mitochondrial DNA Activates the NLRP3 Inflammasome during Apoptosis. Immunity 2012, 36, 401–414. [CrossRef]
[PubMed]

46. Bai, B.; Yang, Y.; Wang, Q.; Li, M.; Tian, C.; Liu, Y.; Aung, L.H.H.; Li, P.; Yu, T.; Chu, X. NLRP3 Inflammasome in Endothelial
Dysfunction. Cell Death Dis. 2020, 11, 776. [CrossRef]

47. Blevins, H.M.; Xu, Y.; Biby, S.; Zhang, S. The NLRP3 Inflammasome Pathway: A Review of Mechanisms and Inhibitors for the
Treatment of Inflammatory Diseases. Front. Aging Neurosci. 2022, 14, 879021. [CrossRef]

48. Chen, J.; Chen, Z.J. PtdIns4P on Dispersed Trans-Golgi Network Mediates NLRP3 Inflammasome Activation. Nature 2018, 564,
71–76. [CrossRef]

https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.3389/fimmu.2020.591803
https://doi.org/10.3390/cells10020314
https://www.ncbi.nlm.nih.gov/pubmed/33546399
https://doi.org/10.1038/s41569-021-00668-4
https://www.ncbi.nlm.nih.gov/pubmed/35102320
https://doi.org/10.3390/biom9120850
https://doi.org/10.1186/s12944-017-0595-2
https://www.ncbi.nlm.nih.gov/pubmed/29151018
https://doi.org/10.1016/j.intimp.2019.05.006
https://www.ncbi.nlm.nih.gov/pubmed/31100709
https://doi.org/10.1016/j.atherosclerosis.2017.10.027
https://doi.org/10.1155/2020/4293206
https://doi.org/10.3390/cells9081808
https://doi.org/10.1007/s12265-020-10049-w
https://www.ncbi.nlm.nih.gov/pubmed/32648087
https://doi.org/10.1155/2020/1561342
https://doi.org/10.1002/ctm2.13
https://www.ncbi.nlm.nih.gov/pubmed/32508013
https://doi.org/10.15698/cst2022.10.272
https://doi.org/10.1038/s41392-022-00955-7
https://www.ncbi.nlm.nih.gov/pubmed/35459215
https://doi.org/10.3390/antiox11020269
https://doi.org/10.1038/s41423-021-00740-6
https://doi.org/10.1038/s41590-021-00886-5
https://doi.org/10.3390/ijms23031651
https://doi.org/10.1002/jcp.25930
https://doi.org/10.3389/fcvm.2022.927061
https://doi.org/10.1016/j.immuni.2016.08.010
https://www.ncbi.nlm.nih.gov/pubmed/27692612
https://doi.org/10.2147/JIR.S344730
https://www.ncbi.nlm.nih.gov/pubmed/34992411
https://doi.org/10.1038/s41586-018-0372-z
https://www.ncbi.nlm.nih.gov/pubmed/30046112
https://doi.org/10.1016/j.immuni.2012.01.009
https://www.ncbi.nlm.nih.gov/pubmed/22342844
https://doi.org/10.1038/s41419-020-02985-x
https://doi.org/10.3389/fnagi.2022.879021
https://doi.org/10.1038/s41586-018-0761-3


Int. J. Mol. Sci. 2023, 24, 8162 23 of 29

49. Sharif, H.; Wang, L.; Wang, W.L.; Magupalli, V.G.; Andreeva, L.; Qiao, Q.; Hauenstein, A.V.; Wu, Z.; Núñez, G.; Mao, Y.; et al.
Structural Mechanism for NEK7-Licensed Activation of NLRP3 Inflammasome. Nature 2019, 570, 338–343. [CrossRef]

50. Paik, S.; Kim, J.K.; Silwal, P.; Sasakawa, C.; Jo, E.-K. An Update on the Regulatory Mechanisms of NLRP3 Inflammasome
Activation. Cell Mol. Immunol. 2021, 18, 1141–1160. [CrossRef]

51. Chan, A.H.; Schroder, K. Inflammasome Signaling and Regulation of Interleukin-1 Family Cytokines. J. Exp. Med. 2020,
217, e20190314. [CrossRef]

52. Duewell, P.; Kono, H.; Rayner, K.J.; Sirois, C.M.; Vladimer, G.; Bauernfeind, F.G.; Abela, G.S.; Franchi, L.; Nuñez, G.;
Schnurr, M.; et al. NLRP3 Inflammasomes Are Required for Atherogenesis and Activated by Cholesterol Crystals. Nature
2010, 464, 1357–1361. [CrossRef] [PubMed]

53. Jin, Y.; Fu, J. Novel Insights Into the NLRP3 Inflammasome in Atherosclerosis. JAHA 2019, 8, e012219. [CrossRef]
54. Pellegrini, C.; Martelli, A.; Antonioli, L.; Fornai, M.; Blandizzi, C.; Calderone, V. NLRP3 Inflammasome in Cardiovascular

Diseases: Pathophysiological and Pharmacological Implications. Med. Res. Rev. 2021, 41, 1890–1926. [CrossRef] [PubMed]
55. Ho, S.-C.; Chang, Y.-H. Comparison of Inhibitory Capacities of 6-, 8- and 10-Gingerols/Shogaols on the Canonical NLRP3

Inflammasome-Mediated IL-1β Secretion. Molecules 2018, 23, 466. [CrossRef] [PubMed]
56. Bai, Y.; Mu, Q.; Bao, X.; Zuo, J.; Fang, X.; Hua, J.; Zhang, D.; Jiang, G.; Li, P.; Gao, S.; et al. Targeting NLRP3 Inflammasome in the

Treatment Of Diabetes and Diabetic Complications: Role of Natural Compounds from Herbal Medicine. Aging Dis. 2021, 12, 1587.
[CrossRef] [PubMed]

57. Sharma, A.; Tate, M.; Mathew, G.; Vince, J.E.; Ritchie, R.H.; de Haan, J.B. Oxidative Stress and NLRP3-Inflammasome Activity as
Significant Drivers of Diabetic Cardiovascular Complications: Therapeutic Implications. Front. Physiol. 2018, 9, 114. [CrossRef]

58. Menini, S.; Iacobini, C.; Vitale, M.; Pugliese, G. The Inflammasome in Chronic Complications of Diabetes and Related Metabolic
Disorders. Cells 2020, 9, 1812. [CrossRef]

59. Jorquera, G.; Russell, J.; Monsalves-Álvarez, M.; Cruz, G.; Valladares-Ide, D.; Basualto-Alarcón, C.; Barrientos, G.; Estrada, M.;
Llanos, P. NLRP3 Inflammasome: Potential Role in Obesity Related Low-Grade Inflammation and Insulin Resistance in Skeletal
Muscle. IJMS 2021, 22, 3254. [CrossRef]

60. Hasheminasabgorji, E.; Jha, J.C. Dyslipidemia, Diabetes and Atherosclerosis: Role of Inflammation and ROS-Redox-Sensitive
Factors. Biomedicines 2021, 9, 1602. [CrossRef]

61. Pickering, R.J.; Rosado, C.J.; Sharma, A.; Buksh, S.; Tate, M.; de Haan, J.B. Recent Novel Approaches to Limit Oxidative Stress and
Inflammation in Diabetic Complications. Clin. Transl. Immunol. 2018, 7, e1016. [CrossRef] [PubMed]

62. Poznyak, A.; Grechko, A.V.; Poggio, P.; Myasoedova, V.A.; Alfieri, V.; Orekhov, A.N. The Diabetes Mellitus–Atherosclerosis
Connection: The Role of Lipid and Glucose Metabolism and Chronic Inflammation. IJMS 2020, 21, 1835. [CrossRef] [PubMed]

63. Varghese, J.F.; Patel, R.; Yadav, U.C.S. Sterol Regulatory Element Binding Protein (SREBP) -1 Mediates Oxidized Low-Density
Lipoprotein (OxLDL) Induced Macrophage Foam Cell Formation through NLRP3 Inflammasome Activation. Cell Signal. 2019, 53,
316–326. [CrossRef] [PubMed]

64. Sun, Y.; Ding, S. NLRP3 Inflammasome in Diabetic Cardiomyopathy and Exercise Intervention. IJMS 2021, 22, 13228. [CrossRef]
65. Zhao, H.; Liu, H.; Yang, Y.; Wang, H. The Role of H2S Regulating NLRP3 Inflammasome in Diabetes. IJMS 2022, 23, 4818.

[CrossRef] [PubMed]
66. Zheng, F.; Xing, S.; Gong, Z.; Xing, Q. NLRP3 Inflammasomes Show High Expression in Aorta of Patients with Atherosclerosis.

Heart Lung Circ. 2013, 22, 746–750. [CrossRef]
67. Shi, X.; Xie, W.-L.; Kong, W.-W.; Chen, D.; Qu, P. Expression of the NLRP3 Inflammasome in Carotid Atherosclerosis. J. Stroke

Cerebrovasc. Dis. 2015, 24, 2455–2466. [CrossRef]
68. Paramel Varghese, G.; Folkersen, L.; Strawbridge, R.J.; Halvorsen, B.; Yndestad, A.; Ranheim, T.; Krohg-Sørensen, K.; Skjelland,

M.; Espevik, T.; Aukrust, P.; et al. NLRP3 Inflammasome Expression and Activation in Human Atherosclerosis. JAHA 2016,
5, e003031. [CrossRef]

69. Afrasyab, A.; Qu, P.; Zhao, Y.; Peng, K.; Wang, H.; Lou, D.; Niu, N.; Yuan, D. Correlation of NLRP3 with Severity and Prognosis of
Coronary Atherosclerosis in Acute Coronary Syndrome Patients. Heart Vessel. 2016, 31, 1218–1229. [CrossRef]

70. Wang, R.; Wang, Y.; Mu, N.; Lou, X.; Li, W.; Chen, Y.; Fan, D.; Tan, H. Activation of NLRP3 Inflammasomes Contributes to
Hyperhomocysteinemia-Aggravated Inflammation and Atherosclerosis in ApoE-Deficient Mice. Lab. Investig. 2017, 97, 922–934.
[CrossRef]

71. Zheng, F.; Xing, S.; Gong, Z.; Mu, W.; Xing, Q. Silence of NLRP3 Suppresses Atherosclerosis and Stabilizes Plaques in Apolipopro-
tein E-Deficient Mice. Mediat. Inflamm. 2014, 2014, 507208. [CrossRef]

72. Abderrazak, A.; Couchie, D.; Darweesh Mahmood, D.F.; Elhage, R.; Vindis, C.; Laffargue, M.; Matéo, V.; Büchele, B.; Ayala, M.R.;
Gaafary, M.E.; et al. Response to Letter Regarding Article, “Anti-Inflammatory and Antiatherogenic Effects of the Inflammasome
NLRP3 Inhibitor Arglabin in ApoE2. Ki Mice Fed a High-Fat Diet.” Circulation 2015, 132, e250–e251. [CrossRef] [PubMed]

73. Ma, S.; Chen, J.; Feng, J.; Zhang, R.; Fan, M.; Han, D.; Li, X.; Li, C.; Ren, J.; Wang, Y.; et al. Melatonin Ameliorates the
Progression of Atherosclerosis via Mitophagy Activation and NLRP3 Inflammasome Inhibition. Oxidative Med. Cell. Longev. 2018,
2018, 9286458. [CrossRef]

74. van der Heijden, T.; Kritikou, E.; Venema, W.; van Duijn, J.; van Santbrink, P.J.; Slütter, B.; Foks, A.C.; Bot, I.; Kuiper, J. NLRP3
Inflammasome Inhibition by MCC950 Reduces Atherosclerotic Lesion Development in Apolipoprotein E–Deficient Mice—Brief
Report. ATVB 2017, 37, 1457–1461. [CrossRef] [PubMed]

https://doi.org/10.1038/s41586-019-1295-z
https://doi.org/10.1038/s41423-021-00670-3
https://doi.org/10.1084/jem.20190314
https://doi.org/10.1038/nature08938
https://www.ncbi.nlm.nih.gov/pubmed/20428172
https://doi.org/10.1161/JAHA.119.012219
https://doi.org/10.1002/med.21781
https://www.ncbi.nlm.nih.gov/pubmed/33460162
https://doi.org/10.3390/molecules23020466
https://www.ncbi.nlm.nih.gov/pubmed/29466287
https://doi.org/10.14336/AD.2021.0318
https://www.ncbi.nlm.nih.gov/pubmed/34631209
https://doi.org/10.3389/fphys.2018.00114
https://doi.org/10.3390/cells9081812
https://doi.org/10.3390/ijms22063254
https://doi.org/10.3390/biomedicines9111602
https://doi.org/10.1002/cti2.1016
https://www.ncbi.nlm.nih.gov/pubmed/29713471
https://doi.org/10.3390/ijms21051835
https://www.ncbi.nlm.nih.gov/pubmed/32155866
https://doi.org/10.1016/j.cellsig.2018.10.020
https://www.ncbi.nlm.nih.gov/pubmed/30389501
https://doi.org/10.3390/ijms222413228
https://doi.org/10.3390/ijms23094818
https://www.ncbi.nlm.nih.gov/pubmed/35563208
https://doi.org/10.1016/j.hlc.2013.01.012
https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.03.024
https://doi.org/10.1161/JAHA.115.003031
https://doi.org/10.1007/s00380-015-0723-8
https://doi.org/10.1038/labinvest.2017.30
https://doi.org/10.1155/2014/507208
https://doi.org/10.1161/CIRCULATIONAHA.115.017739
https://www.ncbi.nlm.nih.gov/pubmed/26596983
https://doi.org/10.1155/2018/9286458
https://doi.org/10.1161/ATVBAHA.117.309575
https://www.ncbi.nlm.nih.gov/pubmed/28596375


Int. J. Mol. Sci. 2023, 24, 8162 24 of 29

75. Shen, L.; Yang, Y.; Ou, T.; Key, C.-C.C.; Tong, S.H.; Sequeira, R.C.; Nelson, J.M.; Nie, Y.; Wang, Z.; Boudyguina, E.; et al. Dietary
PUFAs Attenuate NLRP3 Inflammasome Activation via Enhancing Macrophage Autophagy. J. Lipid Res. 2017, 58, 1808–1821.
[CrossRef]

76. Yin, R.; Zhu, X.; Wang, J.; Yang, S.; Ma, A.; Xiao, Q.; Song, J.; Pan, X. MicroRNA-155 Promotes the Ox-LDL-Induced Activation of
NLRP3 Inflammasomes via the ERK1/2 Pathway in THP-1 Macrophages and Aggravates Atherosclerosis in ApoE−/− Mice.
Ann. Palliat. Med. 2019, 8, 676–689. [CrossRef] [PubMed]

77. Gage, J.; Hasu, M.; Thabet, M.; Whitman, S.C. Caspase-1 Deficiency Decreases Atherosclerosis in Apolipoprotein E-Null Mice.
Can. J. Cardiol. 2012, 28, 222–229. [CrossRef]

78. Wu, X.; Zhang, H.; Qi, W.; Zhang, Y.; Li, J.; Li, Z.; Lin, Y.; Bai, X.; Liu, X.; Chen, X.; et al. Nicotine Promotes Atherosclerosis via
ROS-NLRP3-Mediated Endothelial Cell Pyroptosis. Cell Death Dis. 2018, 9, 171. [CrossRef]

79. Zhang, Y.; Liu, X.; Bai, X.; Lin, Y.; Li, Z.; Fu, J.; Li, M.; Zhao, T.; Yang, H.; Xu, R.; et al. Melatonin Prevents Endothelial Cell
Pyroptosis via Regulation of Long Noncoding RNA MEG3/MiR-223/NLRP3 Axis. J. Pineal Res. 2018, 64, e12449. [CrossRef]

80. Li, P.; Zhong, X.; Li, J.; Liu, H.; Ma, X.; He, R.; Zhao, Y. MicroRNA-30c-5p Inhibits NLRP3 Inflammasome-Mediated Endothelial
Cell Pyroptosis through FOXO3 down-Regulation in Atherosclerosis. Biochem. Biophys. Res. Commun. 2018, 503, 2833–2840.
[CrossRef]

81. Man, S.M.; Zhu, Q.; Zhu, L.; Liu, Z.; Karki, R.; Malik, A.; Sharma, D.; Li, L.; Malireddi, R.K.S.; Gurung, P.; et al. Critical Role for
the DNA Sensor AIM2 in Stem Cell Proliferation and Cancer. Cell 2015, 162, 45–58. [CrossRef] [PubMed]

82. Virani, S.S.; Alonso, A.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.;
Delling, F.N.; et al. Heart Disease and Stroke Statistics—2020 Update: A Report From the American Heart Association. Circulation
2020, 141, e139–e596. [CrossRef] [PubMed]

83. Kotlyarov, S.; Kotlyarova, A. Molecular Pharmacology of Inflammation Resolution in Atherosclerosis. IJMS 2022, 23, 4808.
[CrossRef]

84. Xu, S.; Ilyas, I.; Little, P.J.; Li, H.; Kamato, D.; Zheng, X.; Luo, S.; Li, Z.; Liu, P.; Han, J.; et al. Endothelial Dysfunction in
Atherosclerotic Cardiovascular Diseases and Beyond: From Mechanism to Pharmacotherapies. Pharm. Rev. 2021, 73, 924–967.
[CrossRef] [PubMed]

85. Jebari-Benslaiman, S.; Galicia-García, U.; Larrea-Sebal, A.; Olaetxea, J.R.; Alloza, I.; Vandenbroeck, K.; Benito-Vicente, A.; Martín,
C. Pathophysiology of Atherosclerosis. IJMS 2022, 23, 3346. [CrossRef] [PubMed]

86. Charlton, A.; Garzarella, J.; Jandeleit-Dahm, K.A.M.; Jha, J.C. Oxidative Stress and Inflammation in Renal and Cardiovascular
Complications of Diabetes. Biology 2021, 10, 18. [CrossRef]

87. Haas, A.V.; McDonnell, M.E. Pathogenesis of Cardiovascular Disease in Diabetes. Endocrinol. Metab. Clin. North. Am. 2018, 47,
51–63. [CrossRef] [PubMed]

88. Higashi, Y. Roles of Oxidative Stress and Inflammation in Vascular Endothelial Dysfunction-Related Disease. Antioxidants 2022,
11, 1958. [CrossRef]

89. Li, J.; Fu, X.; Yang, R.; Zhang, W. Atherosclerosis Vascular Endothelial Secretion Dysfunction and Smooth Muscle Cell Proliferation.
J. Healthc. Eng. 2022, 2022, 9271879. [CrossRef]

90. Petrie, J.R.; Guzik, T.J.; Touyz, R.M. Diabetes, Hypertension, and Cardiovascular Disease: Clinical Insights and Vascular
Mechanisms. Can. J. Cardiol. 2018, 34, 575–584. [CrossRef]

91. Souilhol, C.; Serbanovic-Canic, J.; Fragiadaki, M.; Chico, T.J.; Ridger, V.; Roddie, H.; Evans, P.C. Endothelial Responses to Shear
Stress in Atherosclerosis: A Novel Role for Developmental Genes. Nat. Rev. Cardiol. 2020, 17, 52–63. [CrossRef]

92. Campinho, P.; Vilfan, A.; Vermot, J. Blood Flow Forces in Shaping the Vascular System: A Focus on Endothelial Cell Behavior.
Front. Physiol. 2020, 11, 552. [CrossRef]

93. Shaito, A.; Aramouni, K.; Assaf, R.; Parenti, A.; Orekhov, A.; Yazbi, A.E.; Pintus, G.; Eid, A.H. Oxidative Stress-Induced
Endothelial Dysfunction in Cardiovascular Diseases. Front. Biosci. (Landmark Ed) 2022, 27, 0105. [CrossRef] [PubMed]

94. Katakami, N. Mechanism of Development of Atherosclerosis and Cardiovascular Disease in Diabetes Mellitus. J. Atheroscler.
Thromb. 2018, 25, 27–39. [CrossRef] [PubMed]

95. Janjusevic, M.; Fluca, A.L.; Gagno, G.; Pierri, A.; Padoan, L.; Sorrentino, A.; Beltrami, A.P.; Sinagra, G.; Aleksova, A. Old and
Novel Therapeutic Approaches in the Management of Hyperglycemia, an Important Risk Factor for Atherosclerosis. IJMS 2022,
23, 2336. [CrossRef]

96. Poznyak, A.V.; Grechko, A.V.; Orekhova, V.A.; Chegodaev, Y.S.; Wu, W.-K.; Orekhov, A.N. Oxidative Stress and Antioxidants in
Atherosclerosis Development and Treatment. Biology 2020, 9, 60. [CrossRef] [PubMed]

97. Yang, X.; Li, Y.; Li, Y.; Ren, X.; Zhang, X.; Hu, D.; Gao, Y.; Xing, Y.; Shang, H. Oxidative Stress-Mediated Atherosclerosis:
Mechanisms and Therapies. Front. Physiol. 2017, 8, 600. [CrossRef]

98. Beverly, J.K.; Budoff, M.J. Atherosclerosis: Pathophysiology of Insulin Resistance, Hyperglycemia, Hyperlipidemia, and Inflam-
mation. J. Diabetes 2020, 12, 102–104. [CrossRef]

99. Poznyak, A.V.; Nikiforov, N.G.; Markin, A.M.; Kashirskikh, D.A.; Myasoedova, V.A.; Gerasimova, E.V.; Orekhov, A.N. Overview
of OxLDL and Its Impact on Cardiovascular Health: Focus on Atherosclerosis. Front. Pharmacol. 2021, 11, 613780. [CrossRef]

100. Wang, D.; Yang, Y.; Lei, Y.; Tzvetkov, N.T.; Liu, X.; Yeung, A.W.K.; Xu, S.; Atanasov, A.G. Targeting Foam Cell Formation in
Atherosclerosis: Therapeutic Potential of Natural Products. Pharm. Rev. 2019, 71, 596–670. [CrossRef]

https://doi.org/10.1194/jlr.M075879
https://doi.org/10.21037/apm.2019.10.11
https://www.ncbi.nlm.nih.gov/pubmed/31865729
https://doi.org/10.1016/j.cjca.2011.10.013
https://doi.org/10.1038/s41419-017-0257-3
https://doi.org/10.1111/jpi.12449
https://doi.org/10.1016/j.bbrc.2018.08.049
https://doi.org/10.1016/j.cell.2015.06.001
https://www.ncbi.nlm.nih.gov/pubmed/26095253
https://doi.org/10.1161/CIR.0000000000000757
https://www.ncbi.nlm.nih.gov/pubmed/31992061
https://doi.org/10.3390/ijms23094808
https://doi.org/10.1124/pharmrev.120.000096
https://www.ncbi.nlm.nih.gov/pubmed/34088867
https://doi.org/10.3390/ijms23063346
https://www.ncbi.nlm.nih.gov/pubmed/35328769
https://doi.org/10.3390/biology10010018
https://doi.org/10.1016/j.ecl.2017.10.010
https://www.ncbi.nlm.nih.gov/pubmed/29407056
https://doi.org/10.3390/antiox11101958
https://doi.org/10.1155/2022/9271879
https://doi.org/10.1016/j.cjca.2017.12.005
https://doi.org/10.1038/s41569-019-0239-5
https://doi.org/10.3389/fphys.2020.00552
https://doi.org/10.31083/j.fbl2703105
https://www.ncbi.nlm.nih.gov/pubmed/35345337
https://doi.org/10.5551/jat.RV17014
https://www.ncbi.nlm.nih.gov/pubmed/28966336
https://doi.org/10.3390/ijms23042336
https://doi.org/10.3390/biology9030060
https://www.ncbi.nlm.nih.gov/pubmed/32245238
https://doi.org/10.3389/fphys.2017.00600
https://doi.org/10.1111/1753-0407.12970
https://doi.org/10.3389/fphar.2020.613780
https://doi.org/10.1124/pr.118.017178


Int. J. Mol. Sci. 2023, 24, 8162 25 of 29

101. Jiang, H.; Zhou, Y.; Nabavi, S.M.; Sahebkar, A.; Little, P.J.; Xu, S.; Weng, J.; Ge, J. Mechanisms of Oxidized LDL-Mediated
Endothelial Dysfunction and Its Consequences for the Development of Atherosclerosis. Front. Cardiovasc. Med. 2022, 9, 925923.
[CrossRef]

102. Huang, Z.; Wu, M.; Zeng, L.; Wang, D. The Beneficial Role of Nrf2 in the Endothelial Dysfunction of Atherosclerosis. Cardiol. Res.
Pract. 2022, 2022, 4287711. [CrossRef] [PubMed]

103. Feng, Z.; Wang, C.; Jin, Y.; Meng, Q.; Wu, J.; Sun, H. Kaempferol-Induced GPER Upregulation Attenuates Atherosclerosis via the
PI3K/AKT/Nrf2 Pathway. Pharm. Biol. 2021, 59, 1104–1114. [CrossRef] [PubMed]

104. Samarghandian, S.; Azimi-Nezhad, M.; Farkhondeh, T. Immunomodulatory and Antioxidant Effects of Saffron Aqueous Extract
(Crocus Sativus L.) on Streptozotocin-Induced Diabetes in Rats. Indian Heart J. 2017, 69, 151–159. [CrossRef] [PubMed]

105. Shah, P.K.; Lecis, D. Inflammation in Atherosclerotic Cardiovascular Disease. F1000Res 2019, 8, 1402. [CrossRef]
106. Drareni, K.; Gautier, J.-F.; Venteclef, N.; Alzaid, F. Transcriptional Control of Macrophage Polarisation in Type 2 Diabetes. Semin.

Immunopathol. 2019, 41, 515–529. [CrossRef] [PubMed]
107. Lin, P.; Ji, H.-H.; Li, Y.-J.; Guo, S.-D. Macrophage Plasticity and Atherosclerosis Therapy. Front. Mol. Biosci. 2021, 8, 679797.

[CrossRef] [PubMed]
108. Niyonzima, N.; Bakke, S.S.; Gregersen, I.; Holm, S.; Sandanger, Ø.; Orrem, H.L.; Sporsheim, B.; Ryan, L.; Kong, X.Y.;

Dahl, T.B.; et al. Cholesterol Crystals Use Complement to Increase NLRP3 Signaling Pathways in Coronary and Carotid
Atherosclerosis. EBioMedicine 2020, 60, 102985. [CrossRef]

109. Qi, H.-M.; Cao, Q.; Liu, Q. TLR4 Regulates Vascular Smooth Muscle Cell Proliferation in Hypertension. Am. J. Transl. Res. 2021,
13, 314–325.

110. Poznyak, A.V.; Melnichenko, A.A.; Wetzker, R.; Gerasimova, E.V.; Orekhov, A.N. NLPR3 Inflammasomes and Their Significance
for Atherosclerosis. Biomedicines 2020, 8, 205. [CrossRef] [PubMed]

111. Baragetti, A.; Catapano, A.L.; Magni, P. Multifactorial Activation of NLRP3 Inflammasome: Relevance for a Precision Approach
to Atherosclerotic Cardiovascular Risk and Disease. IJMS 2020, 21, 4459. [CrossRef]

112. Hill, J.R.; Coll, R.C.; Sue, N.; Reid, J.C.; Dou, J.; Holley, C.L.; Pelingon, R.; Dickinson, J.B.; Biden, T.J.; Schroder, K.; et al.
Sulfonylureas as Concomitant Insulin Secretagogues and NLRP3 Inflammasome Inhibitors. ChemMedChem 2017, 12, 1449–1457.
[CrossRef]

113. Ngo, L.; Oh, J.; Kim, A.; Back, H.; Kang, W.; Chae, J.; Yun, H.; Lee, H. Development of a Pharmacokinetic Model Describing
Neonatal Fc Receptor-Mediated Recycling of HL2351, a Novel Hybrid Fc-Fused Interleukin-1 Receptor Antagonist, to Optimize
Dosage Regimen. CPT Pharmacomet. Syst. Pharmacol. 2020, 9, 584–595. [CrossRef]

114. Yang, F.; Qin, Y.; Wang, Y.; Meng, S.; Xian, H.; Che, H.; Lv, J.; Li, Y.; Yu, Y.; Bai, Y.; et al. Metformin Inhibits the NLRP3
Inflammasome via AMPK/MTOR-Dependent Effects in Diabetic Cardiomyopathy. Int. J. Biol. Sci. 2019, 15, 1010–1019. [CrossRef]
[PubMed]

115. Xian, H.; Liu, Y.; Rundberg Nilsson, A.; Gatchalian, R.; Crother, T.R.; Tourtellotte, W.G.; Zhang, Y.; Aleman-Muench, G.R.; Lewis,
G.; Chen, W.; et al. Metformin Inhibition of Mitochondrial ATP and DNA Synthesis Abrogates NLRP3 Inflammasome Activation
and Pulmonary Inflammation. Immunity 2021, 54, 1463–1477.e11. [CrossRef] [PubMed]

116. Feng, X.; Chen, W.; Ni, X.; Little, P.J.; Xu, S.; Tang, L.; Weng, J. Metformin, Macrophage Dysfunction and Atherosclerosis. Front.
Immunol. 2021, 12, 682853. [CrossRef]

117. Zhang, L.; Lu, L.; Zhong, X.; Yue, Y.; Hong, Y.; Li, Y.; Li, Y. Metformin Reduced NLRP3 Inflammasome Activity in Ox-LDL
Stimulated Macrophages through Adenosine Monophosphate Activated Protein Kinase and Protein Phosphatase 2A. Eur. J.
Pharmacol. 2019, 852, 99–106. [CrossRef]

118. Tang, G.; Duan, F.; Li, W.; Wang, Y.; Zeng, C.; Hu, J.; Li, H.; Zhang, X.; Chen, Y.; Tan, H. Metformin Inhibited Nod-like
Receptor Protein 3 Inflammasomes Activation and Suppressed Diabetes-Accelerated Atherosclerosis in ApoE−/− Mice. Biomed.
Pharmacother. 2019, 119, 109410. [CrossRef] [PubMed]

119. Zinman, B.; Wanner, C.; Lachin, J.M.; Fitchett, D.; Bluhmki, E.; Hantel, S.; Mattheus, M.; Devins, T.; Johansen, O.E.;
Woerle, H.J.; et al. Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes. N. Engl. J. Med. 2015, 373,
2117–2128. [CrossRef]

120. Kim, S.R.; Lee, S.-G.; Kim, S.H.; Kim, J.H.; Choi, E.; Cho, W.; Rim, J.H.; Hwang, I.; Lee, C.J.; Lee, M.; et al. SGLT2 Inhibition
Modulates NLRP3 Inflammasome Activity via Ketones and Insulin in Diabetes with Cardiovascular Disease. Nat. Commun. 2020,
11, 2127. [CrossRef]

121. Chen, H.; Tran, D.; Yang, H.-C.; Nylander, S.; Birnbaum, Y.; Ye, Y. Dapagliflozin and Ticagrelor Have Additive Effects on the
Attenuation of the Activation of the NLRP3 Inflammasome and the Progression of Diabetic Cardiomyopathy: An AMPK–MTOR
Interplay. Cardiovasc. Drugs 2020, 34, 443–461. [CrossRef]

122. Liu, Z.; Ma, X.; Ilyas, I.; Zheng, X.; Luo, S.; Little, P.J.; Kamato, D.; Sahebkar, A.; Wu, W.; Weng, J.; et al. Impact of Sodium Glucose
Cotransporter 2 (SGLT2) Inhibitors on Atherosclerosis: From Pharmacology to Pre-Clinical and Clinical Therapeutics. Theranostics
2021, 11, 4502–4515. [CrossRef] [PubMed]

123. Razavi, M.; Wei, Y.-Y.; Rao, X.-Q.; Zhong, J.-X. DPP-4 Inhibitors and GLP-1RAs: Cardiovascular Safety and Benefits. Mil. Med.
Res. 2022, 9, 45. [CrossRef]

https://doi.org/10.3389/fcvm.2022.925923
https://doi.org/10.1155/2022/4287711
https://www.ncbi.nlm.nih.gov/pubmed/35600333
https://doi.org/10.1080/13880209.2021.1961823
https://www.ncbi.nlm.nih.gov/pubmed/34403325
https://doi.org/10.1016/j.ihj.2016.09.008
https://www.ncbi.nlm.nih.gov/pubmed/28460761
https://doi.org/10.12688/f1000research.18901.1
https://doi.org/10.1007/s00281-019-00748-1
https://www.ncbi.nlm.nih.gov/pubmed/31049647
https://doi.org/10.3389/fmolb.2021.679797
https://www.ncbi.nlm.nih.gov/pubmed/34026849
https://doi.org/10.1016/j.ebiom.2020.102985
https://doi.org/10.3390/biomedicines8070205
https://www.ncbi.nlm.nih.gov/pubmed/32664349
https://doi.org/10.3390/ijms21124459
https://doi.org/10.1002/cmdc.201700270
https://doi.org/10.1002/psp4.12555
https://doi.org/10.7150/ijbs.29680
https://www.ncbi.nlm.nih.gov/pubmed/31182921
https://doi.org/10.1016/j.immuni.2021.05.004
https://www.ncbi.nlm.nih.gov/pubmed/34115964
https://doi.org/10.3389/fimmu.2021.682853
https://doi.org/10.1016/j.ejphar.2019.03.006
https://doi.org/10.1016/j.biopha.2019.109410
https://www.ncbi.nlm.nih.gov/pubmed/31518877
https://doi.org/10.1056/NEJMoa1504720
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.1007/s10557-020-06978-y
https://doi.org/10.7150/thno.54498
https://www.ncbi.nlm.nih.gov/pubmed/33754074
https://doi.org/10.1186/s40779-022-00410-2


Int. J. Mol. Sci. 2023, 24, 8162 26 of 29

124. Ye, Y.; Bajaj, M.; Yang, H.-C.; Perez-Polo, J.R.; Birnbaum, Y. SGLT-2 Inhibition with Dapagliflozin Reduces the Activation of the
Nlrp3/ASC Inflammasome and Attenuates the Development of Diabetic Cardiomyopathy in Mice with Type 2 Diabetes. Further
Augmentation of the Effects with Saxagliptin, a DPP4 Inhibitor. Cardiovasc. Drugs 2017, 31, 119–132. [CrossRef] [PubMed]

125. Qi, Y.; Du, X.; Yao, X.; Zhao, Y. Vildagliptin Inhibits High Free Fatty Acid (FFA)-Induced NLRP3 Inflammasome Activation in
Endothelial Cells. Artif. Cell. Nanomed. Biotechnol. 2019, 47, 1067–1074. [CrossRef] [PubMed]

126. Jiang, T.; Jiang, D.; Zhang, L.; Ding, M.; Zhou, H. Anagliptin Ameliorates High Glucose- Induced Endothelial Dysfunction via
Suppression of NLRP3 Inflammasome Activation Mediated by SIRT1. Mol. Immunol. 2019, 107, 54–60. [CrossRef]

127. Luo, X.; Hu, Y.; He, S.; Ye, Q.; Lv, Z.; Liu, J.; Chen, X. Dulaglutide Inhibits High Glucose- Induced Endothelial Dysfunction and
NLRP3 Inflammasome Activation. Arch. Biochem. Biophys. 2019, 671, 203–209. [CrossRef]

128. Yang, Y.; Wang, H.; Kouadir, M.; Song, H.; Shi, F. Recent Advances in the Mechanisms of NLRP3 Inflammasome Activation and
Its Inhibitors. Cell Death Dis. 2019, 10, 128. [CrossRef]

129. Coll, R.C.; Hill, J.R.; Day, C.J.; Zamoshnikova, A.; Boucher, D.; Massey, N.L.; Chitty, J.L.; Fraser, J.A.; Jennings, M.P.;
Robertson, A.A.B.; et al. MCC950 Directly Targets the NLRP3 ATP-Hydrolysis Motif for Inflammasome Inhibition. Nat. Chem.
Biol. 2019, 15, 556–559. [CrossRef]

130. Corcoran, S.E.; Halai, R.; Cooper, M.A. Pharmacological Inhibition of the Nod-Like Receptor Family Pyrin Domain Containing 3
Inflammasome with MCC950. Pharm. Rev. 2021, 73, 968–1000. [CrossRef]

131. Mekni, N.; De Rosa, M.; Cipollina, C.; Gulotta, M.R.; De Simone, G.; Lombino, J.; Padova, A.; Perricone, U. In Silico Insights
towards the Identification of NLRP3 Druggable Hot Spots. IJMS 2019, 20, 4974. [CrossRef]

132. Sharma, A.; Choi, J.S.Y.; Stefanovic, N.; Al-Sharea, A.; Simpson, D.S.; Mukhamedova, N.; Jandeleit-Dahm, K.; Murphy, A.J.;
Sviridov, D.; Vince, J.E.; et al. Specific NLRP3 Inhibition Protects Against Diabetes-Associated Atherosclerosis. Diabetes 2021, 70,
772–787. [CrossRef] [PubMed]

133. Wang, Z.; Zhang, S.; Xiao, Y.; Zhang, W.; Wu, S.; Qin, T.; Yue, Y.; Qian, W.; Li, L. NLRP3 Inflammasome and Inflammatory
Diseases. Oxidative Med. Cell. Longev. 2020, 2020, 4063562. [CrossRef]

134. Fan, Y.; Xue, G.; Chen, Q.; Lu, Y.; Dong, R.; Yuan, H. CY-09 Inhibits NLRP3 Inflammasome Activation to Relieve Pain via TRPA1.
Comput. Math. Methods Med. 2021, 2021, 9806690. [CrossRef] [PubMed]

135. Yu, L.; Hong, W.; Lu, S.; Li, Y.; Guan, Y.; Weng, X.; Feng, Z. The NLRP3 Inflammasome in Non-Alcoholic Fatty Liver Disease and
Steatohepatitis: Therapeutic Targets and Treatment. Front. Pharmacol. 2022, 13, 780496. [CrossRef]

136. Lonnemann, N.; Hosseini, S.; Marchetti, C.; Skouras, D.B.; Stefanoni, D.; D’Alessandro, A.; Dinarello, C.A.; Korte, M. The NLRP3
Inflammasome Inhibitor OLT1177 Rescues Cognitive Impairment in a Mouse Model of Alzheimer’s Disease. Proc. Natl. Acad. Sci.
USA 2020, 117, 32145–32154. [CrossRef] [PubMed]

137. Marchetti, C.; Swartzwelter, B.; Gamboni, F.; Neff, C.P.; Richter, K.; Azam, T.; Carta, S.; Tengesdal, I.; Nemkov, T.;
D’Alessandro, A.; et al. OLT1177, a β-Sulfonyl Nitrile Compound, Safe in Humans, Inhibits the NLRP3 Inflammasome
and Reverses the Metabolic Cost of Inflammation. Proc. Natl. Acad. Sci. USA 2018, 115, E1530–E1539. [CrossRef]

138. Huang, Y.; Jiang, H.; Chen, Y.; Wang, X.; Yang, Y.; Tao, J.; Deng, X.; Liang, G.; Zhang, H.; Jiang, W.; et al. Tranilast Directly Targets
NLRP 3 to Treat Inflammasome-driven Diseases. EMBO Mol. Med. 2018, 10, e8689. [CrossRef]

139. Cummins, C.B.; Wang, X.; Sommerhalder, C.; Bohanon, F.J.; Nunez Lopez, O.; Tie, H.-Y.; Rontoyanni, V.G.; Zhou, J.; Radhakrishnan,
R.S. Natural Compound Oridonin Inhibits Endotoxin-Induced Inflammatory Response of Activated Hepatic Stellate Cells. BioMed
Res. Int. 2018, 2018, 6137420. [CrossRef]

140. Xu, J.; Wold, E.; Ding, Y.; Shen, Q.; Zhou, J. Therapeutic Potential of Oridonin and Its Analogs: From Anticancer and Antiinflam-
mation to Neuroprotection. Molecules 2018, 23, 474. [CrossRef]

141. Xu, M.; Wan, C.; Huang, S.; Wang, H.; Fan, D.; Wu, H.-M.; Wu, Q.; Ma, Z.; Deng, W.; Tang, Q.-Z. Oridonin Protects against
Cardiac Hypertrophy by Promoting P21-Related Autophagy. Cell Death Dis. 2019, 10, 403. [CrossRef]

142. He, H.; Jiang, H.; Chen, Y.; Ye, J.; Wang, A.; Wang, C.; Liu, Q.; Liang, G.; Deng, X.; Jiang, W.; et al. Oridonin Is a Covalent NLRP3
Inhibitor with Strong Anti-Inflammasome Activity. Nat. Commun. 2018, 9, 2550. [CrossRef] [PubMed]

143. Li, X.; Zhang, C.-T.; Ma, W.; Xie, X.; Huang, Q. Oridonin: A Review of Its Pharmacology, Pharmacokinetics and Toxicity. Front.
Pharmacol. 2021, 12, 645824. [CrossRef]

144. Zheng, J.; Jiang, Z.; Song, Y.; Huang, S.; Du, Y.; Yang, X.; Xiao, Y.; Ma, Z.; Xu, D.; Li, J. 3,4-Methylenedioxy-β-Nitrostyrene
Alleviates Dextran Sulfate Sodium–Induced Mouse Colitis by Inhibiting the NLRP3 Inflammasome. Front. Pharmacol. 2022,
13, 866228. [CrossRef] [PubMed]

145. Cocco, M.; Pellegrini, C.; Martínez-Banaclocha, H.; Giorgis, M.; Marini, E.; Costale, A.; Miglio, G.; Fornai, M.; Antonioli, L.;
López-Castejón, G.; et al. Development of an Acrylate Derivative Targeting the NLRP3 Inflammasome for the Treatment of
Inflammatory Bowel Disease. J. Med. Chem. 2017, 60, 3656–3671. [CrossRef] [PubMed]

146. Mastrocola, R.; Penna, C.; Tullio, F.; Femminò, S.; Nigro, D.; Chiazza, F.; Serpe, L.; Collotta, D.; Alloatti, G.; Cocco, M.; et al.
Pharmacological Inhibition of NLRP3 Inflammasome Attenuates Myocardial Ischemia/Reperfusion Injury by Activation of RISK
and Mitochondrial Pathways. Oxidative Med. Cell. Longev. 2016, 2016, 5271251. [CrossRef]

147. Shi, Y.; Lv, Q.; Zheng, M.; Sun, H.; Shi, F. NLRP3 Inflammasome Inhibitor INF39 Attenuated NLRP3 Assembly in Macrophages.
Int. Immunopharmacol. 2021, 92, 107358. [CrossRef]

https://doi.org/10.1007/s10557-017-6725-2
https://www.ncbi.nlm.nih.gov/pubmed/28447181
https://doi.org/10.1080/21691401.2019.1578783
https://www.ncbi.nlm.nih.gov/pubmed/30945564
https://doi.org/10.1016/j.molimm.2019.01.006
https://doi.org/10.1016/j.abb.2019.07.008
https://doi.org/10.1038/s41419-019-1413-8
https://doi.org/10.1038/s41589-019-0277-7
https://doi.org/10.1124/pharmrev.120.000171
https://doi.org/10.3390/ijms20204974
https://doi.org/10.2337/db20-0357
https://www.ncbi.nlm.nih.gov/pubmed/33323396
https://doi.org/10.1155/2020/4063562
https://doi.org/10.1155/2021/9806690
https://www.ncbi.nlm.nih.gov/pubmed/34426748
https://doi.org/10.3389/fphar.2022.780496
https://doi.org/10.1073/pnas.2009680117
https://www.ncbi.nlm.nih.gov/pubmed/33257576
https://doi.org/10.1073/pnas.1716095115
https://doi.org/10.15252/emmm.201708689
https://doi.org/10.1155/2018/6137420
https://doi.org/10.3390/molecules23020474
https://doi.org/10.1038/s41419-019-1617-y
https://doi.org/10.1038/s41467-018-04947-6
https://www.ncbi.nlm.nih.gov/pubmed/29959312
https://doi.org/10.3389/fphar.2021.645824
https://doi.org/10.3389/fphar.2022.866228
https://www.ncbi.nlm.nih.gov/pubmed/35784693
https://doi.org/10.1021/acs.jmedchem.6b01624
https://www.ncbi.nlm.nih.gov/pubmed/28410442
https://doi.org/10.1155/2016/5271251
https://doi.org/10.1016/j.intimp.2020.107358


Int. J. Mol. Sci. 2023, 24, 8162 27 of 29

148. Juliana, C.; Fernandes-Alnemri, T.; Wu, J.; Datta, P.; Solorzano, L.; Yu, J.-W.; Meng, R.; Quong, A.A.; Latz, E.; Scott, C.P.; et al.
Anti-Inflammatory Compounds Parthenolide and Bay 11-7082 Are Direct Inhibitors of the Inflammasome. J. Biol. Chem. 2010, 285,
9792–9802. [CrossRef]

149. Hu, J.J.; Liu, X.; Zhao, J.; Xia, S.; Ruan, J.; Luo, X.; Kim, J.; Lieberman, J.; Wu, H. Identification of Pyroptosis Inhibitors That Target
a Reactive Cysteine in Gasdermin D. Nat. Immunol. 2018, 7, A132.

150. Zahid, A.; Li, B.; Kombe, A.J.K.; Jin, T.; Tao, J. Pharmacological Inhibitors of the NLRP3 Inflammasome. Front. Immunol. 2019,
10, 2538. [CrossRef]

151. Li, Y.; Niu, X.; Xu, H.; Li, Q.; Meng, L.; He, M.; Zhang, J.; Zhang, Z.; Zhang, Z. VX-765 Attenuates Atherosclerosis in ApoE
Deficient Mice by Modulating VSMCs Pyroptosis. Exp. Cell Res. 2020, 389, 111847. [CrossRef]

152. Abbate, A.; Kontos, M.C.; Grizzard, J.D.; Biondi-Zoccai, G.G.L.; Van Tassell, B.W.; Robati, R.; Roach, L.M.; Arena, R.A.; Roberts,
C.S.; Varma, A.; et al. Interleukin-1 Blockade With Anakinra to Prevent Adverse Cardiac Remodeling After Acute Myocardial
Infarction (Virginia Commonwealth University Anakinra Remodeling Trial [VCU-ART] Pilot Study). Am. J. Cardiol. 2010, 105,
1371–1377.e1. [CrossRef] [PubMed]

153. Abbate, A.; Van Tassell, B.W.; Biondi-Zoccai, G.; Kontos, M.C.; Grizzard, J.D.; Spillman, D.W.; Oddi, C.; Roberts, C.S.; Melchior,
R.D.; Mueller, G.H.; et al. Effects of Interleukin-1 Blockade With Anakinra on Adverse Cardiac Remodeling and Heart Failure
After Acute Myocardial Infarction [from the Virginia Commonwealth University-Anakinra Remodeling Trial (2) (VCU-ART2)
Pilot Study]. Am. J. Cardiol. 2013, 111, 1394–1400. [CrossRef] [PubMed]

154. Toldo, S.; Abbate, A. The NLRP3 Inflammasome in Acute Myocardial Infarction. Nat. Rev. Cardiol. 2018, 15, 203–214. [CrossRef]
[PubMed]

155. Tardif, J.-C.; Kouz, S.; Waters, D.D.; Bertrand, O.F.; Diaz, R.; Maggioni, A.P.; Pinto, F.J.; Ibrahim, R.; Gamra, H.; Kiwan, G.S.; et al.
Efficacy and Safety of Low-Dose Colchicine after Myocardial Infarction. N. Engl. J. Med. 2019, 381, 2497–2505. [CrossRef]

156. Nidorf, S.M.; Fiolet, A.T.L.; Eikelboom, J.W.; Schut, A.; Opstal, T.S.J.; Bax, W.A.; Budgeon, C.A.; Tijssen, J.G.P.; Mosterd, A.;
Cornel, J.H.; et al. The Effect of Low-Dose Colchicine in Patients with Stable Coronary Artery Disease: The LoDoCo2 Trial
Rationale, Design, and Baseline Characteristics. Am. Heart J. 2019, 218, 46–56. [CrossRef]

157. Nidorf, S.M.; Eikelboom, J.W.; Budgeon, C.A.; Thompson, P.L. Low-Dose Colchicine for Secondary Prevention of Cardiovascular
Disease. J. Am. Coll. Cardiol. 2013, 61, 404–410. [CrossRef]

158. Lee, H.G.; Cho, N.; Jeong, A.J.; Li, Y.-C.; Rhie, S.-J.; Choi, J.S.; Lee, K.-H.; Kim, Y.; Kim, Y.-N.; Kim, M.-H.; et al. Immunomodulatory
Activities of the Benzoxathiole Derivative BOT-4-One Ameliorate Pathogenic Skin Inflammation in Mice. J. Investig. Dermatol.
2016, 136, 107–116. [CrossRef]

159. Ahn, H.; Kang, S.G.; Yoon, S.; Ko, H.-J.; Kim, P.-H.; Hong, E.-J.; An, B.-S.; Lee, E.; Lee, G.-S. Methylene Blue Inhibits NLRP3,
NLRC4, AIM2, and Non-Canonical Inflammasome Activation. Sci. Rep. 2017, 7, 12409. [CrossRef]

160. Hao, J.; Zhang, H.; Yu, J.; Chen, X.; Yang, L. Methylene Blue Attenuates Diabetic Retinopathy by Inhibiting NLRP3 Inflammasome
Activation in STZ-Induced Diabetic Rats. Ocul. Immunol. Inflamm. 2019, 27, 836–843. [CrossRef]

161. Deng, W.; Yang, Z.; Yue, H.; Ou, Y.; Hu, W.; Sun, P. Disulfiram Suppresses NLRP3 Inflammasome Activation to Treat Peritoneal
and Gouty Inflammation. Free Radic. Biol. Med. 2020, 152, 8–17. [CrossRef]

162. Hu, J.J.; Liu, X.; Xia, S.; Zhang, Z.; Zhang, Y.; Zhao, J.; Ruan, J.; Luo, X.; Lou, X.; Bai, Y.; et al. FDA-Approved Disulfiram Inhibits
Pyroptosis by Blocking Gasdermin D Pore Formation. Nat. Immunol. 2020, 21, 736–745. [CrossRef]

163. Daniels, M.J.D.; Rivers-Auty, J.; Schilling, T.; Spencer, N.G.; Watremez, W.; Fasolino, V.; Booth, S.J.; White, C.S.; Baldwin, A.G.;
Freeman, S.; et al. Fenamate NSAIDs Inhibit the NLRP3 Inflammasome and Protect against Alzheimer’s Disease in Rodent
Models. Nat. Commun. 2016, 7, 12504. [CrossRef] [PubMed]

164. Ambati, M.; Apicella, I.; Wang, S.; Narendran, S.; Leung, H.; Pereira, F.; Nagasaka, Y.; Huang, P.; Varshney, A.; Baker, K.L.; et al.
Identification of Fluoxetine as a Direct NLRP3 Inhibitor to Treat Atrophic Macular Degeneration. Proc. Natl. Acad. Sci. USA 2021,
118, e2102975118. [CrossRef] [PubMed]

165. Holtmann, T.M.; Inzaugarat, M.E.; Knorr, J.; Geisler, L.; Schulz, M.; Bieghs, V.; Frissen, M.; Feldstein, A.E.; Tacke, F.;
Trautwein, C.; et al. Bile Acids Activate NLRP3 Inflammasome, Promoting Murine Liver Inflammation or Fibrosis in a Cell
Type-Specific Manner. Cells 2021, 10, 2618. [CrossRef] [PubMed]

166. Jiang, H.; He, H.; Chen, Y.; Huang, W.; Cheng, J.; Ye, J.; Wang, A.; Tao, J.; Wang, C.; Liu, Q.; et al. Identification of a Selective and
Direct NLRP3 Inhibitor to Treat Inflammatory Disorders. J. Exp. Med. 2017, 214, 3219–3238. [CrossRef]

167. Romero, A.; San Hipólito-Luengo, Á.; Villalobos, L.A.; Vallejo, S.; Valencia, I.; Michalska, P.; Pajuelo-Lozano, N.; Sánchez-Pérez, I.;
León, R.; Bartha, J.L.; et al. The Angiotensin-(1-7)/Mas Receptor Axis Protects from Endothelial Cell Senescence via Klotho and
Nrf2 Activation. Aging Cell 2019, 18, e12913. [CrossRef]

168. McKie, E.A.; Reid, J.L.; Mistry, P.C.; DeWall, S.L.; Abberley, L.; Ambery, P.D.; Gil-Extremera, B. A Study to Investigate the
Efficacy and Safety of an Anti-Interleukin-18 Monoclonal Antibody in the Treatment of Type 2 Diabetes Mellitus. PLoS ONE 2016,
11, e0150018. [CrossRef]

169. Klein, A.L.; Imazio, M.; Cremer, P.; Brucato, A.; Abbate, A.; Fang, F.; Insalaco, A.; LeWinter, M.; Lewis, B.S.; Lin, D.; et al. Phase 3
Trial of Interleukin-1 Trap Rilonacept in Recurrent Pericarditis. N. Engl. J. Med. 2021, 384, 31–41. [CrossRef]

170. Wu, L.-M.; Wu, S.-G.; Chen, F.; Wu, Q.; Wu, C.-M.; Kang, C.-M.; He, X.; Zhang, R.-Y.; Lu, Z.-F.; Li, X.-H.; et al. Atorvastatin
Inhibits Pyroptosis through the LncRNA NEXN-AS1/NEXN Pathway in Human Vascular Endothelial Cells. Atherosclerosis 2020,
293, 26–34. [CrossRef]

https://doi.org/10.1074/jbc.M109.082305
https://doi.org/10.3389/fimmu.2019.02538
https://doi.org/10.1016/j.yexcr.2020.111847
https://doi.org/10.1016/j.amjcard.2009.12.059
https://www.ncbi.nlm.nih.gov/pubmed/20451681
https://doi.org/10.1016/j.amjcard.2013.01.287
https://www.ncbi.nlm.nih.gov/pubmed/23453459
https://doi.org/10.1038/nrcardio.2017.161
https://www.ncbi.nlm.nih.gov/pubmed/29143812
https://doi.org/10.1056/NEJMoa1912388
https://doi.org/10.1016/j.ahj.2019.09.011
https://doi.org/10.1016/j.jacc.2012.10.027
https://doi.org/10.1038/JID.2015.384
https://doi.org/10.1038/s41598-017-12635-6
https://doi.org/10.1080/09273948.2018.1450516
https://doi.org/10.1016/j.freeradbiomed.2020.03.007
https://doi.org/10.1038/s41590-020-0669-6
https://doi.org/10.1038/ncomms12504
https://www.ncbi.nlm.nih.gov/pubmed/27509875
https://doi.org/10.1073/pnas.2102975118
https://www.ncbi.nlm.nih.gov/pubmed/34620711
https://doi.org/10.3390/cells10102618
https://www.ncbi.nlm.nih.gov/pubmed/34685598
https://doi.org/10.1084/jem.20171419
https://doi.org/10.1111/acel.12913
https://doi.org/10.1371/journal.pone.0150018
https://doi.org/10.1056/NEJMoa2027892
https://doi.org/10.1016/j.atherosclerosis.2019.11.033


Int. J. Mol. Sci. 2023, 24, 8162 28 of 29

171. Peng, S.; Xu, L.-W.; Che, X.-Y.; Xiao, Q.-Q.; Pu, J.; Shao, Q.; He, B. Atorvastatin Inhibits Inflammatory Response, Attenuates Lipid
Deposition, and Improves the Stability of Vulnerable Atherosclerotic Plaques by Modulating Autophagy. Front. Pharmacol. 2018,
9, 438. [CrossRef]

172. Kong, F.; Ye, B.; Lin, L.; Cai, X.; Huang, W.; Huang, Z. Atorvastatin Suppresses NLRP3 Inflammasome Activation via
TLR4/MyD88/NF-KB Signaling in PMA-Stimulated THP-1 Monocytes. Biomed. Pharmacother. 2016, 82, 167–172. [CrossRef]

173. Zhu, J.; Wu, S.; Hu, S.; Li, H.; Li, M.; Geng, X.; Wang, H. NLRP3 Inflammasome Expression in Peripheral Blood Monocytes of
Coronary Heart Disease Patients and Its Modulation by Rosuvastatin. Mol. Med. Rep. 2019, 20, 1826–1836. [CrossRef] [PubMed]

174. Zhuang, T.; Liu, J.; Chen, X.; Zhang, L.; Pi, J.; Sun, H.; Li, L.; Bauer, R.; Wang, H.; Yu, Z.; et al. Endothelial Foxp1 Suppresses
Atherosclerosis via Modulation of Nlrp3 Inflammasome Activation. Circ. Res. 2019, 125, 590–605. [CrossRef] [PubMed]

175. Yu, Y.; Jin, L.; Zhuang, Y.; Hu, Y.; Cang, J.; Guo, K. Cardioprotective Effect of Rosuvastatin against Isoproterenol-Induced
Myocardial Infarction Injury in Rats. Int. J. Mol. Med. 2018, 41, 3509–3516. [CrossRef] [PubMed]

176. Lim, H.; Min, D.S.; Park, H.; Kim, H.P. Flavonoids Interfere with NLRP3 Inflammasome Activation. Toxicol. Appl. Pharmacol. 2018,
355, 93–102. [CrossRef] [PubMed]

177. Yamagata, K.; Hashiguchi, K.; Yamamoto, H.; Tagami, M. Dietary Apigenin Reduces Induction of LOX-1 and NLRP3 Expression,
Leukocyte Adhesion, and Acetylated Low-Density Lipoprotein Uptake in Human Endothelial Cells Exposed to Trimethylamine-
N-Oxide. J. Cardiovasc. Pharmacol. 2019, 74, 558–565. [CrossRef]
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