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Abstract

Atherosclerotic cardiovascular disease and its thrombotic complications, particularly myocardial infarction and ischemic stroke, remain
leading causes of morbidity and mortality worldwide. Atherosclerosis was historically considered primarily a lipid accumulation disor-
der; however, it is now well recognized as a chronic inflammatory disesse driven in large part by innate immune signaling. Inflamma-
somes, particularly NOD-like receptor protein 3 (NLRP3) and absent in melanoma 2 (AIM2), play important role in this process, linking
vascular inflammation, plaque progression, and thrombosis through caspase-1 activation, interleukin-1 beta (IL-1β) and IL-18 release,
and gasdermin-mediated pyroptosis. In this narrative review we integrate mechanistic and translational evidence defining inflamma-
some activity across the continuum of atherosclerosis and atherothrombosis. We highlight inflammasome signaling in endothelial cells,
macrophages, vascular smooth muscle cells, platelets, neutrophils, and perivascular adipose tissue, and discuss how these pathways con-
tribute to early inflammation, necrotic core expansion, fibrous cap destabilization, and ultimately to acute thrombus formation. Emerging
data on AIM2 activation, clonal hematopoiesis, platelet inflammasomes, and cell-free deoxyribonucleic acid (DNA) further expand cur-
rent paradigms beyond macrophage focused models on macrophages. We also review single-cell and spatial transcriptomics, circulating
biomarkers, and advanced vascular imaging approaches that may enable the identification of inflammasome-high atherothrombotic phe-
notypes. Finally, we appraise therapeutic strategies targeting inflammasomes and downstream pathways. These include IL-1β and IL-6
inhibition, colchicine, direct NLRP3 inhibition, and cardiometabolic therapies with indirect effects on inflammasome activity. By exam-
ining the role of inflammasomes in linking plaque pathogenesis to thrombosis, this review outlines key translational opportunities and
challenges for the precision prevention of atherothrombosis.
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1. Introduction

Atherosclerotic cardiovascular disease (ASCVD) re-
mains the leading global cause of mortality and morbidity
due to the acute atherothrombotic events it creates, such
as myocardial infarction (MI) and ischemic stroke [1,2,3].
ASCVD has historically been described as a cholesterol
storage disease, in which plaque formation is the result of
cholesterol deposition. As our knowledge of the pathogen-
esis of atherosclerosis has expanded, it has been shown that
this view reflects only part of a more complex biological
process [3]. Indeed, ASCVD is now widely considered a
chronic, maladaptive inflammatory disease in which dys-
regulated innate immune signals orchestrate vascular in-
jury, plaque progression, plaque destabilization, and acute
thrombosis [4].

Inflammasomes, cytosolic multiprotein sensing plat-
forms such as NOD-like receptor protein 3 (NLRP3), ab-
sent in melanoma 2 (AIM2), and related complexes, have
emerged as central regulators of this process [5]. By con-
trolling the activation of caspase-1, inflammasomes govern
the maturation of interleukin-1 beta (IL-1β) and IL-18, and
induce pyroptosis, a lytic, pro-inflammatory form of cell
death [6]. Within the atherosclerotic plaque, inflammasome
activation contributes to endothelial dysfunction, foam-cell
formation, smooth muscle cell phenotypic switching, and
extracellular matrix degradation, thereby weakening the fi-
brous cap and priming lesions for rupture [5]. Beyond
the arterial wall, inflammasomes, when activated, seem
to induce acute thrombosis. Indeed, pyroptotic cell rem-
nants promote coagulation, IL-1β–driven signaling ampli-
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Fig. 1. The figure illustrates how cell- and compartment–specific activation of the NLRP3 and AIM2 inflammasomes links in-
flammatory signaling to atherosclerotic plaque progression and atherothrombosis. Cardiovascular risk factors promote inflamma-
some activation in endothelial cells, macrophages, VSMCs, platelets, and neutrophils, driving IL-1β/IL-18 release, pyroptosis, NETosis,
and endothelial dysfunction. These processes accelerate foam cell formation, VSMC phenotypic switching, necrotic core expansion,
and fibrous cap weakening. Concurrently, inflammasome signaling enhances platelet activation, NET-mediated coagulation, and pro-
thrombotic factor activation, thereby predisposing to thrombus formation. NLRP3, NOD-like receptor containing pyrin domain 3; ROS,
reactive oxygen species; IL-1β, interleukin-1β; IL-18, interleukin-18; N-GSDMD, gasdermin D N-terminal fragment; NETs, neutrophil
extracellular traps; VSMCs, vascular smooth muscle cells; AIM2, absent in melanoma 2; mtROS, mitochondrial reactive oxygen species;
dsDNA, double-stranded deoxyribonucleic acid; cfDNA, cell-free deoxyribonucleic acid; MMPs, Matrix metalloproteinases; TF, tissue
factor; FVII, factor VII.

fies leukocyte–platelet crosstalk, and pro-thrombotic medi-
ators surge at sites of plaque disruption [7,8] (Fig. 1).

Existing literature has primarily emphasized plaque
biology, often investigating inflammasome-driven in-
flammation in isolation rather than within the broader
atherothrombotic continuum which links innate immu-
nity and clot formation. Recent advances are reshap-
ing this landscape. New findings underlie cytosolic de-
oxyribonucleic acid (DNA) sensing, neutrophil extracellu-
lar traps (NETs)-related inflammation, and inflammasome
activity within the platelets as important mediators of the
atherothrombotic process [9,10,11,12]. Moreover, the de-
velopment of selective NLRP3 inhibitors and early clinical
testing signal the arrival of a new therapeutic era, yet effi-
cacy, safety, and patient selection remain unresolved.

In this review, we aim to integrate cell-type–specific
inflammasome biology across the lifespan of atheroscle-
rotic plaque development and thrombus formation, and to
synthesize mechanistic insights and clinical trial evidence
to clarify the therapeutic promise, limitations, and risks of
immune modulation in ASCVD.

2. The Inflammasome Landscape in
Atherosclerosis and Atherothrombosis
2.1 Canonical Inflammasomes in Vascular Disease

Inflammasomes are intracellular multiprotein com-
plexes that serve as important components of the innate
immune system. They sense pathogen-associated molecu-
lar patterns (PAMPs) and danger-associated molecular pat-
terns (DAMPs) and are activated in response to these sig-
nals to preserve tissue homeostasis [13,14]. Although ini-
tially linked to immune cells such as macrophages and den-
dritic cells, inflammasomes are also present in epithelial
and endothelial cells (ECs), vascular smooth muscle cells
(VSMCs), and platelets, highlighting their broader biologi-
cal significance [15,16,17,18].

Over the years, several inflammasome sensors have
been identified, including interferon-gamma-inducible pro-
tein 16 (IFI16), AIM2, caspase recruitment domain
(CARD)-containing protein 4 (NLRC4), and members of
the nucleotide-binding (nucleotide-binding domain, Apaf-
1, CIITA, HET-E, TP1 [NACHT]) and leucine-rich re-
peat (LRR)-containing (NLR) family [19,20]. Among
these, the NLRP3 inflammasome is the most extensively
studied, owing to its ability to sense a remarkable broad
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range of pathogenic and sterile danger signals and its
well-established involvement in numerous inflammatory
and metabolic diseases [6]. Like most other inflamma-
somes, the NLRP3 inflammasome is composed of a sensor
(NLRP3), an adaptor (apoptosis-associated speck-like pro-
tein containing CARD, ASC), and an effector (pro-caspase-
1), with interactions between pyrin domains (PYD) and
CARD enabling complex assembly and activation [21]. Its
activation has been linked to various cardiovascular disor-
ders, including heart failure (HF), atherosclerosis, abdom-
inal aortic aneurysm (AAA), and atrial fibrillation (AF)
[8,22].

NLRP3 inflammasome activation can occur through
three pathways, canonical, non-canonical, and alternative
[21]. The canonical pathway involves a two-step process of
priming and activation. During priming, toll-like receptors
(TLRs) detect PAMPs or DAMPs, activating nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (nuclear
factor-κB [NF-κB]), which in turn induces the transcrip-
tion of NLRP3 inflammasome components and the proin-
flammatory cytokines, pro-IL-1β and pro-IL-18 [23,24]. In
the activation step, NLRP3 assembles with ASC and pro-
caspase-1, forming a complex that activates caspase-1. Ac-
tive caspase-1 then converts pro-IL-1β and pro-IL-18 into
their mature and active forms, and cleaves gasdermin D
(GSDMD), leading to pyroptosis, a form of inflammatory
cell death [24,25].

The non-canonical pathway is typically triggered by
bacterial infection. In this pathway, cytosolic lipopolysac-
charide (LPS) directly activates murine caspase-11 or hu-
man caspase-4 and -5, resulting in GSDMD cleavage and
pyroptosis [26]. Moreover, the decreased level of intra-
cellular potassium ions (K+) can act as a second signal to
stimulate the activation of the NLRP3 inflammasome and
further induce IL-1β secretion [27].

The alternative NLRP3 inflammasome activation
pathway is distinct from both the classical and non-
canonical pathways. Here, antigen stimulation occurs
through the TLR4–TRIF–RIPK1–FADD–caspase-8 signal-
ing axis. Then, NLRP3 is activated and contributes to IL-1β
release through an unknown trigger that does not rely on K+

efflux. Note that caspase-8 replace caspase-1 in this alter-
native pathway [21].

2.2 Priming and Activation in the Atherogenic Milieu

The NLRP3 inflammasome seems to have an impor-
tant role in the pathogenesis of atherosclerosis. Aberrant
NLRP3 inflammasome activation contributes to plaque pro-
gression because it affects the key cell types involved in this
process, including ECs, VSMCs, macrophages, and foam
cells [28,29,30]. Several stimuli within the atherosclerotic
microenvironment can initiate the priming and activation
of the NLRP3 inflammasome and these include hypoxia,
cholesterol crystals (CCs), oxidized low-density lipoprotein
(oxLDL), NETs, and somatic TET2 mutations [31].

The oxidative hypothesis postulates that LDL oxida-
tion in the endothelial wall is an event that occurs early in
atherosclerosis [32]. OxLDL contributes to plaque devel-
opment through multiple complementary mechanisms. It
promotes endothelial dysfunction, enhances the formation
of foam cells, stimulates smooth muscle cell migration and
proliferation, and induces platelet adhesion and aggregation
[33,34]. As atherosclerosis progresses, macrophages engulf
oxLDL and become lipid-laden foam cells. This excessive
cholesterol accumulation eventually leads to the formation
of CCs [35]. Both oxLDL and CCs stimulate inflamma-
tion, which results in cellular stress and death. The sub-
sequent release of DAMPs, such as adenosine triphosphate
(ATP), mitochondrial DNA (mtDNA), and reactive oxygen
species (ROS), together with CCs, can activate the NLRP3
inflammasome [31]. The exact mechanism by which CCs
induce atherosclerosis remains unclear. It is thought to be
phagocytosed and accumulate in lysosomes, an event that
causes lysosomal membrane destabilization and rupture.
This releases lysosomal cathepsins, especially cathepsin B,
which can directly or indirectly promote NLRP3 activa-
tion, through mitochondrial dysfunction and ROS produc-
tion [31]. Once activated, the NLRP3 inflammasome exac-
erbates lysosomal dysfunction, establishing a feed-forward
cycle that accelerates atherosclerotic progression. Exper-
imental studies in macrophages show that NLRP3 activa-
tion promotes lysosomal lipid retention and disrupts intra-
cellular cholesterol trafficking, whereas genetic or phar-
macologic inhibition of NLRP3 reduces lipid accumulation
and restores lysosomal function. These findings support a
causal role for inflammasome signaling in impaired lysoso-
mal processing within foam cells [36].

Furthermore, oxLDL binding to cluster of differentia-
tion 36 (CD36) primes NLRP3 activation through TLR4/6
heterodimer formation and induces mitochondrial ROS
(mtROS) production, partly through translocation of the cy-
tosolic enzyme pyruvate kinase muscle isoform 2 (PKM2)
to the mitochondria [37,38]. A relatively recent study
demonstrated that in LPS-stimulated macrophages, mtROS
generated via reverse electron transport (RET) is a key regu-
lator of IL-1β release following NLRP3 inflammasome ac-
tivation [39].

Atherosclerosis is associated with significant DNA
damage, which starts in the earliest stages of the dis-
ease, becomes more pronounced in advanced lesions, and
contributes substantially to the development of atheroma
[40,41]. The NLRP3 inflammasome cannot directly detect
double-stranded DNA (dsDNA) fragments that arise after
cellular injury and death. In contrast, the AIM2 inflamma-
some acts as a direct cytosolic sensor of intracellular ds-
DNA and circulating cell-free DNA (cfDNA), an ability
that reinforces its role in ASCVD [41,42]. cfDNA derived
from NETs activates the AIM2 inflammasome and triggers
an inflammatory cascade that enhances plaque vulnerability
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through matrix metalloproteinase (MMP) activation. This
process contributes to atherothrombosis and recurrent is-
chemic events [9].

In summary, lipid accumulation, oxidative stress,
lysosomal dysfunction, and inflammasome activation inter-
act to form a self-reinforcing cycle of oxidation and inflam-
mation that promotes foam cell formation and accelerates
plaque progression.

2.3 Downstream Effector Pathways
After activation, NLRP3 engages the adaptor protein

ASC via homotypic interactions between their PYD do-
mains. ASC then recruits pro-caspase-1 through CARD–
CARD interactions, leading to assembly of the NLRP3
inflammasome complex and autoproteolytic activation of
caspase-1 [15,31]. Activated caspase-1 processes pro-IL-
1β and pro-IL-18 into their mature forms and cleaves GS-
DMD to generate the N-terminal fragment (gasdermin DN-
terminal fragment [N-GSDMD]), which forms membrane
pores that induce cell swelling and lysis with release of IL-
1β, IL-18, and other proinflammatory intracellular contents
[24,42]. These cytokines promote recruitment and activa-
tion of additional immune cells, sustaining inflammation
within the plaque and exerting strong pro-atherosclerotic ef-
fects, while infiltrating monocytes and T-cells contribute to
necrotic core formation and fibrous cap thinning, thereby
increasing plaque vulnerability to rupture and thrombo-
sis [15]. Pyroptosis further promotes endothelial dysfunc-
tion in early lesions, enhances foam cell formation and
necrotic core expansion in advanced plaques, and destabi-
lizes plaques through fibrous cap thinning and procoagulant
release, ultimately accelerating atherosclerosis progression
and increasing the risk of atherothrombotic events [43].

In addition, NF-κB responds to oxidative stress and
inflammatory signals, such as mtROS and TLR activation,
playing a central role in the development and progression of
diseases linked to pyroptosis and apoptosis [44,45,46]. Risk
factors such as smoking, obesity, and dyslipidemia exacer-
bate oxidative stress, thereby promoting the pathogenesis
of these conditions [47].

3. Cell- and Compartment-Specific
Inflammasome Signaling in Atherosclerotic
Plaques
3.1 Endothelial Cells

ECs regulate vital function such as vascular tone,
wound repair, oxidative balance, shear stress responses, in-
flammation, and play an important role in processes rele-
vant to atherosclerosis and CAD [48]. ECs express several
inflammasome components, including NLRP3 and AIM2,
after activation by a variety of pathological conditions and
external stimuli [49].

Disturbed blood flow can activate the NLRP3 in-
flammasome and promote vascular remodeling as ECs are
highly responsive to hemodynamic changes [50]. Dis-

turbed flow activates the transcription factor sterol reg-
ulatory element–binding protein 2 (SREBP2), which up-
regulates NLRP3 and NADPH-oxidase 2 (NOX2) ex-
pression, promoting lipid accumulation and atherogenesis.
SREBP2 also transactivates Tumor necrosis factor alpha
(TNF-α) receptor-associated factor-interacting protein with
a forkhead-associated domain (TIFA), enhancing NF-κB–
mediated NLRP3 expression, and induces microRNA-92a,
which suppresses Sirtuin 1 (SIRT1), Krüppel-like factor 2
(KLF2), and KLF4, further amplifying NLRP3 inflamma-
some activation [49,51].

Hyperglycemia directly impairs endothelial function,
leading to the characteristic type 2 diabetes mellitus
(T2DM) phenotype of microvascular and macrovascular
complications [52]. Patients with T2DM exhibit increased
circulating levels of IL-1β and IL-18, indicating heightened
inflammasome activity [53]. In EC cultures, high glucose
levels further increase microtubule affinity-regulating ki-
nase 4 (MARK4) expression and promote signaling through
TLRs and NF-κB, leading to NLRP3 activation [50]. Ad-
ditionally, hyperglycemia induces ROS production in ECs,
promoting atherogenesis, indicating a link to the NLRP3
inflammasome [54].

3.2 Monocytes/Macrophages and Foam Cells
Oxidative stress promotes oxidation of LDL in the

subendothelial space and is a key driver of atherosclerosis.
OxLDL contributes to foam cell formation by interacting
with scavenger receptors, modulating miRNA signaling,
and activating the NLRP3 inflammasome [55]. These pro-
cesses exacerbate endothelial injury and stimulate ECs and
macrophages, recruit leukocytes and collectively promote
plaque initiation and progression. Exposure of VSMCs
to modified LDLs triggers the release of chemokines pro-
moting monocyte recruitment to the vessel wall. Re-
cruited monocytes differentiate into macrophages under
the influence of macrophage colony-stimulating factor (M-
CSF) and secrete proinflammatory cytokines including IL-
1β, IL-18, TNF-α, and interferon‐gamma (IFN‐γ). These
cytokines, along with TLR signaling, drive macrophages
near the lipid core toward a proinflammatory M1 phe-
notype, reinforcing local inflammation, contributing to
plaque vulnerability, and advancing atherosclerosis [7].
Macrophage death, largely driven by pyroptosis, further
promotes necrotic core formation, weakens plaque sta-
bility, and accelerates thrombosis in atherosclerosis [56].
In atherosclerotic plaques, pyroptosis also promotes in-
flammation, foam cell formation, and the recruitment of
macrophages and smooth muscle cells, with oxLDL and
CCs activating the NLRP3 inflammasome and IL-1β/IL-
18 release, while AIM2 inflammasome activation further
drives necrotic core formation and disease progression [57].
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3.3 Vascular Smooth Muscle Cells
The arterial media is primarily composed of VSMCs

that normally maintain a contractile phenotype to regu-
late vascular tone. However, VSMCs are highly plas-
tic and can switch to alternative phenotypes in response
to vascular stress. This phenotypic switching contributes
to atherosclerosis, as dedifferentiated VSMCs accumulate
within plaques and drive vascular remodeling through the
production of extracellular matrix (ECM) components and
proteases [58]. Note that VSMCs are also the main cellular
constituents of the fibrous cap [59]. The NLRP3 inflam-
masome contributes to VSMC phenotypic switching and
increases the likelihood of plaque rupture. Burger et al.
[59] in an in vitro study, showed that monocytes and hyper-
lipidemia drive VSMCs toward a macrophage-like pheno-
type by activating the NLRP3 inflammasome. This process
collectively promotes cholesterol accumulation, necrotic
core formation, and plaque destabilization through Oct-
4 expression, increased KLF4 levels, enhanced IL-1β se-
cretion, and induction of pyroptosis [59]. NLRP3 activa-
tion also induces cleavage of contractile proteins, includ-
ing tropomyosin andmyosin heavy chain, impairing VSMC
contractility. Clinical evidence from patients with AAAs
further shows elevated NLRP3 and IL-1β in VSMCs, high-
lighting the central role of inflammasome-driven inflamma-
tion and pyroptosis in VSMC dysfunction and vascular dis-
ease progression [60].

3.4 Adventitia, Vasa Vasorum and Perivascular Adipose
Atherosclerosis is a chronic inflammatory disease and

involves complex interactions among multiple cell types
across all layers of the vascular wall [61]. The tunica
adventitia represents an important but incompletely char-
acterized compartment in atherosclerosis and includes a
heterogeneous population of cells, including fibroblasts,
macrophages, T cells, dendritic cells, mast cells, and gan-
glionic cells [61,62]. Adventitial inflammation is charac-
terized by the accumulation and activation of macrophages
and T-cells. This process has a key role in early coronary
atherogenesis and may communicate with the intima before
visible lesions develop [63]. The activation of the NLRP3
inflammasome in adventitial macrophages is mediated by
mtROS and serves as a driver of vascular inflammation
and contributes to the formation of AAAs [64]. This in-
dicates how inflammasome activity in adventitial immune
cells serves as a fundamental mechanism linking inflamma-
tion and vascular disease progression.

The perivascular adipose tissue (PVAT) that is located
outside the adventitia also plays a significant role in athero-
genesis [65]. PVAT is considered to be the fourth layer
of the blood vessel wall, also known as the tunica adi-
posa, and secretes adipokines, vasoactive molecules, cy-
tokines, and growth factors, including leptin, adiponectin,
and resistin, which contribute to the regulation of vascu-
lar tone and maintenance of vascular homeostasis [61,65].

PVAT is expanded in both obesity and diabetes, exhibiting
a proinflammatory phenotype which is marked by reduced
anti-inflammatory adipokine production, increased oxida-
tive stress, and vascular dysfunction, contributing to vas-
cular inflammation and atherosclerosis development [66].
Among the proinflammatory mediators produced by PVAT,
IL-1β and IL-18 are dependent on NLRP3 inflammasome
activation. In an experimental model using Zucker dia-
betic fatty rats, glucagon-like peptide 1 (GLP-1) attenuated
NLRP3 inflammasome activation in perivascular adipose
tissue, with NF-κB signaling implicated as a key mecha-
nism mediating this regulatory effect [67]. Smoking has
also been shown to exacerbate PVAT inflammation by in-
creasing the expression and activity of the P2X7 receptor–
inflammasome complex [68].

4. Inflammasomes and Plaque Evolution:
From Initiation to Vulnerability
4.1 Early Lesion Formation

Atherosclerosis is a complex process initiated by en-
dothelial dysfunction, which promotes LDL retention and
modification within the intima. Atherogenic stimuli such
as smoking and diabetes together with oxLDLs, activate
ECs and promote monocyte recruitment into the vessel
wall. Within the intima, monocytes and VSMCs internal-
ize oxLDLs via scavenger receptors, giving rise to foam
cells. These events drive fatty streak formation, which is
the earliest detectable atherosclerotic lesion and is char-
acterized by intracellular and extracellular lipid accumu-
lation, which facilitates the formation of CCs [69]. Fatty
streaks can develop from childhood, particularly in regions
of disturbed blood flow where adaptive intimal thicken-
ing and NF-κB–mediated inflammatory signaling predom-
inate [70]. NF-κB activation results in its nuclear translo-
cation and binding to NF-κB–responsive promoters, induc-
ing the transcription of pro-inflammatory target genes, in-
cluding NLRP3 [71]. CCs, although usually associated
with advanced plaques, are also present at early stages of
atherosclerosis, where they trigger NLRP3 inflammasome
activation in macrophages and amplify pro-inflammatory
signaling [72].

Furthermore, activation of the NLRP3 inflammasome
appears to serve as a key mediator of the disruption of re-
verse cholesterol transport (RCT) within the arterial wall.
Inflammasome assembly promotes the maturation of IL-
1β, initiating a signaling cascade that suppresses the liver
X receptor alpha (LXRα) pathway [73]. This can lead to
downregulation of key cholesterol efflux transporters, ATP-
binding cassette transporter A1 (ABCA1) and ATP-binding
cassette transporter G1 (ABCG1), as well as the selective
high-density lipoprotein (HDL) receptor scavenger recep-
tor class B type 1 (SR-B1), thereby promoting atheroscle-
rotic progression [74]. The pathological relevance of RCT
impairment is further supported by a recent study demon-
strating that apolipoprotein A-I (ApoA1) deficiency, asso-
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ciated with reduced HDL levels, induces apoptosis through
a B-cell lymphoma 2 (Bcl-2)–interacting mediator of cell
death (Bim)–dependent pathway, significantly contributing
to necrotic core formation and plaque advancement [75].

4.2 Growth of the Necrotic Core, Fibrous Cap Thinning,
and Intraplaque Hemorrhage

In atherosclerosis, necrosis gives rise to a large re-
gion called the necrotic core, which is depleted of viable
cells and filled with cellular debris [76]. Multiple forms
of regulated necrosis drive lesion complexity and instabil-
ity in the progression of the atherosclerotic plaques [77].
A known mechanism is necroptotic cell death, after the
macrophage exposure to oxLDLs elevates ROS, leading
to increased expression of receptor-interacting protein ki-
nase (RIPK)-3 and mixed lineage kinase domain-like pro-
tein (MLKL) [78,79,80]. In parallel, ferroptosis is trig-
gered within plaques as hypoxia stimulates neovascular-
ization [81,82]. Ferroptosis is an iron-dependent form
of regulated cell death characterized by intracellular iron
overload and redox imbalance, and it is closely linked to
NLRP3 inflammasome activation [83]. The newly formed
intraplaque microvessels are often fragile and permeable,
allowing infiltration of inflammatory blood cells leading to
intraplaque hemorrhage (IPH) [84]. These hemorrhagic ar-
eas are surrounded by erythrocytes through erythrophago-
cytosis, which activates heme oxygenase-1 (HMOX-1), in-
creases intracellular heme and iron accumulation, and pre-
disposes cells to ferroptotic death [77]. Although apopto-
sis occurs, impaired efferocytosis in advanced lesions leads
to the accumulation of apoptotic bodies that progress to
secondary necrosis and may trigger inflammasome acti-
vation [85,86]. Additionally, pyroptosis is induced when
CCs within plaques disrupt lysosomal membranes, activat-
ing NLRP3 inflammasome [74]. Of note, apoptosis and py-
roptosis share several hallmark features; however, despite
these similarities, pyroptosis differs fundamentally from
apoptosis in that it rapidly and irreversibly disrupts plasma
membrane integrity. Both processes are characterized by
chromatin condensation; however, nuclear structure is pre-
served during apoptosis [87].

A plaque is defined as vulnerable after persistent expo-
sure to a pro-atherogenic environment leads to an extensive
necrotic core, a thin fibrous cap, and heightened inflamma-
tory activity [88]. The fibrous cap isolates the highly throm-
bogenic necrotic core from circulating platelets and coag-
ulation components, and its thickness is closely linked to
plaque stability [89]. Loss of VSMCs leads to diminished
ECM synthesis, while the release of MMPs increases ma-
trix degradation, collectively resulting in weakening of the
fibrous cap [69]. Inflammation contributes significantly to
the vulnerability of atherosclerotic lesions. Inflammatory
mediators commonly detected in atheromatous plaques, in-
cluding NLRP3-related cytokines such as IL-1β and IL-18,
as well as TNF-α, have been shown in vitro to upregulate

MMP expression in VSMCs [69,90]. This inflammatory
response is usually seen within the fibrous cap and plaque
shoulders rather than being evenly distributed throughout
the lesion [69].

IPH is a key driver of plaque progression. It leads
to a rapid increase in plaque volume and contributes to
plaque destabilization [91]. IPH is most commonly ob-
served within or near the necrotic core and is believed to
arise from the leakage of erythrocytes from dysfunctional
microvessels, followed by the accumulation of local inflam-
matory cells, including macrophages [92]. The accumula-
tion of erythrocyte membranes within atheromas as a result
of IPH serves as a major source of lipids for the necrotic
core and promotes the formation of CCs [93]. As previ-
ouslymentioned, these crystals can activate NLRP3 inflam-
masomes by causing phagolysosomal disruption and the re-
lease of cytosolic cathepsins, leading to IL-1β secretion into
the extracellular space. Consequently, elevated cholesterol
content in the arterial wall is closely linked to the develop-
ment of arterial thrombosis [91].

Collectively, these interconnected mechanisms con-
tribute to the enlargement of the necrotic core, amplify-
ing inflammation, weakening the fibrous cap, promoting
plaque destabilization, and increasing the risk of rupture
and thrombus formation [77].

4.3 “Mixed Picture” and Counter-Evidence

Studies using mouse models of atherosclerosis,
most commonly LDL receptor–deficient (LDLr−/−) and
apolipoprotein E–deficient (ApoE−/−) mice, support a
causal role for inflammasome activation and IL-1β in the
development and progression of atherosclerosis [93,94]. In
particular, experimental work has implicated the NLRP3
inflammasome in lesion formation in cholesterol-rich diet–
fed Ldlr−/− mice, where genetic deletion of key inflam-
masome components attenuates early plaque development
[93,95]. However, the contribution of inflammasome sig-
naling appears to be highly context dependent, as several
studies have reported minimal or no effects of inflamma-
some deficiency or IL-1β inhibition inApoe−/− or Ldlr−/−
mice fed cholesterol-rich diets. These divergent findings
may be influenced by factors such as sex, stage of lesion
progression, microbiome composition, or other experimen-
tal variables [96,97]. Collectively, the evidence suggests
that basal inflammasome activity is relatively modest in
standard mouse models, but becomes more pronounced in
the presence of additional pro-inflammatory or metabolic
stressors, including impaired cholesterol efflux, defective
DNA repair, clonal hematopoiesis, or diabetes [93]. Impor-
tantly, although a similar pattern is observed, human cells
appear to be more sensitive to NLRP3 inflammasome acti-
vation, potentially amplifying the impact of chronic disease
[98].

An important unresolved issue is whether inflamma-
some activation directly interacts with lipid metabolism.

6

https://www.imrpress.com


In LDLr−/− and Apoe−/− models, interpretation is com-
plicated by defects in LDL receptor– or ApoE-mediated
clearance. It therefore remains unclear whether NLRP3-
driven IL-1β signaling modulates hepatic LDL receptor ex-
pression, peripheral ApoE-dependent uptake, or circulating
LDL cholesterol levels under conditions of intact lipopro-
teinmetabolism. Emerging evidence indicates bidirectional
crosstalk between proprotein convertase subtilisin/kexin
type 9 (PCSK9) and the NLRP3 inflammasome. In par-
ticular, NLRP3-driven IL-1β may increase PCSK9 expres-
sion, while PCSK9 can trigger caspase-1–dependent pyrop-
tosis via mitochondrial DNA damage and NLRP3 activa-
tion. The mechanisms linking this interaction to atheroscle-
rosis remain unclear [99]. Further studies are therefore
needed to clarify whether inflammasome activation primar-
ily affects vascular inflammation or also intersects with core
components of the lipid hypothesis.

5. Inflammasomes at the Atherothrombotic
Interface
5.1 Platelet Inflammasomes

Platelets have a central role in atherothrombosis that
emerges from a tightly interwoven network of inflamma-
tory and thrombotic pathways [100]. Platelets are now
recognized as active inflammatory effectors that propagate
vascular inflammation, and the NLRP3 inflammasome has
attracted considerable attention as a potential molecular hub
linking platelet activation to atherothrombotic disease [12].

Emerging evidence supports the presence of a func-
tional NLRP3 inflammasome in platelets [12]. Platelets re-
tain inflammasome-related transcripts and low-abundance
protein components, including ASC and GSDMD, and can
exhibit caspase-1 activity under inflammatory or throm-
botic stress [12,101,102,103]. Megakaryocytes appear to
play a critical role, shaping a pro-inflammatory platelet pro-
teome in response to systemic cues such as hyperlipidemia,
infection, or myocardial injury [97,104,105,106,107]. This
megakaryocyte–platelet axis may explain how inflamma-
some competence is selectively enhanced in disease states
while remaining difficult to detect in platelets from healthy
individuals [12]. Functionally, platelet NLRP3 inflam-
masome activation converges on the production and re-
lease of IL-1β. Platelet-derived IL-1β exerts potent au-
tocrine effects that amplify platelet activation and acts
on ECs and leukocytes, thereby promoting endothelial
activation, leukocyte recruitment, and NETs formation
[108,109,110,111].

At the clinical level, dysregulated platelet inflamma-
some activity has been linked to atherothrombotic disease
and venous thrombosis [112,113]. In acute coronary syn-
dromes (ACS), platelet NLRP3 inflammasome expression
was found to bemarkedly increased and associatedwith dis-
ease severity, adverse cardiac function, and poor clinical
outcomes, serving as an independent predictor of adverse
cardiovascular events following percutaneous coronary in-

tervention (PCI) [112]. Similarly, a more recent mouse
study of deep vein thrombosis (DVT) demonstrated that
NLRP3 inflammasome activity specifically within platelets
regulates intrathrombus IL-1β levels, thereby promoting
NETs formation and driving venous thrombus development
[113].

Collectively, these findings position platelet inflam-
masomes as critical modulators at the atherothrombotic
interface, integrating inflammatory danger signals with
thrombotic responses. While controversies remain re-
garding the precise composition and activation require-
ments of the platelet NLRP3 inflammasome, its functional
consequences—particularly IL-1–mediated autocrine and
paracrine signaling—are increasingly difficult to ignore.
Targeting platelet inflammasome pathways, either directly
or through upstream megakaryocyte programming, may
therefore represent a novel therapeutic avenue to attenu-
ate residual inflammatory risk in atherothrombotic disease
without compromising essential hemostatic function.

5.2 Neutrophil Extracellular Traps and the
Inflammasome–NETosis Axis

NLRP3 inflammasome signaling promotes neutrophil
recruitment into atherosclerotic plaques, where CCs trigger
NETosis. This is a distinct form of cell death characterized
by the release of NETs, which aims to eliminate pathogens
and appears to promote the progression of atherosclerosis
[11,114,115,116]. Indeed, CCs can react with free radicals,
leading to the production of ROS that activate peptidyl argi-
nine deiminase 4 (PADI4), which catalyzes arginine citrul-
lination and promotes chromatin relaxation from histones.
Concurrently, myeloperoxidase (MPO) and neutrophil elas-
tase (NE) contribute to nuclear membrane disruption and
further chromatin decondensation. The loosened chromatin
forms NETs embedded with granule-derived and cytosolic
proteins, released upon neutrophil membrane rupture, caus-
ing cell death [117]. The released NETs enhance the ex-
pression of pro-IL-1β, thereby amplifying inflammasome-
mediated inflammatory responses [114]. Additionally,
NETs provide dsDNA that can trigger activation of the
AIM2 inflammasome [118].

NETosis is also involved in thrombus formation and
contributes substantially to prothrombotic signaling by in-
ducing ROS generation, promoting endothelial dysfunc-
tion and apoptosis, triggering LDL oxidation, enhancing
platelet aggregation, and facilitating the accumulation of
von Willebrand factor and fibrinogen [117,119]. More-
over, in an experimental animal model of DVT, NETs were
shown to form a DNA-based scaffold that incorporates red
blood cells, von Willebrand factor, fibronectin, and fibrino-
gen, thereby promoting thrombus development [120]. In
a stenosis-induced mouse model of DVT, sterile NLRP3
inflammasome activation triggered NETosis and enhanced
venous thrombosis, whereas genetic or pharmacological in-
hibition of NLRP3 reduced both NET formation and throm-
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bus size [121]. Similarly, in an experimental model of acute
MI, NLRP3 activation exacerbated myocardial injury by
promoting NET-mediated microvascular blockage and tis-
sue damage. These NETs obstruct capillaries and release
proteases and proinflammatory molecules, amplifying local
thrombo-inflammation and immune cell recruitment [122].

5.3 Coagulation and Fibrinolysis

The coagulation system functions as part of innate host
defense. LPS induces tissue factor (TF) expression in circu-
lating monocytes through TLR4 signaling and both canon-
ical and noncanonical inflammasome pathways, culminat-
ing in GSDMD activation. Subsequent pyroptosis, along
with increased intracellular calcium and phosphatidylser-
ine exposure, amplifies the coagulation cascade [123]. In
addition to activating coagulation, LPS stimulation reduces
fibrous cap thickness and increases macrophage accumula-
tion, inflammatory cytokine production, and MMP expres-
sion, thereby promoting plaque vulnerability and increasing
the risk of thrombosis [124].

The complement system has also been implicated in
thrombosis. Elevated complement C3 levels in the general
population are associated with increased risk of DVT, and
complement activation correlates with thrombotic compli-
cations in infectious diseases [125]. Complement can elicit
the secretion of IL-1β and IL-18 both in vitro and in vivo via
the NLRP3 inflammasome, providing a mechanistic link
between complement activation, inflammation, and throm-
bosis [126].

IL-1 links inflammation and thrombosis through its ef-
fects on ECs and coagulation pathways [127]. IL-1 alpha
(IL-1α) and IL-1β act in autocrine and paracrine fashion
to promote a prothrombotic endothelial phenotype charac-
terized by increased expression of adhesion molecules, in-
cluding P-selectin, ICAM-1, and VCAM-1, which facilitate
leukocyte and platelet recruitment. Concurrently, IL-1β en-
hances the expression of procoagulant factors such as von
Willebrand factor and TF, while suppressing endogenous
anticoagulant mechanisms, including thrombomodulin and
the protein C pathway [127,128,129].

IL-1β also contributes to thrombus formation through
interactions with NETs. In concert with NET-associated
proteases such as cathepsin G, IL-1α induces TF expression
and activity on the endothelium, thereby amplifying local
coagulation and promoting thrombo-inflammation [130].
This process is reinforced by a feed-forward loop in which
TF generation and fibrin deposition further enhance IL-1β–
mediated endothelial activation, sustaining both inflamma-
tion and thrombosis [127].

IL-18 also contributes to thrombo-inflammation
through direct effects on ECs by promoting endothe-
lial activation, which is characterized by increased von
Willebrand factor expression and suppression of tissue
plasminogen activator, thereby favoring a prothrombotic
and antifibrinolytic state. In venous thrombosis, IL-18–

mediated activation of NF-κB induces abnormalities in
EC growth and function and plays an important role in the
development of DVT [131].

5.4 Clinical Contexts of Inflammasome-Driven
Atherothrombosis

Arterial thrombosis is primarily caused by the rupture
of an atherosclerotic plaque, which leads to the exposure of
the subendothelial extracellular matrix and triggers exten-
sive release of TF [132]. This process plays a significant
role in the pathogenesis of ACS and ischemic stroke (IS),
where the coordinated interplay between platelets, throm-
botic factors, and the inflammasome axis critically drives
thrombus formation and activation. Analysis of aspirated
intracoronary thrombi from patients with ST-elevation my-
ocardial infarction (STEMI) demonstrated increased ex-
pression of inflammasome-related genes, including TLR4,
NLRP3, and IL-6 receptor, which correlated with myocar-
dial injury assessed by troponin T, indicating active inflam-
masome signaling [133]. Consistently, the same group re-
ported a strong association between NLRP3 inflammasome
activity within coronary thrombi and elevated circulating
levels of phosphatidylserine positive (PS+) microvesicles
in STEMI patients. In contrast, phosphatidylserine nega-
tive (PS–) microvesicles were inversely associated with in-
flammasome gene expression, suggesting a potential im-
munomodulatory or protective role that requires further in-
vestigation [134].

Furthermore, acute IS (AIS) or MI can promote desta-
bilization of distant atherosclerotic plaques. In a rupture-
prone mouse model, both conditions triggered plaque insta-
bility and recurrent ischemic events through NET-derived
cell-free DNA–mediated activation of the AIM2 inflam-
masome, leading to MMP activation and atherothrombo-
sis. Similar inflammatory mechanisms were observed in
human carotid plaques shortly after stroke, and targeting
this pathway reduced recurrent ischemic events in exper-
imental models [9]. Finally, recent evidence in AIS fur-
ther links inflammasome activity to thrombus biology and
clinical outcome. NETs were identified within AIS thrombi
and were found to colocalize with inflammasome compo-
nents, including caspase-1 and ASC. Levels of caspase-
1, ASC, and IL-1β were significantly elevated in thrombi
compared with plasma and healthy controls, and higher in-
trathrombus inflammasome signaling was associated with
prolonged and less effective mechanical thrombectomy, in-
dicating that inflammasome-enriched NETs contribute to
thrombus resistance and worse procedural outcomes in AIS
[135].

Histopathological analyses of cerebral thrombi show
variable proportions of platelets, leukocytes, and red blood
cells, and this compositional heterogeneity is believed to re-
flect differences in thrombus origin [136]. In the thrombec-
tomy era, growing interest has focused on ischemic stroke
thrombus composition, although only a limited number of
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studies have explored the thrombus inflammatory milieu
in relation to stroke etiology. In this context, analysis of
ischemic stroke thrombi demonstrated that cardioembolic
strokes, particularly those associated with AF, contain sig-
nificantly higher numbers of CD11b+ myeloid cells com-
pared with thrombi from large artery atherosclerosis, with
cryptogenic stroke thrombi showing a similar inflammatory
profile. These findings suggest that CD11b-driven atrial
inflammation contributes to thrombus formation and sup-
port the concept that a substantial proportion of crypto-
genic strokes may arise from subsequent AF [137]. Note
that inflammasome signaling contributes to AF pathogene-
sis [138].

6. Multiscale Evidence: From Genetics and
Omics to Human Biomarkers
6.1 Human Genetic and Clonal Hematopoiesis Data

Emerging data suggest that genetic variants in com-
ponents of the NLRP3 and AIM2 inflammasomes influ-
ence susceptibility to CVD. Mutations in the NLRP3 gene
that drive excessive IL-1β production cause rare hereditary
autoinflammatory syndromes, such as cryopyrin-associated
periodic syndromes, while more common NLRP3 variants
are linked to polygenic inflammatory disorders, including
celiac disease, rheumatoid arthritis, Crohn’s disease, and
abdominal aortic aneurysms [138,139,140,141,142,143].
Extending these observations to cardiovascular pathol-
ogy, a recent study identified the intronic NLRP3 vari-
ant rs10754555 as a functional expression quantitative
trait locus associated with enhanced NLRP3 transcrip-
tion, elevated IL-18 plasma levels, augmented ASC for-
mation, and increased inflammasome activation in human
monocyte-enriched peripheral blood mononuclear cells
(PBMCs) [144]. Functionally, this variant impaired re-
endothelialization in experimental models and increased
the risk of CAD in individuals younger than 60 years, in-
dicating an age-dependent genetic effect. Across multi-
ple validation cohorts, including patients with prevalent
CAD and general population samples, rs10754555was con-
sistently associated with higher cardiovascular mortality
[143]. In addition, the NLRP3 rs35829419 variant is a gain-
of-function polymorphism that increases IL-1β production
and has been associated with a higher long-term risk of
macrovascular complications, particularly MI, in patients
with T2DM [145,146]. Finally, the NLRP3 rs4612666
polymorphism may be associated with the occurrence of
large artery atherosclerotic ischemic stroke and microem-
bolic signals, suggesting that this variant increases suscepti-
bility to ischemic stroke by influencing plaque vulnerability
[147]. Regarding the AIM2 inflammasome, a recent study
interestingly showed that the rs2793845 T allele and GT/TT
genotypes were highly frequent in males with periodontal
disease and CAD [148].

Recent studies indicate that clonal hematopoiesis of
indeterminate potential (CHIP), an age-related expansion

of hematopoietic stem cells carrying somatic mutations in
genes such as TET2, DNMT3A, and ASXL1, promotes
a pro-inflammatory macrophage phenotype with increased
inflammasome activity and cytokine release, which pro-
gresses atherosclerosis and plaque instability, thereby in-
creasing cardiovascular risk and mortality [149,150]. Car-
riers of the TET2 mutation display atherosclerotic lesions
with larger necrotic cores and increased inflammation,
which contribute to plaque vulnerability. Multi-omics anal-
yses further showed that TET2-mutant macrophages had in-
creased LDL receptor and inflammasome gene expression
[149]. JAK2 CHIP is associated with an approximately 12-
fold increased risk of ischemic cardiovascular events, in-
cluding MI and stroke [151]. In murine models, the JAK2
V617F mutation induces atherosclerotic lesion formation
and NET release due to the activation of the AIM2 inflam-
masome, a process that is also seen in venous thrombosis
[152]. UK Biobank data have demonstrated strong associa-
tions between JAK2 mutations and incident venous throm-
boembolic events, underscoring the broad cardiovascular
impact of JAK2 CHIP [150,153].

6.2 Single-Cell and Spatial Transcriptomics of Human
Plaques

Single-cell RNA sequencing (scRNA-seq) and spa-
tial transcriptomics (ST) offer high-resolution analysis of
cellular heterogeneity and signaling within diseased ves-
sels, which gives us the opportunity to expand our un-
derstanding of atherosclerosis [154]. By keeping the spa-
tial context of cells within their native tissue structure, ST
complements scRNA-seq to show not only which cells are
present, but also where they are located and how they in-
teract [154,155]. These approaches have revealed distinct
ECs, macrophages, foam cells, and VSMCs subpopulations
with enhanced inflammasome-related gene expression pat-
terns.

A recent study using scRNA-seq revealed that the
IL1Bhi macrophage subpopulation exhibits increased in-
flammasome activation within atherosclerotic plaques
[156]. Furthermore, scRNA-seq has shown that foam cells
in atherosclerotic plaques express triggering receptor on
myeloid cells 2 (TREM2), which is a lipid receptor on tissue
macrophages that promotes cell survival, proliferation, ef-
ferocytosis, and has anti-inflammatory functions [157,158].
In atherosclerosis-prone Ldlr−/− mice, the activation of
TREM2 with the agonist AL002a stabilized plaques by en-
hancing cholesterol efflux and collagen deposition [158]. It
is important to note that TREM2 knockdown has also been
reported to promote NLRP3 inflammasome activation and
pyroptosis in neurodegenerative diseases, findings that un-
derscore its role in other inflammasome-related disorders
[159].

Spatial transcriptomic analyses of human plaques
have shown that macrophage subpopulations with in-
creased inflammasome activity, including TREM2hi and
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Mac TREM2hi CCL18 cells, are predominantly localized
in rupture-prone shoulder regions and adjacent to necrotic
cores. C1Q+ and HMOX1+ macrophages accumulate in
subluminal positions [160]. A gradual transdifferentiation
of subluminal inflammatory HMOX1+ macrophages into
a lipid-handling TREM2+ phenotype within border zones
of the fibrous cap and necrotic core is observed during
atherosclerotic progress, highlighting a spatial organization
that links inflammasome activity to plaque vulnerability, lo-
cal inflammation, and matrix remodeling [160].

6.3 Circulating and Tissue Biomarkers

Elevated plasma indicators of inflammasome-related
systemic inflammation can be used as prognostic markers
for atherosclerosis. IL-1β and TNF-α are central mediators
of endothelial dysfunction, which is considered the earli-
est event in atherogenesis [161]. IL-1β promotes vascu-
lar pathology because it causes oxidative stress and induces
EC death. TNF-α signaling further exacerbates endothelial
dysfunction as it triggers endothelial apoptosis and upreg-
ulates adhesion molecule expression [162,163,164]. A re-
cent study demonstrated that IL-1β is a strong predictor of
atherogenic risk in individuals with prediabetes. This study
showed a robust association between IL-1β and an elevated
atherogenic index of plasma (AIP) and underscores its po-
tential as an early cardiovascular risk biomarker. In con-
trast, TNF-α signaling and C-reactive protein (CRP) pro-
vided limited additional predictive value. However, the
small sample size limits the generalizability of these find-
ings [165].

Despite their clinical relevance, IL-1β and TNF-α
have some limitations as potential biomarkers. Both of
them have short half-lives, predominantly localized tissue
activity, and require highly sensitive assays that are not rou-
tinely available. Consequently, other markers of NLRP3
inflammasome activation may offer more practical and reli-
able tools for clinical risk stratification [166]. IL-1β appears
to connect the NLRP3 inflammasome with the IL-6 path-
way by promoting IL-6 production [148]. IL-6 has emerged
as a clinically relevant inflammatory biomarker for cardio-
vascular risk prediction because it has shown strong asso-
ciations with future vascular events in primary and sec-
ondary prevention settings, supporting its important role
in the development of ASCVD [167,168,169]. Emerging
evidence suggests that elevated CRP levels are associated
with NLRP3 inflammasome activation, highlighting a po-
tential link to atherosclerosis [170,171]. High-sensitivity
CRP (hsCRP) is a well-established biomarker for cardio-
vascular risk, particularly in advanced CVD and secondary
prevention, where residual risk remains substantial despite
modern interventions [166]. While hsCRP reliably pre-
dicts future cardiovascular events, evidence supporting a
direct causal role in atherogenesis is limited and inconsis-
tent. Studies in animals suggest that CRP may contribute
to endothelial dysfunction. However, interventions which

aimed to reduce CRP, including antisense oligonucleotides
(ASOs) andCRP apheresis, have showedmixed results, and
clinical evidence in humans is limited [166,172,173,174].
Based on current data, it seems that CRP serves primarily as
a prognostic marker rather than a proven pathogenic driver
of CVD.

Caspase-1, a central mediator of pyroptosis and ac-
tivator of IL-1β and IL-18, plays a significant role in the
progression of CVD such as ischemia/reperfusion (I/R)
injury, HF, and arrhythmias. Elevated plasma caspase-
1 levels have been associated with increased cardiovas-
cular risk, partially influenced by metabolic syndrome
[175]. Caspase-1 promotes atherosclerosis by amplify-
ing inflammation within the lesion, likely through activa-
tion of lesion-associated immune cells and upregulation
of IFN-γ expression [176]. As discussed in the current
review, NLRP3 inflammasome activation promotes neu-
trophil infiltration into atherosclerotic plaques andNET for-
mation. Accordingly, NET-derived biomarkers have gained
attention in CVD. MPO-DNA complexes and citrullinated
histones serve as key biomarkers for assessing NET in-
volvement in CVD. The MPO-DNA complex serves as a
predictive marker for both the presence of atherosclerotic
coronary arteries and major adverse cardiovascular events
(MACEs) and higher MPO-DNA levels are associated with
increased plaque fragility in patients with carotid stenosis
[177,178]. In addition, NET-associated citrullinated his-
tones have been shown to promote LDL aggregation and
foam cell formation in vitro, highlighting their potential as
a biomarker of atherosclerosis [179].

6.4 Imaging Techniques of Plaque Vulnerability

Refining the risk assessment in individuals at ele-
vated risk of atherothrombosis have led to development
of non-invasive and invasive imaging modalities that
enable early identification of vulnerable, rupture-prone
plaques before the development of fatal thrombotic events
[180]. Noninvasive modalities such as ultrasonography,
computed tomography (CT), magnetic resonance imaging
(MRI), and positron emission tomography (PET) are
increasingly explored for their ability to identify imaging
markers associated with plaque instability and future car-
diovascular events [181]. Coronary computed tomography
angiography (CCTA) is the most widely used non-invasive
method for coronary artery disease evaluation and provides
detailed visualization of both the vessel lumen and plaque
morphology. CCTA can identify high-risk plaque features,
including positive remodeling, low-attenuation plaques,
spotty calcification, high perivascular fat attenuation
index, and the napkin-ring sign, that have been linked to
adverse clinical outcomes [182,183]. MRI can quantify
plaque burden and assess tissue composition without
patient exposure to ionizing radiation. However, the
MRI utility in assessment of the coronary anatomy is
constrained by limited spatial resolution, sensitivity to
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cardiac motion, and prolonged acquisition times, which
hinder reliable identification of thin-cap fibroatheromas
[184]. PET provides complementary functional informa-
tion by detecting metabolically active plaques, reflecting
inflammatory cell activity and microcalcification [185].
Although NLRP3 plays a critical role in the progression of
atherosclerosis, it has proven to be a challenging imaging
target because of its limited abundance and restricted
cellular distribution. However, recent advances have led
to the development of a candidate PET imaging agent
targeting NLRP3, based on the aminopyridazine derivative
(R)-2-(6-((1-cyclopropylpiperidin-3-yl)amino)pyridazin-
3-yl)-5-fluoro-3-methylphenol (17b), which fulfills key
preclinical criteria for a successful imaging tracer and is
currently being explored in the central nervous system
[186]. Such approaches may eventually enable the identi-
fication of regions with high macrophage infiltration and
active NLRP3 inflammasome signaling.

Invasive coronary imaging modalities, including in-
travascular ultrasound (IVUS), optical coherence tomogra-
phy (OCT), and near-infrared spectroscopy (NIRS), pro-
vide high-resolution and offer unique insights into plaque
instability caused by inflammation [166,181]. IVUS allows
accurate quantification of plaque burden and lumen dimen-
sions, features associated with adverse outcomes. How-
ever, this imaging technique has limited spatial resolu-
tion and this restricts direct visualization of thin fibrous
caps and inflammatory cell infiltration [187]. OCT pro-
vides near-histologic resolution and enables precise mea-
surement of fibrous-cap thickness, identification of plaque
rupture or erosion, and detailed characterization of lipid-
rich plaques and microstructures [188,189]. Importantly,
OCT can also indirectly detect macrophage accumulation
through regions of high signal backscatter and attenuation
allowing to link inflammatory activity to cap thinning and
plaque vulnerability [166,190]. Given that macrophage in-
filtration is often driven by inflammasome activation and
IL-1β signaling, OCT may also serve as an indirect marker
of inflammasome-driven inflammatory processes within
plaques. A thin-cap fibroatheroma, defined by a cap thick-
ness of ≤65 μm, is strongly associated with increased rup-
ture risk and thrombosis [191]. While NIRS primarily de-
tects lipid-core burden, a feature closely related to inflam-
matory plaque biology, it does not provide detailedmorpho-
logic information on its own [166]. Although NIRS cannot
directly capture inflammasome activity, its ability to iden-
tify lipid-rich areas offers valuable insights into the local in-
flammatory environment, which is often linked to NLRP3
activation.

7. Therapeutic Targeting of Inflammasomes
and Downstream Pathways
7.1 IL-1 Axis Inhibition

IL-1β is a central proinflammatory cytokine generated
downstream of NLRP3 inflammasome activation and rep-

resents an important therapeutic target in inflammasome-
driven disease [192]. Inhibition of IL-1 signaling at the re-
ceptor level lacks specificity because many IL-1 receptors
are not directly linked to inflammasome activity. Clinically
available IL-1–targeted agents include anakinra, a recombi-
nant IL-1 receptor antagonist that blocks both IL-1α and IL-
1β, canakinumab, a long-acting monoclonal antibody that
selectively neutralizes IL-1β, and rilonacept, a soluble de-
coy receptor active against both IL-1α and IL-1β [193].

Anakinra has been widely evaluated in CVD. In HF
with preserved ejection fraction (HFpEF), it reduces sys-
temic inflammation, reflected by lower CRP levels, though
functional benefits have been inconsistent [194,195]. In
HFwith reduced ejection fraction (HFrEF), anakinra lowers
CRP and N-terminal pro–B-type natriuretic peptide (NT-
proBNP) and improves exercise capacity [196]. In ACS,
outcomes have varied. In patients with non–ST-segment
elevation MI (NSTEMI), the MRC-ILA Heart Study found
that anakinra produced a transient reduction in inflamma-
tory markers such as CRP and IL-6, but was unexpectedly
associated with higher rates of MACEs at one year [197].
In contrast, in patients with STEMI enrolled in the VCU-
ART3 trial, anakinra reduced the incidence of death and
new-onset HF, as well as the composite outcome of death
or hospitalization for HF, compared with placebo [198].

Canakinumab is a monoclonal antibody targeting
IL-1β that is approved for the treatment of several
inflammasome-mediated conditions, including rheumatoid
arthritis, acute gout, and atherosclerosis [199,200]. In the
CANTOS trial, IL-1β inhibition with canakinumab signif-
icantly lowered the incidence of cardiovascular events in
patients with prior MI and residual inflammatory risk, as
reflected by elevated CRP levels. Treatment was associ-
ated with reductions in CRP and IL-6, alongside increases
in total cholesterol and triglycerides, providing compelling
clinical evidence that targeting inflammation can improve
cardiovascular outcomes independently of lipid lowering
[199]. Beyond vascular events, a prespecified secondary
analysis of CANTOS suggested that treatment with the 150-
mg dose improved left ventricular ejection fraction and ex-
ercise capacity in patients with HFrEF [201]. In another
study, canakinumab reduced the incidence and mortality of
lung cancer in patients with a history of MI, particularly in
those who received the highest dose, a finding that high-
lights the role of IL-1β–mediated inflammation in disease
pathogenesis [202]. These benefits were linked with an in-
creased risk of fatal infections, which limits the broader
clinical application of canakinumab [200,203].

Rilonacept has shown anti-inflammatory effects in
early cardiovascular studies, including small trials in
atherosclerosis and recurrent pericarditis, but robust evi-
dence in broader cardiovascular populations is still lacking
[204,205].
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7.2 Colchicine as an Indirect Inflammasome Modulator

Colchicine, a naturally derived alkaloid traditionally
used for gout and pericarditis, has emerged as a poten-
tial therapy for atherosclerotic cardiovascular disease. It
exerts anti-inflammatory effects by disrupting microtubule
assembly, which inhibits neutrophil chemotaxis, adhesion,
and activation, and reduces proliferation of vascular smooth
muscle cells and fibroblasts. Importantly, colchicine sup-
presses NLRP3 inflammasome activity by preventing the
assembly and subcellular trafficking of ASC and NLRP3
[206]. It also mitigates platelet–leukocyte interactions and
dampens TNF-α–mediated macrophage activation, con-
tributing to its cardiovascular protective effects [207].

A recent meta-analysis evaluated the long-term effi-
cacy and safety of colchicine for secondary prevention in
patients with ASCVD [208]. The analysis included six ran-
domized controlled trials (RCTs) with a total of 21,800 pa-
tients (colchicine n = 10,871; placebo n = 10,929), encom-
passing post-MI (COLCOT, CLEAR-SYNERGY), post-
stroke (CONVINCE), stable CAD (LoDoCo, LoDoCo2),
and ACS (COPS) populations [208,209,210,211,212,213].
Over follow-up periods ranging from 12 to 34 months,
colchicine significantly reduced the incidence of MACEs,
including MI, ischemic stroke, and urgent coronary revas-
cularization (hazard ratio [HR] 0.75, 95% confidence
interval [CI] 0.56–0.93). Safety outcomes, including
non-cardiovascular mortality, were comparable between
colchicine and placebo groups [208]. These findings sup-
port colchicine as an effective and well-tolerated anti-
inflammatory therapy for reducing recurrent cardiovascular
events in secondary prevention across diverse atheroscle-
rotic populations. Similarly, a recent meta-analysis of
30,659 patients (colchicine n = 15,255; no colchicine n =
15,404) with prior CAD or stroke showed that colchicine
reduced the composite risk of cardiovascular death, MI, or
stroke by 12% in secondary prevention. The study also
reported a 35% increase in hospitalizations for gastroin-
testinal events with colchicine, while no increase was ob-
served for pneumonia, newly diagnosed cancers, or non-
cardiovascular death [214].

7.3 IL-6 Pathway Targeting

IL-1β strongly induces IL-6 in various cell types, in-
cluding intrinsic vascular cells, creating an additional am-
plification step. IL-6 is the primary driver of the acute-
phase response in hepatocytes, leading to the production
of acute-phase reactants such as C-reactive protein (CRP),
fibrinogen, the precursor of clots, and plasminogen activa-
tor inhibitor-1, a key inhibitor of endogenous thrombolysis,
collectively promoting thrombus formation and accumula-
tion [215].

Elevated circulating IL-6 is consistently linked to
adverse cardiovascular outcomes and all-cause mortality,
highlighting the need for therapies that specifically target

IL-6 to reduce cardiovascular risk and HF [216]. In line
with targeting IL-6, the RESCUE-2 phase 2 trial evaluated
ziltivekimab, a fully human monoclonal antibody against
the IL-6 ligand, in Japanese patients with chronic kidney
disease and elevated hsCRP. Over 12 weeks, ziltivekimab
at 15 mg and 30mg doses markedly reduced hsCRP by over
90% compared with placebo, along with significant reduc-
tions in serum amyloid A and fibrinogen. The treatment
was well tolerated and only minor increases in triglyceride
levels and no adverse effects on cholesterol ratios were
noted. These findings support ziltivekimab as a promis-
ing strategy to lower residual inflammatory risk in high-risk
atherosclerotic patients [217]. In addition, a phase 2b study
investigated clazakizumab, a monoclonal antibody target-
ing the IL-6 ligand, in adults with CVD and/or diabetes re-
ceiving maintenance dialysis with elevated hsCRP. Patients
were randomized to clazakizumab (2.5 mg, 5 mg, or 10
mg) or placebo every four weeks. After 12 weeks, clazak-
izumab significantly reduced hsCRP by 86–92% compared
with placebo, achieving the primary endpoint. Secondary
outcomes showed reductions in fibrinogen, serum amyloid
A, secretory phospholipase A2, and lipoprotein(a), along
with increased albumin levels. Most patients in the treat-
ment groups achieved hsCRP <2mg/L, whereas none in the
placebo group did. Safety was generally acceptable, with
no severe thrombocytopenia or neutropenia and compara-
ble serious infection rates across groups, although slightly
higher in the 10 mg dose. These findings demonstrate that
clazakizumab effectively lowers IL-6–driven inflammation
in high-risk cardiovascular patients on dialysis [218].

7.4 Direct NLRP3 Inhibitors
MCC950 is a selective inhibitor of the NLRP3 inflam-

masome that targets its NACHT domain and has shown
cardioprotective effects in preclinical studies [219]. In
both mouse and human macrophages, MCC950 inhibited
canonical and non-canonical NLRP3 inflammasome acti-
vation and suppressed IL-1β production by preventing ASC
oligomerization [220]. MCC950 has shown promise as
an anti-atherosclerotic agent by reducing plaque size, en-
hancing plaque stability, improving vascular function, and
decreasing intraplaque macrophage content in experimen-
tal models [221,222]. In another study using ApoE−/−
mice and oxLDL–stimulated THP-1–derived macrophages,
MCC950 reduced plaque size and intraplaque macrophage
content without affecting serum lipid levels. Mechanis-
tic analyses showed that it suppressed macrophage py-
roptosis and IL-1β/IL-18 production by inhibiting the
NLRP3/ASC/Caspase-1/GSDMD-N pathway, while leav-
ing TLR4 expression and NLRP3 priming unchanged, indi-
cating that its anti-atherosclerotic effects stem from block-
ing inflammasome assembly and activation rather than tran-
scriptional priming [223]. In addition, NLRP3 inhibition
with MCC950 can reverse the accelerated atherosclerosis
associated with Tet2-mutant clonal hematopoiesis, high-
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lighting the interplay between epigenetic dysregulation and
inflammasome signaling in disease progression [10,96].

Oridonin, a herbal medicinal product, demonstrates
protective effects against atherosclerosis in ApoE−/−mice
by reducing plaque progression, stabilizing lesions, and
decreasing macrophage infiltration. This agent mitigates
NLRP3-mediated inflammation, stabilizes nuclear factor
erythroid 2-related factor 2 (Nrf2), suppresses oxidative
stress, and prevents the formation of foam cells through
modulation of lipid uptake and efflux in macrophages. All
of these findings suggest oridonin as a potential therapeu-
tic agent for atherosclerosis [224]. CY-09 binds directly to
the ATP-binding site of the NACHT domain of NLRP3. In
preclinical diabetic ischemic stroke models, CY-09 allevi-
ates disease symptoms and helps preserve cardiac function
[225]. BAY 11-7082, an NF-κB inhibitor that also strongly
suppresses NLRP3 inflammasome activity by inhibiting
NLRP3 adenosine triphosphatase (ATPase) function, has
shown significant cardioprotective effects [226,227,228].
In preclinical ischemia/reperfusion models, it reduced in-
farct size, myocardial apoptosis, fibrosis, and inflamma-
tion, while preserving cardiac function and limiting pyrop-
tosis [226,227].

7.5 Targeting, ASC, Caspase-1, and Gasdermin-D
ASC functions as a central adaptor of the NLRP3

inflammasome. It facilitates caspase-1 recruitment, mak-
ing it an attractive but technically challenging therapeutic
target [229]. OLT1177, an orally available β-sulfonyl ni-
trile compound, selectively interferes with ASC oligomer-
ization while sparing other inflammasomes such as AIM2
and NLRC4 [38]. In a mouse model of myocardial is-
chemia/reperfusion (I/R) injury, OLT1177, when admin-
istered at reperfusion, significantly reduced infarct size
and preserved left ventricular systolic function in a dose-
dependent manner. Note that this cardioprotective effect
was maintained even when treatment was delayed up to 60
minutes after reperfusion, a finding that underscores the po-
tential of NLRP3 inhibition to limit post-ischemic myocar-
dial injury [230]. In humans, a phase 1B randomized trial
that enrolled stable patients with HFrEF showed that short-
term oral OLT1177 was not only safe and well tolerated, but
also improved left ventricular ejection fraction and exercise
capacity. Hence, this study supported the translational po-
tential of NLRP3 inhibition in HF [231].

VX-765 and VX-740 are peptidomimetic inhibitors
of caspase-1, which are metabolized in vivo into their ac-
tive forms [232,233]. In preclinical I/R studies, VX-765
demonstrated cardioprotective effects, as it limits myocar-
dial injury and attenuates atherosclerotic disease develop-
ment [234,235]. Despite these promising results, the clin-
ical development of caspase-1 inhibitors was discontinued
because of concerns about liver toxicity and a higher risk of
infections [236].

Targeting GSDMD-dependent pyroptosis is another
promising approach to limit inflammasome-mediated
atherosclerosis. Several pharmacologic inhibitors of
GSDMD are currently under investigation for cardiovas-
cular and other inflammatory conditions [237]. Among
them, disulfiram has been shown to attenuate aortic root
atherosclerosis in hyperlipidemic mouse models, an effect
attributed to enhanced autophagy, improved efferocytosis,
and favorable alterations in gut microbiota composition
[238]. Disulfiram has also demonstrated promise in car-
diometabolic disease models, where it reduces obesity and
ameliorates steatohepatitis in preclinical studies [239,240].

More recently, GI-Y1 has been identified as a selective
small-molecule inhibitor of GSDMD. Preclinical evidence
indicates that GI-Y1 suppresses cardiomyocyte pyroptosis,
limits myocardial ischemia–reperfusion injury, and reduces
pathological cardiac remodeling by inhibiting GSDMD-N
pore formation, highlighting its potential as a therapeutic
candidate for GSDMD-mediated cardiac disorders [241].

7.6 Modulating Upstream Metabolic Drivers

Sodium–glucose cotransporter 2 inhibitors
(SGLT2is), originally developed for glycemic control,
are now well established as therapies that confer sub-
stantial cardiovascular and renal protection through
multiple pleiotropic mechanisms. These agents exert
anti-inflammatory, antifibrotic, and antioxidant effects,
many of which are linked to inhibition of NLRP3 in-
flammasome signaling [242]. SGLT2is directly reduce
oxidative stress, suppress NF-κB signaling, and enhance
autophagy, thereby limiting IL-1β and IL-18 production
and mitigating atherosclerotic progression. They also
increase β-hydroxybutyrate (β-OHB), a metabolite that in-
hibits NLRP3 activation in monocytes, contributing further
to plaque stabilization [243]. Preclinical studies in diabetic
models confirm that SGLT2is improve vascular function,
reduce inflammation and oxidative stress, and protect
against endothelial dysfunction and atherosclerosis [244].
Clinically, SGLT2is modestly lower all-cause mortality
and reduce atherosclerotic cardiovascular events, with
the greatest benefits observed in patients with T2DM and
chronic kidney disease or established ASCVD [245,246].
While SGLT2is may increase erythrocytosis compared
with dipeptidyl peptidase-4 (DPP-4) inhibitors or GLP-1
receptor agonists (GLP-1RAs), this does not appear
to increase thrombotic risk [247]. Interestingly, dual
SGLT1/2 inhibition with sotagliflozin shows enhanced
anti-platelet and antithrombotic effects compared with
selective SGLT2 inhibition. This is largely mediated by
SGLT1 inhibition and suggests that SGLT1/2 inhibitors
may provide increased cardiovascular benefit in high-risk
patients [248].

GLP-1RAs are widely used for the treatment of
T2DM, obesity, and CVD, owing to their strong metabolic
effects and comprehensive cardio–renal–metabolic bene-
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Table 1. Summary of therapeutic candidates and emerging agents targeting inflammasome-related pathways in atherosclerosis
and atherothrombosis.

Compound Target Proposed mechanism of
action

Major effects

Anti-inflammatory compounds

Anakinra IL-1α, IL-1β Recombinant human IL-
1R antagonist.

Reduces systemic inflammation (↓CRP/IL-6). Improves exer-
cise capacity and lowers NT-proBNP in HFrEF. Limited func-
tional benefit in HFpEF. Mixed effects in ACS, higher 1-year
MACEs in NSTEMI, but reduced mortality and HF events in
STEMI [194,195,196,197,198].

Canakinumab IL-1β Monoclonal IL-1β neu-
tralising antibody.

Lowers residual inflammation (↓CRP, ↓IL-6) and reduces re-
current cardiovascular events after MI, independent of lipid
lowering, despite modest increases in cholesterol and triglyc-
erides. Improves LVEF and exercise capacity in HFrEF (sec-
ondary analysis). Increased risk of fatal infections limits
widespread use and requires careful risk–benefit assessment
[199,200,201,202,203].

Rilonacept IL-1α, IL-1β Fusion protein active
against IL-1α and IL-1β.

Demonstrates anti-inflammatory activity in atherosclerosis and
recurrent pericarditis, but clinical evidence in broader cardio-
vascular populations remains limited [204,205].

Colchicine Chemotaxis, VSMCs,
fibroblasts, NLRP3
inflammasome

Inhibits tubulin poly-
merization into micro-
tubules, prevents the
assembly and subcellular
trafficking of ASC and
NLRP3.

Reduces recurrent cardiovascular events in secondary preven-
tion across diverse ASCVD populations, with an acceptable
safety profile; gastrointestinal adverse events are increased, but
no excess in non-cardiovascular mortality, cancer, or pneumo-
nia has been observed [208,209,210,211,212,213,214].

Ziltivekimab IL-6 Fully human monoclonal
antibody against the IL-6
ligand.

Potently lowers hsCRP, serum amyloid A, and fibrinogen in
high-risk atherosclerotic patients, with good tolerability and
minimal lipid changes, supporting its potential to reduce resid-
ual inflammatory risk [217].

Clazakizumab IL-6 Monoclonal antibody
targeting the IL-6 ligand.

Lowers hsCRP, fibrinogen, serum amyloid A, secretory phos-
pholipase A2, and lipoprotein(a), while increasing albumin, in
high-risk cardiovascular patients on dialysis, with generally ac-
ceptable safety [218].

MCC950 NLRP3 inflammasome Specifically inhibits the
NLRP3 inflammasome
by targeting its NACHT
domain.

Inhibits both canonical and non-canonical NLRP3 inflam-
masome activation, suppressing IL-1β and IL-18 produc-
tion, reducing macrophage pyroptosis, decreasing plaque size
and intraplaque macrophages, and improving plaque stabil-
ity and vascular function, without altering serum lipid levels
[220,221,222,223].

Oridonin NLRP3 inflammasome Creates a covalent bond
with cysteine (Cys)279
in the NACHT domain.

Reduces plaque progression and macrophage infiltration, stabi-
lizes lesions, and inhibits NLRP3-driven inflammation, oxida-
tive stress, and foam cell formation [199].

CY-09 NLRP3 inflammasome Blocks NLRP3 assem-
bly via NACHT ATPase
binding.

In preclinical diabetic ischemic stroke models, it reduces dis-
ease severity andmay protect against cardiac dysfunction [224].

BAY 11-7082 NF-κB/NLRP3 inflam-
masome

Inhibitor of NF-κB acti-
vation and NLRP3 AT-
Pase activity.

In preclinical ischemia/reperfusion models, it decreased infarct
size, apoptosis, fibrosis, and inflammation, preserved cardiac
function, and limited pyroptosis [226,227,228].

OLT1177 NLPR3 inflammasome A beta-sulfonyl nitrile
molecule that blocks
ASC oligomerization.

Demonstrates cardioprotective effects across preclinical and
human studies by reducing infarct size, limiting myocardial in-
jury and inflammation, preserving left ventricular function, and
improving exercise capacity, with good safety and tolerability
[230,231].
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Table 1. Continued.
Compound Target Proposed mechanism of

action
Major effects

VX-765 and
VX-740

Caspase-1 Peptidomimetic inhibitors
of caspase-1.

VX-765 reduces myocardial injury and atherosclerosis in pre-
clinical studies, but clinical development was limited by liver
toxicity and increased infection risk [234,235,236].

Disulfiram GSDMD Inhibitor of GSDMD-
mediated pyroptosis.

Reduces aortic atherosclerosis, improves autophagy and ef-
ferocytosis, modulates gut microbiota, and ameliorates obe-
sity and steatohepatitis in preclinical cardiometabolic models
[238,239,240].

GI-Y1 GSDMD Selective inhibitor of GS-
DMD.

Inhibits GSDMD-mediated pyroptosis, reduces myocardial
ischemia–reperfusion injury, and limits pathological cardiac re-
modeling in preclinical models [241].

Upstream metabolic modulators

SGLT2 in-
hibitors

SGLT2 protein/NLRP3
inflammasome

Exert anti-inflammatory,
antifibrotic, and antioxi-
dant effects.

Reduce inflammation and oxidative stress, improve endothelial
and vascular function, protect against atherosclerosis, lower all-
cause mortality and ASCVD events (especially in T2DM with
CKD or established ASCVD) [242,243,244,245,246].

GLP-1 RAs Glucagon-like peptide-1
receptor/NLRP3 inflam-
masome

Exert antifibrotic, anti-
inflammatory, antioxidant
effects, improve mito-
chondrial function.

Exert anti-inflammatory and anti-atherosclerotic effects by in-
hibiting NLRP3 inflammasome activation, reducing lesion in-
filtration, promoting mitophagy, lowering mitochondrial ROS,
and shifting macrophages from pro-inflammatory M1 to anti-
inflammatory M2 phenotype [250,251,252,253,254].

Statins HMG-CoA/NLRP3
inflammasome

Blocks the activation of
the NLRP3 inflammasome
by inhibiting the meval-
onate/isoprenoid pathway.
Pleiotropic effects.

Statins reduce atheroma progression and thrombotic events,
inhibit NLRP3 inflammasome–driven inflammation, and
decrease platelet activation and thrombin generation, though
inflammasome activation may occur in some contexts
[255,256,257].

IL-1β, interleukin-1β; IL-1R, interleukin-1 receptor; CRP, C-reactive protein; IL-6, interleukin-6; NT-proBNP, N-terminal pro–B-type na-
triuretic peptide; HFrEF, heart failure with reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; ACS, acute
coronary syndrome; MACEs, major adverse cardiac events; NSTEMI, non-ST elevation myocardial infarction; STEMI, ST-elevation my-
ocardial infarction; LVEF, left ventricular ejection fraction; IL-1α, interleukin-1α; VSMCs, vascular smooth muscle cells, NLRP3, NOD-like
receptor containing pyrin domain 3; ASCVD, atherosclerotic cardiovascular disease; hsCRP, high sensitivity CRP; IL-18, interleukin-18;
ATPase, adenosine triphosphatase; NF-κB, nuclear factor-κB; ASC, apoptosis-associated speck-like protein; GSDMD, gasdermin D; SGLT2,
sodium-glucose cotransporter 2; T2DM, type 2 diabetes mellitus; CKD, chronic kidney disease; GLP-1 RAs, glucagon-like peptide-1 re-
ceptor agonists; ROS, reactive oxygen species; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; NACHT, nucleotide-binding domain,
Apaf-1, CIITA, HET-E, TP1.

fits [249]. These agents have notable anti-inflammatory
and antifibrotic properties, while also improving car-
diac energy metabolism and reducing oxidative stress
[250,251,252,253]. Part of their anti-inflammatory effect
appears to stem from inhibition of the NLRP3 inflamma-
some that leads to reduced NLRP3-mediated inflammatory
cell infiltration within atherosclerotic lesions. Mechanisti-
cally, GLP-1RAs suppress NLRP3 activation by promot-
ing mitophagy, reducing mtROS production, and driving
macrophage polarization from the pro-inflammatory M1
phenotype toward the anti-inflammatory M2 state [254].

Statins inhibit NLRP3 inflammasome activation by
blocking the mevalonate/isoprenoid pathway, preventing
small GTPase prenylation, reducing NF-κB–mediated IL-
1β and IL-18 transcription, and lowering ROS generation,
thereby limiting inflammasome assembly and cytokine re-

lease [255]. In certain metabolic contexts, however, statins
may paradoxically enhance NLRP3 activation, which has
been associated with impaired insulin signaling, a modest
increase in new-onset diabetes, and statin-associated my-
opathy [256,257].

Beyond lipid lowering, statins reduce atheroma pro-
gression and thrombotic risk through decreased platelet
activation, modulation of fibrinolysis, and inhibition
of thrombin generation via suppression of isoprenoid-
dependent tissue factor/factor VII signaling, although ef-
fects on fibrinogen and factor VII levels remain inconsistent
[258].

Table 1 (Ref. [194,195,196,197,198,199,200,201,202,
203,204,205,208,209,210,211,212,213,214,217,218,220,
221,222,223,224,226,227,228,230,231,234,235,236,238,
239,240,241,242,243,244,245,246,250,251,252,253,254,
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Fig. 2. Graphical representation of therapeutic strategies targeting the NLRP3 inflammasome and its downstream pathways
contributing to atherogenesis and thrombotic complications. VSMC, vascular smooth muscle cells; PYD, pyrin domain; NACHT,
nucleotide-binding domain, Apaf-1, CIITA, HET-E, TP1; LRR, leucine-rich repeat; ASC, apoptosis-associated speck-like protein con-
taining a CARD; NF-κB, nuclear factor-κB; Nek7, NIMA-related kinase 7; SGLT2is, sodium-glucose cotransporter 2 inhibitors; GLP-1
RAs, glucagon-like peptide-1 receptor agonists; ROS, reactive oxygen species; pro-IL-1β, pro-interleukin-1β; pro-IL-18, pro-interleukin-
18; IL-1β, interleukin-1β; IL-18, interleukin-18; IL-6, interleukin-6; GSDMD, gasdermin D; GSDMD-NT, gasdermin D N-terminal
fragment; NLRP3, NOD-like receptor containing pyrin domain 3.

255,256,257]) summarizes therapeutic agents and their
potential roles in the treatment of inflammasome-mediated
atherosclerosis. Fig. 2 provides a schematic overview of

current pharmacological strategies targeting the NLRP3
inflammasome and its downstream signaling pathways in
atherosclerosis and atherothrombosis.
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8. Knowledge Gaps, Controversies and
Future Directions

In recent years, there have been significant advances
in the understanding of how inflammasome signaling con-
tributes to atherothrombosis and how it can be regulated
therapeutically. However, several important questions re-
main. To begin with, the available data cannot fully clarify
whether the risk of atherosclerosis is driven primarily by
inflammasomes, by downstream inflammatory cytokines
such as IL-1β and IL-6, or by pyroptosis. We know that in-
hibition of IL-1β improves outcomes related to atheroscle-
rosis, but we are still uncertain whether directly inhibiting
inflammasomes will provide additional or distinct benefits
compared with cytokine blockade alone. In order to address
these issues, we should develop new therapeutic strategies
that selectivelymodulate inflammasome activity in relevant
vascular or immune cell populations.

Another issue we have to address is the optimal
timing of treatment. Currently, it is unclear when anti-
inflammasome agents should be given in order to be most
effective against atherothrombosis. Future research should
focus on determining whether they should be administered
during early, subclinical atherosclerosis to prevent or slow
atherogenesis, when plaques are vulnerable, or after ACS.

Precision medicine approaches may help us deal with
these uncertainties. It would be helpful if we could iden-
tify patients with increased inflammasome activity who
are expected to benefit the most from anti-inflammatory
medicines. In line with this, using circulating biomarkers,
such as IL-1β and CRP, plaque imaging, or multi-omics
profiling could enable targeted treatment of individuals, re-
sulting in improved clinical outcomes. However, clinically
practical biomarkers are still lacking.

Safety is another important concern. It is logical to
assume that chronic suppression of inflammasomes could
increase the risk of infections and malignancy. Last but
not least, future research should explore rational combina-
tion strategies. The integration of therapies that target in-
flammasomes with lipid-lowering drugs, antithrombotics,
and emerging cardiometabolic agents represents an exciting
area of future research for improving cardiovascular out-
comes.

9. Conclusion
Inflammasomes, particularly NLRP3 and AIM2, rep-

resent a critical mechanistic link between vascular inflam-
mation and the transition to acute atherothrombotic events.
Growing evidence suggests that targeting inflammasome
pathways could be beneficial. However, many issues re-
main to be addressed, including safety and the optimal tim-
ing at which anti-inflammasome therapies should be initi-
ated. In addition to clinical considerations, there is a press-
ing need for further fundamental studies to elucidate the
molecular regulation of the NLRP3 inflammasome and its
role in atherogenesis. Therefore, future efforts should fo-

cus on mechanistic research, refined patient stratification,
and correctly designed clinical trials in order to translate
our knowledge about inflammasome pathophysiology into
effective strategies for atherothrombotic prevention.
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