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Abstract: Atherosclerosis is a vascular disease characterized by dysfunction of vascular endothelial cells,
infiltration of macrophages, formation of foam cells, and proliferation and migration of vascular smooth muscle
cells. Current studies have shown that the NLRP3 inflammasome plays a key regulatory role in the cellular
pathological process of atherosclerosis. This review systematically summarizes the role and underlying mechanism
of the NLRP3 inflammasome in the cellular pathological processes of atherosclerosis: various risk factors activate
this inflammasome to exacerbate cell damage, while many endogenous factors exert protective effects by
inhibiting its activity. In addition, the article reviews intervention strategies ranging from specific chemical drugs
to multi-target natural products, and discusses emerging new technologies such as nano-targeted delivery,
providing a theoretical basis for anti-inflammatory therapeutic strategies. Significance statement: This study
focuses on NLRP3 inflammasome, whose key role in the process of atherosclerosis is becoming increasingly clear.
These findings suggest that targeting the NLRP3 inflammasome may represent a potential direction for developing
new therapeutic strategies, although most agents remain at the preclinical stage and require further validation.

Keywords: NLRP3 inflammasome; atherosclerosis; endothelial dysfunction; macrophage infiltration; the
proliferation and migration of vascular smooth muscle cells

1. Introduction

Atherosclerosis (AS) is a chronic progressive disease that primarily affects the intima of the aorta or coronary
arteries [1,2]. The cytopathological basis of this disease includes endothelial cells (ECs) injury, the migration and
differentiation of immune cells such as monocytes/macrophages into foam cells with subsequent release of
inflammatory factors, and the proliferation and migration of vascular smooth muscle cells (VSMCs) to form new
plaques [3]. Among these processes, the role of the NLRP3 inflammasome has attracted widespread attention.
Despite significant advances in modern medicine, AS remains one of the leading causes of cardiovascular diseases
and mortality worldwide [4]. Therefore, targeted therapies against NLRP3 are regarded as an important direction
for AS treatment.

As akey molecular complex in the inflammatory response, the NLRP3 inflammasome is composed of various
proteins such as NLRP3 protein, apoptosis-associated speck-like protein (ASC), and pro-caspase-1 precursor. It is
an important “signal hub” in the body’s innate immune response. Its core mechanism lies in the following: When
stimulated by pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns
(DAMPs), the NLRP3 inflammasome is activated and recruits ASC and pro-caspase-1. Through protein
interactions, it promotes the cleavage of pro-caspase-1 into active caspase-1; activated caspase-1 can specifically
cleave pro-interleukin-1p (pro-IL-1B) and pro-interleukin-18 (pro-IL-18) to generate mature IL-1f and IL-18 and
release them into the extracellular space, triggering a cascade of inflammatory responses; at the same time, it can
cleave gasdermin D (GSDMD) to form a membrane pore, causing cell pyroptosis, which further amplifies the
inflammatory effect. A large number of studies have confirmed that in the pathological process of AS, the NLRP3
inflammasome can be activated by cholesterol crystals deposited in the vascular wall, oxidized low-density
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lipoprotein (ox-LDL), and other substances. Through the above mechanisms, it continuously regulates the release of
inflammatory factors and cell pyroptosis, not only promoting the aggravation of endothelial damage, foam cell
formation, and abnormal proliferation of VSMCs, but also accelerating the expansion of the lipid core in the plaque,
thinning of the fibrous cap, promoting the development of the plaque to an unstable state, and ultimately inducing
plaque rupture, thrombosis, and other serious complications [5]. The inflammatory response mediated by the NLRP3
inflammasome is a key molecular bridge connecting the pathological links and disease progression of AS.

Based on this, this article aims to systematically elaborate on how the NLRP3 inflammasome participates in the
cellular pathophysiological process of AS, focusing on analyzing the molecular mechanisms by which it regulates
the functions of key cells such as ECs, Monocytes/macrophages and VSMCs after activation; at the same time, it
further reviews the latest progress in the development of drugs targeting the NLRP3 inflammasome, including the action
targets and research status of different types of candidate drugs such as chemical drugs, natural extracts, and traditional
Chinese medicine compound formulas, with the aim of providing new strategies targeting the inflammasome for the
prevention and treatment of AS, and providing new insights for clinical intervention of this disease.

2. NLRP3
2.1. Inflammasome Structure and Expression

The NLRP3 inflammasome is currently the most fully characterized inflammasome and consists of the
NLRP3 scaffold, the ASC adaptor (apoptosis-associated speck-like protein containing a caspase recruitment
domain), and the effector enzyme pro-caspase-1 [6]. The NLRP3 inflammasome scaffold, a trivalent protein,
comprises three distinct components: the pyrin domain (PYD) at the N-terminus, the nucleotide-binding and
oligomerization (NACHT, also referred to as NOD) domain in the middle, and the leucine-rich repeat (LRR)
domain at the C-terminus. ASC features two protein interaction domains: an amino-terminal PYD and a carboxy-
terminal CARD. Meanwhile, pro-caspase-1 has an amino-terminal CARD along with two catalytic structural
domains of varying sizes, namely p20 and p10. Through homotypic interactions between the NACHT domains,
NLRP3 self-oligomerizes upon stimulation. After self-oligomerization, NLRP3 recruits ASCs via homotypic
PYD-PYD interactions, leading to the assembly of ASCs into large speckled structures [7]. By means of CARD-
CARD interactions, the clustered ASCs recruit pro-caspase-1. This recruitment promotes the autocatalytic activation
of caspase-1. Activated caspase-1 regulates the maturation of pro-inflammatory cytokines pro-interleukin-1 and pro-
interleukin-18 by directly cleaving them [8]. Furthermore, once caspase-1 is activated, it cleaves GSDMD, which
then leads to both cellular lysis and pyroptosis [9,10]. The NLRP3 inflammasome shows a high level of expression
in innate immune cells, such as macrophages and neutrophils. Additionally, it has expression in non-immune cells,
encompassing endothelial cells, cardiomyocytes, fibroblasts, and epithelial cells [11] (Figure 1).

NLRP3 inflammasome is composed of the sensor NLRP3, the adaptor ASC, and the effector enzyme pro-
caspase-1. NLRP3 contains LRR domain, NACHT domain, and PYD. ASC contains PYD and CARD. Pro-caspase-
1 contains CARD and catalytic domains (p20/p10 subunits). Once NLRP3 senses DAMPs or PAMPs, it is activated
through conformational changes and recruits ASC via PYD-PYD homotypic interactions. ASC then recruits pro-
caspase-1 through CARD-CARD homotypic interactions, assembling into the NLRP3 inflammasome complex.

2.2. NLRP3 Inflammasome Priming and Activation

In these processes, the activation of the NLRP3 inflammasome necessitates two signals. The initial signal,
typically termed “priming”, pertains to the initiation of NLRP3 transcription. Ordinarily, the intracellular levels of
NLRP3 are insufficient to form an inflammasome without an up-regulation of NLRP3 transcription. The classical
approach to enhance NLRP3 transcription involves activating the nuclear factor-xB (NF-«B) pathway. This
pathway is triggered by the binding of specific ligands, including lipopolysaccharide (LPS), ox-LDL and
cholesterol crystals, to Toll-like receptors (TLRs) and cytokine receptors. Examples of these cytokine receptors
are tumor necrosis factor receptors and interleukin-1 receptors. Once activated, NF-kB translocates into the
nucleus. Here, it not only promotes NLRP3 gene transcription but also facilitates the synthesis of pro-IL-1f and
pro-IL-18. These processes prime subsequent inflammasome activation and cytokine maturation [12,13].

Pathogen-associated molecular patterns (PAMPs), such as LPS, or damage-associated molecular patterns
(DAMPs), like adenosine triphosphate (ATP), can trigger the human immune response and accelerate the
“activation” process of the inflammasome. They set off a series of upstream signaling events. Potassium (K*)
efflux, the formation of mitochondrial reactive oxygen species (mtROS), and lysosomal release of cathepsin
constitute the main components of these signaling events [14—16]. Earlier research demonstrated that NLRP3
activators, for instance, extracellular ATP can promote K* efflux pathway via recognition by P2X7 receptor,
thereby triggering NLRP3 inflammasome activation [17]. Research findings demonstrated that serine/threonine
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kinase Nek7, a novel upstream regulator of the NLRP3 inflammasome [18], directly interacts with the NACHT
and LRR domains of NLRP3. This interaction enables Nek7 to participate in inflammasome assembly and function
at the downstream stage of K* efflux. As a result, it promoted the activation of NLRP3 [19]. Mitochondrial
homeostasis is key to inflammasome activation. Subsequent to mitochondrial damage, the liberation of mtROS
and mitochondrial DNA (mtDNA) directly instigates the activation of NLRP3. Therefore, mtROS are particularly
critical in the activation of the NLRP3 inflammasome [20-22]. Moreover, cardiolipin, which is situated in
mitochondria, also acts as an activator of NLRP3 [23]. Additionally, LPS can enhance mtDNA replication by
upregulating the key enzyme UMP-CMPK2 for mitochondrial DNA synthesis, thereby promoting NLRP3
activation [24]. The activation of the NLRP3 inflammasome is significantly regulated by autophagy. Autophagy
can inhibit NLRP3 activation by degrading damaged mitochondria with Parkin protein involved in clearing
damaged mitochondria [25]. If the autophagy-related proteins are absent, mitochondrial homeostasis is disrupted,
and the release of mtDNA will trigger the activation of the NLRP3 inflammasome [26]. Another cellular event
that can trigger the activation of the NLRP3 inflammasome is the release of cathepsin from damaged lysosomes.
When cholesterol crystals and other particulate substances are engulfed by macrophages, they are normally broken
down in lysosomes. However, if the lysosomes are unstable such as being damaged, the tissue proteinase B
(Cathepsin B) will leak from the lysosomes into the cytoplasm, triggering the activation of the NLRP3
inflammasome [27].

‘ NLRP3(sensor) ASC(adaptor) Pro-caspase-1(effector)
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Figure 1. Components and assembly of NLRP3 inflammasome. The NLRP3 inflammasome is a key cytosolic
multiprotein complex consisting of NLRP3, ASC, and pro-caspase-1.

Recent scientific investigations uncovered a novel mechanism. In this mechanism, the NLRP3 activator was
demonstrated to initiate the disintegration process of the trans-Golgi network. This process caused the trans-Golgi

3 of 22



Health Metab. 2025, 3(2), 1 https://doi.org/10.53941/hm.2026.100008

network to break down into a decentralized trans-Golgi network, and this decentralized structure acted as the place
where the NLRP3 inflammasome assembled and got activated [28]. The result is that after the NLRP3
inflammasome is assembled and activated, it activates Caspase-1. Activated Caspase-1 will cleave the precursors
of IL-1p and IL-18, generating mature IL-1f and IL-18 and releasing them, triggering the inflammatory response;
at the same time, it cleaves Gasdermin D, and the resulting GSDMD fragments will form pores on the cell
membrane, causing the cells to undergo pyroptosis [29].

Multiple mechanisms regulate the expression and activity of the NLRP3 inflammasome, including post-
translational modifications of proteins such as ubiquitination and endogenous regulatory factors such as non-
coding RNAs: miRNAs, IncRNAs; proteins: COPs, etc.; small molecules: ATP, ROS [11]. The NLRP3
inflammasome can be activated by various stimuli such as mechanical/oxidative stress, infection, and nutritional
changes. The activation pattern varies depending on the cell type and the environment. The molecular interaction
mechanism is not yet fully understood. To better explore the occurrence of related diseases, further in-depth
research on its regulatory mechanism is needed (Figure 2).
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Figure 2. Two signals of NLRP3 inflammasome activation. NLRP3 inflammasome activation requires two
sequential signals: a priming signal triggered by stimuli such as ox-LDL, LPS, and cholesterol crystals, which
activates NF-kB to drive the transcription of NLRP3 and pro-inflammatory cytokines (pro-IL-1p, pro-IL-18); and
an activation signal initiated by PAMPs/DAMPs, particulate matter, or ATP-induced K+ efflux, with mitochondrial
dysfunction and lysosomal destabilization further promoting inflammasome assembly. Active caspase-1 cleaves
pro-IL-1B/pro-IL-18 into mature cytokines and cleaves GSDMD to induce pyroptosis, ultimately driving
inflammation and vascular damage in atherosclerosis.

3. The Effects of the NLRP3 Inflammasome on atherosclerosis
3.1. Endothelial Cell Dysfunction

Vascular ECs act as the barrier and regulatory core of the vascular wall. Their dysfunction is the initial stage
of AS occurrence. The pyroptosis of ECs mediated by the activation of the NLRP3 inflammasome is a key
molecular event connecting EC damage and the progression of AS [30]. Various risk factors such as low shear
stress, nicotine, environmental pollutants and endognous regulatory factors such as miRNAs, proteins, IncRNAs
can affect the pyroptosis of ECs and the inflammatory response by regulating the activity of the NLRP3
inflammasome, ultimately promoting or inhibiting the development of AS.
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3.1.1. Risk Factors for Activating AS: Activation of the NLRP3 Inflammasome in ECs
Physical Factor

Low shear stress (LSS) could promote ECs pyroptosis, which was one of the physical factors leading to the
early occurrence of AS [31]. However, the mechanism of ECs pyroptosis induced by LSS remains unclear. Recent
investigations conducted by Lv et al. have demonstrated that LSS gives rise to ECs pyroptosis as well as the
phosphorylation of IKKe. Knocking down IKKe not only cut down on the atherosclerotic lesions in the aortic arch
of high-cholesterol-fed (HCD) ApoE~ mice a lot. Logically, it also greatly lessened the ECs pyroptosis and the
expression of NLRP3, which was a direct result of the LSS. In further exploration of the mechanism, it had been
demonstrated that IKKe had activated STAT1 to boost NLRP3 expression, and then STATI had bound to the
NLRP3 promoter region. These findings implied that LSS exerted a pro-atherosclerotic effect by facilitating ECs
pyroptosis via the IKKe/STATI1/NLRP3 pathway [32]. provides novel insights into the pathogenesis of AS.
Oscillatory shear stress (OSS), intriguingly, represses KIf2 expression in the endothelium, which in turn down-
regulates Foxpl expression. As a consequence, the activation of the endothelial inflammasome was promoted,
ultimately resulting in the formation of atherosclerotic lesions [33].

Chemical/Metabolic Factors

Studies have found that exposure of ECs to nicotine led to the NLRP3-ASC inflammasome activation and
subsequent pyroptosis. The logical proof of this was the cleavage of caspase-1 and the generation of downstream
IL-1PB and IL-18. Subsequent experimental investigations disclosed that the nicotine-NLRP3-ASC-pyroptosis
pathway was triggered by ROS. This conclusion was drawn because the ROS scavenger, N-acetyl-cysteine (NAC),
was capable of averting ECs pyroptosis [34]. Therefore, during the development of nicotine-promoted AS, the
ROS-mediated activation of NLRP3 inflammasome leading to ECs pyroptosis was an important mechanism
further inducing the progression of AS. Moreover, there were studies to prove that the NLRP3-ASC inflammasome
activation and the manifestation of nicotine’s pro-atherosclerotic property, the signaling mediated by al-nicotinic
acetylcholine receptor(al-nAchR) through lipid raft was indispensable [35]. Trimethylamine-N-oxide (TMAO), a
metabolite of gut microbiota, has been closely associated with AS. Chen et al. found that TMAO could induce
ECs pyroptosis through the ROS-NLRP3-caspase-1-GSDMD pathway, promoting vascular inflammation and
neointimal formation [36]. Nuclear factor of activated T cells 5 (NFATS) has been determined to be a critically
important transcription factor. It plays a pivotal role in coordinating cellular defense mechanisms against osmotic
stress specifically within the kidney [37]. Additionally, NFATS5 serves as a mediator in innate immune responses,
highlighting the interconnectedness between its functions in inflammation and immunity [38]. Here, the research
results vividly illustrated that due to hypertonic stress, which triggered the activation of NLRP3 inflammasome-
mediated innate immunity by means of NFATS5 and the process of AS formation was accelerated. Particularly,
high-salt-induced NFATS5 bound to the promoters of NLRP3 and IL-1p to exert control over their transcription,
subsequently giving rise to the activation of the NLRP3 inflammasome and the onset of endothelial inflammation.
The findings of this study reveal a groundbreaking mechanism underlying endothelial inflammation and the
development of atherosclerotic lesions [39].

Environmental/Biology Factor

As a definite risk factor for AS, PM2.5 can activate the NLRP3 inflammasome in ECs, causing endothelial
dysfunction and indirectly promoting the progression of AS [40]. Seroepidemiological investigation has shown
that the Cytotoxin-related gene A (CagA) of Helicobacter pylori(H. pylori) has a positive correlation with the
occurrence and development of AS [41]. However, Li et al.’s study found that the prevalence of CagA-positive
strains in patients exhibited a significant positive correlation with the occurrence of AS, but not H. pylori. Research
has shown that CagA exerts its influence in a way that it actively promotes inflammation within the aortic
endothelium. This promotion of inflammation then acts as a driving force for accelerating the development of AS.
The underlying mechanism operates through the NLRP3/caspase-1/IL-1p axis [42]. Research also proposed
NLRP3 as a potential therapeutic target for CagA-positive H. pylori infection-related AS.

Proteins

Mixed lineage kinase domain-like (MLKL) was considered to be a key regulatory protein of necroptosis [43].
Wu et al. further found that ox-LDL induced an elevation in the expression of MLKL protein in ECs, the
overexpression of MLKL significantly exacerbated the increases in the levels of caspase-1, IL-1ff and lactate
dehydrogenase (LDH) that were induced by ox-LDL. Remarkably, the effects of MLKL-induced caspase-1

5 of 22



Health Metab. 2025, 3(2), 1 https://doi.org/10.53941/hm.2026.100008

activation and IL-1p maturation were abrogated by the NLRP3-specific inhibitor MCC950. It is demonstrated that
MLKL promotes ox-LDL-induced pyroptosis and inflammation by activating the NLRP3 inflammasome [44].
This finding indicates that MLKL could be a highly targeted and promising therapeutic target for the mitigation
of atherosclerotic-associated disorders. Moreover, it has been discovered that nuclear receptor subfamily 3 group
C member 2 (NR3C2) is implicated in inflammatory pathways across various diseases [45,46]. Chen et al. Studies
have shown that NR3C2 and NLRP3 levels had been elevated in the serum of coronary artery disease patients.
Ox-LDL treatment had elevated NR3C2 levels, triggering ECs apoptosis, inflammation, and reducing cell
viability. NR3C2 downregulation had enhanced ECs viability and mitigated ox-LDL-induced apoptosis and
inflammation in ECs. The levels of NR3C2 had exhibited a positive correlation with NLRP3. Specifically, NR3C2
had upregulated the expression of NLRP3 at the transcriptional level [47]. This paper revealed the mechanism by
which NR3C2 promoted the transcription of NLRP3 to induce inflammation in ECs treated with ox-LDL, thereby
leading to ECs dysfunction. Reports have demonstrated that elevated levels of C-reactive protein (CRP) were
closely associated with the initiation of AS. The underlying mechanism lay in its ability to directly enhance the
transcytosis of LDL across ECs [48]. The work of Bian et al. elucidated the role of CRP in mediating the activation
of the NLRP3 inflammasome. The underlying mechanisms involved the binding of CRP to CD32 and CD64,
activation of NF-«kB, upregulation of ROS levels, purinergic receptor signaling, and increased cysteine protease
activity. Notably, this study revealed that the NLRP3 inflammasome played a role in the CRP-induced LDL
transcytosis across ECs [49].

IncRNA

Besides, IncRNAs played a significant role in participating in the progression of ECs pyroptosis. Research
has shown that the newly identified IncRNA, Gastric adenocarcinoma associated, positive CD44 regulator
(Gaplinc), has the ability to interact with Specificity Protein 1(SP1). This interaction empowers the Gaplinc-SP1
complex with the capacity to bind to the NLRP3 promoter. As a direct consequence of this binding, the increased
expression of target genes regulated by NLRP3, further leading to pyroptosis of ECs [50]. The results revealed the
underlying mechanism of the IncRNA Gaplinc /SP1/NLRP3 axis in ECs pyroptosis, which may provide new
potential targets for the treatment of AS.

3.1.2. Anti-as Endogenous Regulatory Factors: Inhibit the NLRP3 Inflammasome in ECs
MicroRNA (miRNA)

Hou et al.’s research results showed that LPS enhanced the expression of pro-inflammatory cytokines in a
dose-dependent fashion. Additionally, it notably elevated the expression levels of phosphorylated NF-xB, NLRP3,
and Caspase-1. Upon transfection of ECs with a miR-146a-5p mimic, a down-regulation of the mRNA and protein
levels of NF-kB, NLRP3 and its downstream factors were observed. in addition, the expression of Tumor Necrosis
Factor Receptor-Associated Factor 6 (TRAF6) and Interleukin-1 Receptor Associated Kinase 1(IRAK1) in these
cells was down-regulated. As a result, MicroRNA-146a-5p, which acts as a modulator of TRAF6 and IRAKI,
mitigates LPS-induced NLRP3 inflammasome and related inflammatory factors the generation and expression in
ECs by precisely regulating the functions of TRAF6 and IRAK1 [51]. Therefore, it can be inferred that miR-146a-
Sp may be a new target for AS therapy. Meanwhile, the study by Bai et al. also found that miR-302¢-3p exerted
anti-pyroptotic effects both in vitro and in vivo by directly targeting NLRP3, thereby alleviating AS [52]. It is
suggested that miR-302¢c-3p might be a powerful target for alleviating AS by inhibiting endothelial inflammation
and pyroptosis. Also, it’s interesting that research by Li et al. found that Sleep deprivation promoted endothelial
inflammation and the occurrence of AS through reducing exosomal miR-182-5p, and via the myeloid
differentiation factor 88 (MYD88)-NF-kB-NLRP3 pathway [53]. The interaction between sleep disorders and
cardiovascular diseases is also expected to be further explored.

Protein/Cytokines

The transcriptional repressors Forkhead Box Protein P1 (FOXP1) was known as the gatekeeper of ECs
inflammation [54]. To evaluate the role of Foxp!l in the development of AS, researchers conducted a study that
included in-depth analysis of Foxpl expression in human coronary arteries and mouse arteries. Notably, it was
discovered that there existed a marked down-regulation of Foxp1 in the endothelium that was either atherosclerotic
or prone to AS. In the hyperlipidemia model mice with endothelial-specific Foxpl deficiency, the formation of
atherosclerotic lesions at the aortic root significantly increased, monocyte adhesion was enhanced, and their
migration and infiltration into the vessel wall were also augmented. In contrast, in the model mice with endothelial-
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specific Foxpl over-expression, the formation of atherosclerotic lesions decreased. Fibroblast growth factor 21
(FGF21) functions as an endocrine cytokine with a remarkable ability to specifically act on inflammation and
AS [55]. Research carried out by Zeng et al. demonstrates that when ApoE ™ mice were treated exogenously with
FGF21, there was a significant decline in the plaque area within the aortic sinus and a notable improvement in
dyslipidemia. In both in-vivo and in-vitro models, FGF21 effectively mitigated the expression of pyroptosis-
related proteins. FGF21 can also attenuate NLRP3-related pyroptosis by maintaining mitochondrial dynamics and
function, reducing the production of ROS. Simultaneously, FGF21 inhibited endoplasmic reticulum stress in
vascular ECs. The combined impact of these processes culminates in the manifestation of its anti-atherosclerotic
properties [56] (Figure 3).
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Figure 3. Regulation of endothelial NLRP3 inflammasome signaling in atherosclerosis. Harmful factors (physical,
chemical/metabolic, environmental/biological, and protein/IncRNA) activate the NLRP3 inflammasome, trigger
endothelial cell (EC) dysfunction, and drive atherosclerotic plaque progression. Conversely, protective factors
(miRNAs, proteins, cytokines) inhibit inflammasome activation, maintain endothelial function, and mitigate
atherosclerotic vascular injury.

3.2. Monocyte/Macrophage Infiltration, Macrophage Inflammation, and Foam Cell Formation

As a crucial component of the immune system, monocytes/macrophages had a significant impact on the
development and exacerbation of AS. Mechanistically, the uptake of excess ox-LDL was accompanied by the
infiltration of monocytes and the conversion of monocytes to macrophages to engulf ox-LDL and the formation
of lipid-rich macrophages, namely foam cells, leading to the formation of early plaques called fat streaks [57]. In
this process, the activation of monocytes/macrophage NLRP3 inflammasome was the key event that drives AS.
The following elaborates on the specific mechanisms from four major aspects: harmful factors induction,
protective regulatory factors, non-coding RNA regulation, and metabolites/lipid regulation.

3.2.1. Harmful Factors Promoting AS
Smoking-Related Components

Studies showed that the levels of transcription and translation of NLRP3 inflammasome assembly markers
in all cell stages of THP-1 cells exposed to cigarette smoke condensate were increased, and the levels of
downstream proinflammatory cytokines were significantly increased, confirming their activation of the
inflammasome NLRP3. It was also suggested that cigarette smoke condensate exposure induced the transition of
monocytes into macrophages and may also involve the activation of the NLRP3 inflammasome [58]. Nicotine, an
active ingredient in cigarettes, has been demonstrated to promote the development of AS through the regulation
of the autophagy-lysosomal pathway [59]. Studies have shown that NLRP3 inflammatory mediated macrophage
pyroptosis was a key link in the development of AS [60,61]. However, whether nicotine, as an inflammatory
stimulant, can cause macrophage pyroptosis and what is the mechanism? Therefore, in vitro studies by Xu et al.
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have demonstrated the role of Histone deacetylase 6 (HDACG6) triggered by nicotine in the pyroptosis of
macrophages. Nicotine upregulated histone deacetylase 6 (HDAC6) expression; this upregulation induced p65
deacetylation, enhanced p65 nuclear translocation, and thereby supported NLRP3 transcription, as p65 functions
as a mediator for NLRP3 transcription. The transcription of NLRP3 ultimately led to macrophage pyroptosis. At
the same time, in vivo studies showed that nicotine triggered a series of cellular events. For example, by directly
acting on macrophages, nicotine triggered pyroptosis, ultimately speeding up the progression of AS [62].

Other Pro-Inflammatory/Pro-Oxidative Factors

Recently, it was reported that Golgi phosphoprotein 73 (GP73), a novel protein highly associated with
inflammation and disruption of lipid metabolism, enhanced ox-LDL-induced THP-1-derived macrophage
inflammation by influencing NLRP3 inflammasome signaling [63]. Furthermore, Oncostatin M also promoted the
ox-LDL-induced activation of NLRP3 inflammasome via the NF-«kB pathway in THP-1 macrophages and
promoted the progression of AS [64]. In addition, some receptor proteins and channel proteins could also affect
the development of AS by affecting the macrophage inflammasome NLRP3. Orecchioni et al. identified a role for
the olfactory receptor Olfr2 and its human ortholog olfactory receptor OR6A2 in AS. Olfr2 on vascular
macrophages bound octanol, a product of lipid peroxidation, and activated the NLRP3 inflammasome and IL-1(3
secretion, driving AS pathology. Inhibitors of OR6A2 might represent a promising therapy for AS [65]. Poly-
(ADP-ribose) polymerases (PARPs) were also proteases. The activation of PARP was intimately associated with
the onset and progression of numerous chronic inflammatory diseases, and it was anticipated that the suppression
of PARP activity has emerged as a potential therapeutic target for the treatment of these kinds of diseases [66,67].
Thus, the latest study demonstrated that olaparib inhibition of PARP in THP-1 monocytes attenuates the expression
of the protein of the NLRP3 inflammasome component induced by oxidation of ox-LDL as well as the IL-1f and
IL-18 proteins. Olaparib inhibition of PARP also decreased NF-kB and NLRP3 inflammasome activity, monocyte
adhesion and macrophage foam cell formation. Thus, the data from this study suggested that PARP inhibition
inhibited NF-kB-induced NLRP3 inflammasome activity and mononuclear/macrophage oxidative stress. These
results indicated that PARP inhibitor combined with immunomodulator has a certain effect on AS [68].

Liang et al. demonstrated that ox-LDL treatment significantly induced pyroptosis in THP-1 macrophages,
accompanied by increased secretion of pro-inflammatory cytokines. Transfection with long intergenic non-coding
RNA 00657 (linc00657) siRNA significantly alleviated these effects, while linc00657 overexpression exacerbated
them. Mechanistically, high expression of linc00657 competitively bound to miR-106b-5p, releasing its inhibition
on thioredoxin-interacting protein (TXNIP), thereby enhancing TXNIP-mediated NLRP3 inflammasome
activation. Additionally, the study found that in the aortas of ApoE™ mice fed a HFD, linc00657 overexpression
significantly increased the expression of pyroptosis-related factors and decreased miR-106b-5p levels. These
findings indicate that linc00657 promotes macrophage pyroptosis and exacerbates the progression of AS through
the miR-106b-5p/TXNIP/NLRP3 pathway. Therefore, focusing on linc00657 in macrophages may open up a new
prevention and treatment path for coronary atherosclerotic heart disease and provide a highly promising direction
for the intervention strategy of this disease [69].

3.2.2. Protective Regulatory Factors against AS
Protein Regulatory Factors

Studies have investigated that How Sirtuin3 (SIRT3) may influence the intake of lipid substances and the
conversion process of macrophages to foam cells when they are triggered via the action of ox-LDL. Research
found that when compared to wild-type (WT) mice, SIRT3-deficient mice exhibited a more significant increase in
foam cell formation and the accumulation of cellular cholesterol. Additionally, oxidative stress was exacerbated,
the mitochondrial permeability potential was impaired, and NLRP3 was further activated in SIRT3-deficient mice.
Treatment with Dihydromyricetin (DMY) increased the expression of SIRT3, and macrophages stimulated by ox-
LDL markedly suppressed the aoxidative stress and diminished the activation level of NLRP3. In addition, in
macrophages of SIRT3 knockout mice, DMY failed to exert the above-mentioned protective effect. Combining
the results of various studies, this study clearly verified the positive role of SIRT3 in resisting oxidative stress and
restraining the NLRP3 inflammasome from being activated, and also revealed its key protective effect on
cholesterol accumulation and foam cell formation in macrophages under the ox-LDL stimulation environment.
This research is significant for the formulation of prevention and treatment strategies for AS, and may provide a
theoretical basis for the development of new prevention and treatment methods [70].

Other proteins, such as SUMO-specific protease 3 (SENP3)—a member of the SENPs family—also
participate in this regulatory network. Although little had been reported about the role of SENP3 in vascular

8 of 22



Health Metab. 2025, 3(2), 1 https://doi.org/10.53941/hm.2026.100008

disease, the latest research proved that in ox-LDL-stimulated macrophages, SENP3 inhibited cholesterol uptake,
CD36 expression, and NLRP3 inflammasome activation [71].

Sestrins (SESNs) were a family of proteins that played an important role in cellular stress responses and
metabolic regulation [72]. Researchers studied SESN1 and discovered its expression and function in macrophages.
High expression of SESN1 was found in aortic macrophages of atherosclerotic mice. When SESNI1 was
overexpressed in macrophages, NLRP3 activation was inhibited, and the formation of the ASC-NLRP3 complex
and the activation of caspase-1 and the production of mature IL-1p were reduced. Further studies found that SESN1
suppressed the NF-«B signaling pathway in macrophages that were stimulated by ox-LDL. SESN1 also restrained
the activation of the NLRP3 inflammasome and the formation of foam cells triggered by cholesterol crystals.
Adoptive transfer of macrophages overexpressed SESN1 decreased macrophage infiltration and proinflammatory
cytokine expression, while knockdown of SESNI1 did the opposite. In conclusion, SESN1 could reduce the
development of AS by inhibiting NLRP3 inflammasome activation, foam cell formation, and macrophage
inflammation [73].

Yuan et al. further identified the nuclear receptor Nur77 as a negative regulator of NLRP3. They found that
Nur77 can directly bind to the promoter region of the NLRP3 gene, thereby inhibiting its transcriptional activity.
In Nur77-deficient mice, macrophage-mediated inflammation driven by the NLRP3 inflammasome was
significantly intensified, and the progression of AS was accelerated—highlighting Nur77’s protective role in
restraining NLRP3-dependent atherogenesis [74].

Beyond proteins involved in enzymatic or transcriptional regulation, ion channels also contribute to AS
pathogenesis. As an important chloride ion channel, Voltage-gated chloride channel 2 (CIC-2) was involved in
various pathophysiological processes. Previous studies had reported that the change of intracellular chloride ion
concentration was related to the formation of macrophage foam cells [75]. However, recent studies by Ding et al.
further demonstrated that the mechanism of CLC-2 was through suppressing the activation of the NLRP3
inflammasome. However, knockdown of CIC-2 exacerbated macrophage foam cell generation and inflammation [76].

MicroRNA (miRNA)

Research by Xu et al. indicated that miR-223-3p was downregulated in the serum of patients with AS and in
THP-1 cells stimulated by ox-LDL. Overexpression of miR-223-3p could inhibit the activation of the NLRP3
inflammasome and inflammation in THP-1 cells induced by ox-LDL. Moreover, studies have demonstrated that
NLRP3 and Forkhead Box Protein O3(FOXO3) were the two direct targets of miR-223-3p in THP-1 cells, and
miR-223-3p inhibited the activation of NLRP3 inflammasome mediated by ox-LDL by directly targeting NLRP3
and FOXO3 [77]. miR-181a was also considered to participate in the progression of AS. Earlier studies
demonstrated that the expression of miR-181a was down-regulated in carotid artery and ox-LDL-stimulated THP-
1 macrophages in atherosclerotic mice. When miR-181a was overexpressed exogenously, it suppressed the
activation of the MEK/ERK/NF-kB pathway. Moreover, it reduced the expression of proteins such as NLRP3,
caspase-1, IL-18, and IL-1P [78]. Enhanced autophagy can inhibit the development of AS. Wang et al. showed
that miR-99a-5p inhibited the activation of NLRP3 inflammasome by targeting mTOR and promoted macrophage
autophagy and relieved AS [79].

Metabolites and Lipids

Yi et al. studied that SCFAs, including sodium acetate, sodium propionate, and sodium butyrate, were able
to suppress the inflammation of macrophages triggered by ox-LDL. Moreover, it exerted its anti-inflammatory
functions along the NF-kB/NLRP3 signaling pathway. The three SCFAs might have suppressed inflammation by
impacting sphingolipid metabolism pathways in macrophages. The findings of this research offered a theoretical
foundation for the utilization of lactic acid bacteria products or SCFAs and other therapies to prevent AS and
adjuvant therapy [80]. Previous studies have shown that activation of inflammasome in proinflammatory
macrophages requires fatty acid oxidation [81]. Studies by Hohensinner et al. have shown that pharmacological
inhibition of fatty acid oxidation can slow down the advancement of AS by suppressing the process of NLRP3
inflammasome becoming active in macrophages [82] (Figure 4).

3.3. Apoptosis, Proliferation, Migration, and Phenotypic Transformation of Vascular Smooth Muscle Cells

The abnormal and excessive proliferation, the overly active migration, and the abnormal phenotypic
transformation of VSMCs were considered to be important triggers of AS vascular inflammatory injury [83]. A
variety of regulatory factors such as nicotine, long-chain RNA, enzymes and proteins can affect the AS process
through two pathways: On one hand, these factors can activate the NLRP3 inflammasome, thereby promoting
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excessive proliferation, abnormal migration, phenotypic transformation and apoptosis of VSMCs, and ultimately
promoting the development of AS; on the other hand, some factors can also regulate the function of vascular smooth
muscle by inhibiting the activation of the NLRP3 inflammasome, thereby exerting protective effects on AS.
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Figure 4. Regulation of NLRP3 inflammasome signaling in monocyte/macrophage dysfunction during atherosclerosis.
Harmful factors (smoking-related components and cigarette smoke condensate-associated molecules) activate the
NLRP3 inflammasome, promote inflammation, pyroptosis, and foam cell formation, driving atherosclerotic
progression. Conversely, protective factors (proteins, miRNAs, metabolites, and lipids) inhibit inflammasome
activation, reduce inflammation, enhance autophagy, and decrease foam cells, mitigating atherosclerosis.

3.3.1. Harmful Factors that Promote the Occurrence of AS
Chemical/Environmental Factors

New research showed that besides causing endothelial dysfunction, nicotine advanced the fragility of
atherosclerotic plaques by triggering the functionality of the NLRP3 inflammasome in VSMCs, a process regulated
by lysosomal dysfunction [84]. Tetrachlorobisphenol A (TCBPA), an organic compound widely used in industrial
production, is also an environmental toxin that can cause oxidative stress and inflammation when it enters the body.
Similarly, studies indicated that TCBPA could also affect VSMCs, prompting changes in them, and thus had an
adverse effect on the development of AS. The research by Qiao and his colleagues further pointed out the possible
toxicological effects of TCBPA on VSMCs. The molecular mechanism was that TCBPA promoted the proliferation
of VSMCs and the occurrence and progression of AS through the ROS/NF-«kB/NLRP3 signaling cascade [85].

Proteins

Ubiquitin carboxyl-terminal hydrolase LS (UCHLS), as a deubiquitinating enzyme, promotes phenotype
transformation of VSMCs and promote the process of becoming atherosclerotic. For example, Yang et al. showed
that UCHLS5 was significantly up-regulated in serum of VSMCs in atherosclerotic patients. Subsequent
experiments showed that knockdown of UCHLS5 not only inhibited the formation of plaques, vascular remodeling,
and inflammatory responses induced by a HFD, but also inhibited the proliferation, migration, inflammation, and
phenotypic transformation of VSMCs affected by ox-LDL. From the mechanism, for the initial time, This research
revealed that the METTL14/YTHDEF1 axis promoted UCHLS expression by enhancing the m6A methylation level
of UCHL5 mRNA, thereby activating the NLRP3 inflammasome, promoting the proliferation, migration,
inflammation and phenotype transformation of VSMCs, and promoting the progression of AS [86]. Cathepsin B
(CTSB) is widely expressed in humans and has a causal relationship with the development of AS. Li et al.
investigated the effects and mechanisms of CTSB overexpression and knockdown on AS by feeding HFD to
ApoE™" mice, and explored the specific functions of CTSB in VSMCs in vitro. The study showed that CTSB
increased the lesion area of AS plaques, and pyroptosis was observed in AS plaques, particularly in VSMCs. In
vitro experiments revealed that ox-LDL upregulated CTSB expression, and CTSB promoted ox-LDL-induced
pyroptosis in VSMCs. Additionally, CTSB activated the NLRP3 inflammasome and increased NLRP3 expression
through the NF-xB/NLRP3 signaling pathway, thereby exacerbating AS in ApoE~~ mice [87].
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3.3.2. Protective Regulatory Factors against AS

Ling et al. confirmed through a range of in-vivo and in-vitro experimental trials that mitochondrial dynamics
related IncRNA (MDRL) regulated NLRP3 inflammasome activation and apoptosis of VSMCs, and played an
anti-atherosclerotic role. The study showed that MDRL could alleviate AS by sponging miR-361, relieving its
inhibitory effect on the p62 protein gene (SQSTM1), thereby suppressing NLRP3 inflammasome activation and
apoptosis. This suggested that MDRL might be a potential therapeutic target for AS-related diseases [88].
Furthermore, the study by Zhang et al. elucidated that the C1q tumor necrosis factor associated protein 9 (CTRP9)
exerted its protective effect against AS by regulating inflammation and the functions of VSMCs through the
CTRP9-AMPK-NLRP3 inflammasome pathway [89] (Figure 5).
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Figure 5. Regulation of NLRP3 inflammasome signaling in vascular smooth muscle cells (VSMCs) during
atherosclerosis. Harmful factors (chemical/environmental agents and specific proteins) activate the NLRP3
inflammasome, trigger VSMC dysfunction, and promote plaque enlargement, fragility, and vascular inflammation.
Conversely, protective factors (specific IncRNAs and proteins) inhibit inflammasome activation, restore VSMC

function, reduce plaque lesions, and alleviate inflammation.

4.Roles of Other Inflammasomes in Atherosclerosis

At present, there is no report on whether other inflammasomes are involved in the occurrence and
development of AS except NLRP1 and NLRC4. Previous studies have found that in 60 patients with
atherosclerotic lesions and normal individuals, NLRP1 and NLRC4 gene expression levels in patients with
atherosclerotic lesions were significantly higher than normal controls [90]. As far as NLRP1 is concerned, the
study of Bleda et al. showcased that, in the setting of increased triglycerides and very-low-density lipoprotein
(VLDL)concentrations, there is an increased expression of NLRP1 inflammasome in human arterial ECs [91].
Such expression is associated with the severity of endothelial dysfunction [92]. Ge, Ji-Yong et al. found that
LINCO00346 can inhibit NLRP1-mediated pyroptosis and autophagy activation by binding with microRNA-637,
thereby reducing vascular damage [93].

5. Targeting the NLRP3 Inflammasome for the Treatment of AS

Given the central role of the NLRP3 inflammasome in the occurrence and development of AS, targeting the
NLRP3 signaling pathway has become a highly promising therapeutic strategy. Currently, drug development for
this pathway mainly focuses on four key aspects: inhibiting inflammasome assembly, blocking upstream activating
signals, intercepting the release of downstream inflammatory factors, and regulating the gene expression and
protein synthesis of NLRP3. As shown in the table below, these inhibitors include not only synthetic drugs with
clear mechanisms of action, but also numerous active ingredients derived from natural products and traditional
Chinese medicines. These traditional Chinese medicines-derived active ingredients and compound preparations
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complement modern synthetic drugs and together form a rich drug resource library targeting NLRP3, providing
an important basis for the development of more distinctive and effective anti-atherosclerotic drugs (Table 1).

Table 1. Classification, mechanisms, and representative drugs targeting the NLRP3 inflammasome in atherosclerosis.

Drug Category Mechanism of Action Representative Drugs Source/Type References
Block the binding of NLRP3 MECos0
NLRP3 to ASC/pro-caspase-1 and VX_?“ . .
. L Tranilast Pharmaceutical chemical [94-98]
assembly inhibitor inhibit the assembly - - -
of inflammasome Impavido (Miltefosine)
GSK461364
Oridonin
Artesunate
Baicalin
Tanshinone I1A
Juglone
%‘ﬂ:ﬁ‘ézg‘f Natural product [99-110]
Curcumin
Paeoniol
Sorbremnoids A and B
Dehydrocostus Lactone
Resibufogenin (RBG)
reparation-Biejiajian pill
prer;)arr;tion-Xinme-llik;ng "I;ablet Herbal formula [111,112]
.It ir?hibit.s upstream IL-36RN
activation signals (such as
NLRP3 activation otassium efflux, mtROS, . .
signal blocker pand lysosomal rupture), Small molecule mitochondrial Pharmaceutical chemical [113,114]
indirectly inhibiting uncouplers-Nitazoxanid
NLRP3 activation
Polydatin
Andrographolide
Juglone
Colchicine
Apigenin Natural product [103,104,115-121]
Fucoidan
Fisetin
Licorice
Methylberberine
Tongxinluo Herbal formula [122]
Inhibit the activity of
Inhibitor of caspase-1 or the secretion of . .
inflammatory IL-1B/IL-18 to block the ilrftli\l])(())‘(liill I]i ﬁggj{f&c Pharmaceutical chemical [123]
factor release downstream effect
of NLRP3
Apple polyphenol extract Natural product [103,124]

Juglone
Salvianolic acid A and
Salvianolic Acid B

Down-regulate the

' Polydatin
NLRP3 expression of the NLRP3 Apigenin
transcriptional/  S7¢ (such as targeting NF- Rutaecarpine Natural product [100,102,115,116,
translation regulator KB and miRNA) or inhibit Artesunate 125-129]
the translation of the -
NLRP3 protein Andrographollde
Tanshinone IIA
Phenethyl isothiocyanate (PEITC)
preparation-Bicjiajian pill Herbal formula [111,112,130,131]

preparation-Xinmaikang Tablet

Note: Many natural products and herbal compounds exhibit multi-target effects. In this table, they are categorized according to
their principal reported mechanism of action in the context of NLRP3 inflammasome regulation in atherosclerosis.

Regarding the mechanism of action, the mechanism of chemical drugs is clear and specific. The mechanism
of traditional natural drugs/traditional Chinese medicines is relatively complex and mostly involves multi-target
regulation. For example, some traditional Chinese medicines such as Polydatin, Andrographolide, and Artesunate
inhibit the activation of NLRP3 by down-regulating the expression of NLRP3-related genes or by inhibiting
upstream activating signals such as potassium efflux, mtROS, and lysosomal rupture. From the perspective of
components and structure, the components of chemical drugs are single, mostly being artificial synthetic small
molecule compounds such as MCC950, VX-765 or biological products, with clear structures. Traditional natural
drugs/traditional Chinese medicines have complex and diverse components, containing various types of natural
products such as alkaloids, flavonoids, and polyphenols, and are mixtures of multiple components. Taking
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compound traditional Chinese medicine preparations as an example, they may contain several or even dozens of
herbs, and each herb contains multiple active components.

Therefore, the advantage of chemical drugs lies in clear target points, clear mechanisms, rapid efficacy, and
strong predictability, which facilitate the conduct of precision medical research. The limitations are the potential
off-target effects, the possibility of developing drug resistance with long-term use, and the relatively obvious side
effects of some chemical drugs, such as potential damage to liver and kidney functions. MCC950 was discontinued
in clinical trials for rheumatoid arthritis due to liver toxicity issues, highlighting its potential off-target effects or
mechanism-related toxicity. However, through reasonable drug design and dose optimization, these risks can be
reduced to a certain extent.

The advantages of traditional natural drugs/traditional Chinese medicines are multi-component and multi-
target synergy, overall regulation of the body’s state. Traditional Chinese medicines mostly come from natural
sources, and the body has a better tolerance to them, with relatively smaller toxic side effects. They may have an
advantage in chronic inflammatory diseases and other conditions that require long-term adjustment. Traditional
Chinese medicine generally has a long history of clinical use: many traditional Chinese medicines such as
Polydatin, Andrographolide are used in traditional medicine to treat modern inflammatory diseases, and a large
amount of clinical experience has been accumulated, suggesting its effectiveness and certain safety recognition.
However, it should be noted that some components of traditional Chinese medicines may have potential toxicity,
and the complex components of traditional Chinese medicine may interact with other drugs, and caution should
be exercised when using in combination. Limitations are unclear mechanisms, difficult quality control, unstable
efficacy, and difficulty in meeting the “precision” requirements of modern drug development.

Although the aforementioned small-molecule chemical drugs and natural Chinese medicine components have
demonstrated clear potential in inhibiting the NLRP3 inflammasome, their clinical application is often challenged
by low bioavailability, poor targeting, and potential off-target effects. Beyond the direct inhibition by traditional
drugs, the current research focuses on in achieving precise and controllable NLRP3 intervention. Nanotechnology-
based targeted therapy and combined medication strategies are the concentrated manifestations of progress in this
direction. Among these, nanoscale targeted delivery systems represent the most prominent emerging technology,
with research primarily focusing on utilizing nanotechnology to achieve specific accumulation of drugs at lesion
sites and cell-specific delivery, especially to macrophages, while integrating cutting-edge strategies such as gene
silencing, gene editing, and immunomodulation.

Firstly, the most fundamental approach in nanoscale targeted delivery is antibody-based targeting. For
instance, Luo, Qiang et al. employed anti-CD47 antibodies to target plaque macrophages; their nanoparticles
simultaneously achieve “intracellular NLRP3 inhibition + extracellular macrophage function repair”, restoring the
cholesterol clearance capacity of macrophages to synergistically alleviate AS [132]. Similarly, Jia, Xiong et al.
used VCAM-1-binding peptides to target ECs in atherosclerotic plaques; the liposomes concurrently realize
“intracellular NLRP3 gene silencing + extracellular LDL transport regulation”. By silencing NLRP3, they inhibit
inflammatory responses within plaques, while regulating the transcytosis of LDL to reduce lipid deposition in
vascular walls, thereby exerting a dual synergistic effect in alleviating AS [133]. Research also involves direct
intervention on the NLRP3 gene, which represents a cutting-edge therapeutic strategy for AS treatment at the
genetic level.

Another category encompasses smart responsive nanocarriers that release drugs under stimulation from the
lesion microenvironment, such as high levels of ROS. To achieve on-demand drug delivery. For example, Ni,
Huaner et al. developed ROS-responsive nanoparticles loaded with small interfering ribonucleic acid (siRNA)
targeting olfactory receptor 2. These nanoparticles can target lesion areas in atherosclerotic plaques where ROS
levels are significantly elevated, using ROS as a signal for targeted response and drug release. They simultaneously
achieve “intracellular olfactory receptor 2 gene silencing + atherosclerotic theranostics synergy”: the siRNA
silences the Olfr2 gene to regulate related inflammatory or lipid metabolism pathways, while the nanoparticles’
properties assist in AS diagnosis, enabling dual synergistic intervention in AS [134]. This approach also integrates
cutting-edge gene silencing strategies with nanoscale targeting. Additionally, Ni, Huaner, et al. conducted another
study, which utilized a type of smart responsive nanomedicine based on dual-gas synergistic metal-organic
supramolecular cages. While delivering NLRP3 inhibitors in a targeted manner, these nanomedicines release
therapeutic gases, such as NO and CO. To regulate vascular relaxation, inhibit inflammation, and enhance the anti-
atherosclerotic efficacy [135].

Furthermore, research by Anghelache, Maria et al. integrated more advanced immunomodulatory therapeutic
strategies with nanotechnology. Moving beyond direct inhibition of NLRP3 itself, either upstream or downstream,
this research shifts toward more advanced immune homeostasis reconstruction. They investigated nanoparticles
loaded with pro-resolving lipid mediators, which actively initiate the “termination program” of inflammation rather
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than merely inhibiting it. These biomimetic nanocarriers loaded with specialized pro-resolving lipid mediators can
target atherosclerotic lesion areas and simultaneously achieve “intracellular inflammatory resolution regulation +
extracellular plaque microenvironment improvement”. By releasing specialized pro-resolving lipid mediators, they
promote the active resolution of AS-related inflammation, instead of simple inflammation inhibition and improve
the local plaque microenvironment, such as reducing inflammatory cell infiltration and promoting damage repair,
thereby exerting a dual synergistic effect in alleviating AS and enhancing plaque stability [136].

The latest research by Yu, Wenfei et al. demonstrated the combined use of the antioxidant idebenone and the
lipid-lowering drug rosuvastatin, which simultaneously achieves “intracellular NLRP3 inflammasome activation
inhibition + extracellular lipid metabolism regulation” [137]. This dual effect synergistically prevents AS,
embodying the latest efficient combined medication strategy for treating AS targeting NLRP3.

Beyond pharmaceutical therapeutic strategies, research by Wu, Tong et al. indicated that whole-grain
highland barley alleviates AS in ApoE™" mice through dual mechanisms: regulating the NLRP3 inflammation
pathway and improving the gut microbiota, such as increasing the abundance of beneficial bacteria and reducing
endotoxin release. This research not only provides a new dietary option for the prevention and treatment of AS but
also lays a foundation for advancing studies on the “drug-food combination” therapeutic strategy for AS treatment
via targeting NLRP3. Meanwhile, studies have suggested that aerobic exercise can also treat AS through targeting
NLRP3, confirming that aerobic exercise is a safe, non-pharmaceutical approach for regulating the NLRP3
inflammation [138]. In terms of the clinical application of drugs, although the current enthusiasm for drug research
in this field is high, most candidate drugs still remain at the preclinical stage. In the clinical treatment of
atherosclerotic cardiovascular diseases, low-dose colchicine is the only standard treatment drug that has been
verified by large-scale randomized controlled trials (RCTs) and widely recognized. Its clear anti-inflammatory
effect includes the inhibition of NLRP3 [139,140]. In the field of traditional Chinese medicine, there have also
been breakthroughs. A recent high-quality RCT has confirmed that Tongxinluo Capsules can significantly benefit
patients with acute myocardial infarction [141]. This further confirms the potential of traditional Chinese medicine
compound preparations to intervene in AS by regulating multiple targets, among which the NLRP3 signaling
pathway may be one of the key targets. Additionally, natural extracts such as curcumin and quercetin, although
there are small-scale clinical studies suggesting that they can improve AS risk factors, still require more clinical
trials with hard endpoints to verify their efficacy.

6. Summary and Prospect

This study systematically reviewed the core role of the NLRP3 inflammasome in the pathogenesis of AS and
the progress of targeted therapeutic approaches. At the mechanistic level, studies have clearly confirmed that the
NLRP3 inflammasome serves as a key regulatory node in the cellular pathological process of AS, and its core role
runs through the entire occurrence and development of AS. Specifically, this role is reflected in the regulation of
three core pathological links: mediating pyroptosis of vascular ECs, promoting the infiltration of
monocytes/macrophages and the formation of foam cells, and regulating the abnormal proliferation and migration
of VSMCs. Atherosclerotic risk factors such as low shear stress, nicotine, and PM2.5 can exacerbate the damage
to vascular ECs, macrophages, and VSMCs by activating the NLRP3 inflammasome, thereby accelerating the
pathological progression of AS. In contrast, endogenous protective factors including miR-146a-5p and deacetylase
SIRTS3 can inhibit the activation or function of the NLRP3 inflammasome, thereby alleviating cellular damage and
inflammatory responses and exerting anti-atherosclerotic effects. At the therapeutic strategy level, it summarized
targeted chemical drugs such as MCC950, natural products such as baicalin, and the traditional Chinese medicine
compound Tongxinluo Capsule, as well as frontier technologies such as anti-CD47 antibody-conjugated
nanoparticles, ROS-responsive carriers, and combination therapy such as the combination of idebenone and
rosuvastatin. These provide multiple options for precise intervention in AS. Although current research has clearly
identified the importance of the NLRP3 inflammasome in AS, several areas require further investigation: firstly,
the inflammasome family members are numerous. Besides NLRP3, the roles of other inflammasomes such as
NLRP1 and NLRC4 in AS and their synergistic or antagonistic relationships with NLRP3 have not been clearly
defined, and their cell-specific functions need to be further explored; secondly, the existing targeted NLRP3 drugs
are mostly at the basic research or early clinical stage. Some chemical drugs such as MCC950 have safety issues
such as hepatotoxicity, and the mechanisms of action of natural drugs and traditional Chinese medicine compound
need more precise molecular target validation to solve clinical translation bottlenecks such as low bioavailability and
difficult quality control; thirdly, the long circulation stability in vivo, immunogenicity of the nanosystem, and dose
optimization of combination therapy of the nanosystem, as well as issues such as the stability of the nanosystem and
the immune response, still need to be improved through more rigorous animal experiments and preclinical studies. In

14 of 22



Health Metab. 2025, 3(2), 1 https://doi.org/10.53941/hm.2026.100008

the future, in-depth exploration can be carried out around the regulatory network of the NLRP3 inflammasome, the
development of new targeted drugs, and the combined intervention of multiple technologies,which may provide new
theoretical breakthroughs and clinical solutions for the prevention and treatment of AS, and promote the development
of precise diagnosis and treatment of cardiovascular diseases.
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