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Abstract

Inflammation plays an important role in atherosclerosis. Inflammasomes play a crucial role in innate immunity, 
which mediates the body’s response to various pathogens. Of the different types of inflammasomes, NLRP3 has been 
 implicated in atherosclerosis through the production of proinflammatory cytokines, IL-1β and IL-18. This review 
describes the role of the NLRP3 inflammasome in atherosclerosis and discusses potential therapeutic targets in the 
inflammasome pathway.
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Introduction

Atherosclerosis is an inflammatory disorder. 
Inflammation plays a major role in the initiation and 
progression of atherosclerosis and leads to poten-
tially life-threatening clinical manifestations via 
plaque rupture [1]. Inflammasomes represent a dis-
tinct form of innate immunity. These cytosolic pro-
tein complexes are formed in response to offending 
proteins and lead to the production of proinflamma-
tory enzymes such as caspase 1, resulting in activa-
tion of proinflammatory cytokines such as IL-1β and 
IL-18; their activation results in cellular apoptosis 
[2]. Since the discovery of inflammasomes in 2002, 
there has been an explosion in our knowledge of the 
importance of inflammasomes in chronic inflamma-
tory diseases, especially atherosclerosis.

The goal of the current review is to present the 
current evidence for the role of inflammasomes, 
especially NLRP3, in atherosclerosis.

Overview of Inflammation in 
 Atherosclerosis

Inflammation plays an important role in all phases of 
atherosclerosis – from initiation to its clinical mani-
festations such as plaque rupture [1, 3, 4]. When the 
normal endothelium is exposed to an atherogenic 
milieu, there is production of reactive oxygen spe-
cies and reduced availability of nitric oxide. This 
results in expression of cell adhesion molecules, 
such as vascular cell adhesion molecule 1 and selec-
tins, which recruit blood monocytes and lympho-
cytes into the atherosclerotic plaque. Selectins and 
integrins mediate increased adhesion of leukocytes 
to the activated endothelial cells. Under the influ-
ence of chemoattractant proteins such as monocyte 
chemoattractant protein 1 and macrophage colony 
stimulating factor, the adherent monocytes migrate 
into the intima and transform into macrophages. 
These macrophages transform into foam cells by 
uptake of modified LDL particles such as oxidized 
LDL (ox-LDL). T lymphocytes that are recruited 
into the plaque secrete cytokines and growth fac-
tors that promote the migration and proliferation 
of smooth muscle cells (SMCs). Repeated cycles 
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of apoptosis and cell death lead to accumulation of 
cellular debris with enlargement of the lipid core, 
and the atheromatous plaque grows. Medial SMCs 
and foam cells secrete matrix metalloproteinases, 
which degrade elastin and collagen. This leads to 
weakening of the plaque, especially at its shoulders, 
which makes it prone to rupture. When the plaque 
ruptures, the presence of tissue factor promotes 
local thrombus formation and leads to the clinical 
presentation of acute coronary syndromes. This 
simplified explanation of the atherosclerotic pro-
cess underscores the vital role played by inflamma-
tion. Current thinking suggests that atherosclerosis 
is a result of such “sterile” inflammation.

Overview of Inflammasomes

Inflammation is mediated by two major pathways: 
innate and adaptive immunity. Innate immunity pro-
vides a “fast and blunt” response to proinflammatory 
stimuli, while the response is “slower and more pre-
cise” with adaptive immunity. Inflammasomes are 
multimeric cytosolic proteins that assemble when 
molecular patterns that are perceived as a threat are 
recognized by germline-encoded pattern recogni-
tion receptors (PRRs) [5]. These molecular patterns 
could be either associated with pathogens (path-
ogen-associated molecular patterns) or proteins 
associated with cell damage (damage- associated 
molecular patterns) [6]. PRRs are expressed both 
in the cell membrane (e.g., Toll-like receptors and 

C-type lectin receptors) and in the cytoplasm (e.g., 
Nod-like receptors) [7].

Figure 1 describes the basic structure of the four 
well-described inflammasomes (NLRP1, NLRP3, 
NLRC4, and AIM2). The multimer consists of 
three basic structural units: (1) a PRR (pathogen-
associated molecular pattern or damage-associated 
molecular pattern), (2) an effector (IL-1β- and 
IL-18-processing system, i.e., caspase 1), and (3) 
a coupling protein (the adaptor protein apoptosis-
associated speck-like protein containing a car-
boxy-terminal caspase activation and recruitment 
domain [CARD], ASC) [9]. ASC is common to 
all inflammasomes (except NLRP4, which recruits 
procaspase 1 using CARD alone) and contains two 
death-fold domains – a pyrin domain and a CARD. 
The pyrin domain interacts with PRRs and triggers 
the formation of large ASC multimers. CARD (pre-
sent both in ASC and in NLRC4 and NLRP1, where 
it directly recruits procaspases 1 and 5) initiates the 
recruitment of procaspase 1 to the inflammasome 
and mediates its cleavage to caspase 1. This oli-
gomerization requires ATP and low intracellular 
potassium concentrations [10]. The end product, 
caspase 1, is a cysteine protease that mediates a 
form of cell death called “pyroptosis” and proteo-
lytically cleaves pro-IL forms to active IL-1β and 
IL-18 [5]. A comprehensive description of these 
inflammasomes is available elsewhere. Of these, 
NLRP3 will form the basis of this review because 
of its role in atherosclerosis.
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Figure 1 Basic Structure of Four Well-Characterized Inflammasomes.
Reproduced from [8] with permission from Dr. Hiroko Tsutsui.
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NLRP3 Inflammasome 
and  Atherosclerosis

The NLRP3 inflammasome is the most extensively 
studied inflammasome. It has been implicated in 
the pathogenesis of several disorders, such as gout, 
rheumatoid arthritis, type 2 diabetes mellitus, and 
atherosclerosis [5]. Activation of NLRP3 is a two-
step process as illustrated in Figure 2. A priming 
step consists of activation of nuclear factor κB by 
activation of cell membrane PRRs such as Toll-like 
receptor 4 [8]. This leads to induction of proforms 
of IL-1 family cytokines (pro-IL-1β and pro-IL18) 
as well as NLRP3, and sets the stage for the sec-
ond step. The second step consists of the phagocy-
tosis of sterile crystalline substances by lysosomes, 
which transform into phagolysosomes and result 
in production of cathepsin B; this process initi-
ates the oligomerization of the NLRP3 inflamma-
some and caspase 1 production [11, 12]. Caspase 
1 cleaves the pro-IL-1 forms to active IL-1β and 
IL-18. IL-1β is often considered the “gatekeeper 

of inflammation” [13]. Through activation of IL-1 
type I receptor, it mediates a proinflammatory state 
characterized by increased production of inducible 
nitric oxide synthase, endothelin 1, and other pro-
inflammatory chemokines, cytokines, and adhesion 
molecules. This results in macrophage activation as 
well as endothelial and SMC proliferation, leading 
to progression of atherosclerosis. The role of IL-1β 
in atherosclerosis has long been established [14, 
15]. In apolipoprotein E (ApoE)-deficient mice, 
lack of IL-1β is the basis for reduction in the sever-
ity of atherosclerosis [15]. Carotid ligation induces 
less neointimal thickening in IL-1β-deficient mice 
than in controls [14]. IL-18 is widely considered 
a circulating biomarker of atherosclerosis and 
enhances atheromatous plaque progression through 
interferon-g production [16]. However, it took the 
discovery of inflammasomes to understand how 
certain cardiac risk factors such as hyperlipidemia 
result in increased IL production.

Crystalline substances such as urate crystals, sil-
ica, and alumina have long been known to initiate 

Figure 2 NLRP3 Activation in Atherosclerosis is a Two-Step Process.
The priming step (step 1) leads to production of nuclear factor κB and proforms of IL-1 and IL-18. The second step is mediated 
by phagocytosis of substances such as crystalline cholesterol and leads to production of caspase 1, which cleaves the inactive 
forms to active forms.
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the second step of NLRP3 inflammasome activa-
tion. Duewell et al. [11] made the seminal obser-
vation that cholesterol crystals lead to activation of 
inflammasomes. Recent studies from our laboratory 
suggest that xanthine oxidase, the action of which 
results in the formation of uric acid, can induce 
foam cell formation in macrophages and SMCs, 
and in this process activation of lectin-type ox-LDL 
receptor 1 (LOX-1), a and C-type lectin receptor, 
plays a crucial role (unpublished observations).

Both extracellular and intracellular cholesterol 
crystals can result in NLRP3 activation. Exposure 
of human macrophages to ox-LDL has long been 
known to be a potent activator of NLRP3 [17]. This 
is mediated by endocytosis of ox-LDL by the scav-
enger receptor CD36 [18]. Ox-LDL then directly 
primes NLRP3 activation by production of pro-IL 
forms (priming signal) as well as nucleates to intra-
cellular cholesterol crystals, resulting in activation 
of NLRP3 (second signal). The process of formation 
of intracellular cholesterol crystals in human mac-
rophages is now well understood [19]. Cholesterol 
exists mostly in the arterial wall (as LDL parti-
cles) in a esterified form. When LDL is oxidized 
and assimilated by macrophages, cholesterol ester 
hydrolase converts esterified cholesterol to free 
cholesterol, whereas acyl coenzyme A cholesterol 
acyltransferase 1 converts free cholesterol back to 
esterified cholesterol, thus maintaining an equilib-
rium. Disruption in cholesterol homeostasis leads to 
the formation of crystals of free cholesterol within 
the macrophage and activates inflammasomes.

Recent studies from our laboratory suggest that 
NLRP3 mediates the deleterious effects of the acti-
vation of LOX-1 [20, 21]. In cultured human mac-
rophages, LOX-1 inhibition with a binding antibody 
or small interfering RNA resulted in decreased 
expression of the NLRP3 inflammasome and thus 
inhibited reactive oxygen species generation, 
autophagy, and mitochondrial DNA damage [20]. 
This is confirmed by reduced mitochondrial DNA 
and reduced NLRP3 activation in LOX-1-knockout 
mice (Figure 3) [21].

In addition to cholesterol crystals, other lipid and 
nonlipid signals modulate NLRP3-mediated inflam-
mation, especially in the context of atherosclerosis:

1. Electronegative LDL, a modified LDL fraction, 
has been shown to promote the release of IL-1β 

Figure 3 Lectin-Type Oxidized LDL Receptor 1 (LOX1) 
Mediates Inflammasome Activation Through Damaged 
Mitochondrial DNA.

through both the priming step and the activation 
step of NLRP3 [22].

2. ATP is secreted by activated or injured endothe-
lial cells, leukocytes, and platelets, and then acts 
in a paracrine manner to transduce sterile inflam-
matory signals [23]. This transduction is likely 
mediated by NLRP3. When exposed to ATP, 
macrophages from wild-type mice demonstrate 
NLRP3 activation along with increased lipid 
deposition in lysosomes and enhanced migration 
ability [24].

3. Damaged mitochondrial DNA is a common by-
product of autophagy and can induce inflamma-
tion via NLRP3 activation [20, 21].

4. β-Hydroxybutyrate, a ketone that occurs during 
starvation, has been shown to reduce inflamma-
some activation by reducing potassium efflux 
[25]. Although its effects on atherosclerosis are 
unknown, it may explain the anti-inflammatory 
basis of the ketogenic diet.

5. NLRP3 expression may also mediate the ath-
erogenic effects of cellular hypoxia within the 
atheromatous plaque [26]. Hypoxia is common-
ly present because of reduced diffusion as well 
as increased consumption within the plaque. 
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 Cellular hypoxia within the plaque promotes 
foam cell and necrotic core formation as well as 
catabolism of extracellular matrix by inducing 
matrix metalloproteinases. In activated  human 
macrophages, Folco et al. [26] showed that mod-
erate hypoxia also increases the expression of 
NLRP3, caspase 1 and IL-1β.

Finally, the role of the NLRP3 inflammasome may 
extend beyond its proinflammatory effects. NLRP3 
inflammasomes may also alter macrophage func-
tion and alter lipid deposition, which may increase 
their susceptibility to form foam cells. ASC gene 
(PYCARD) deletion markedly abolished NLRP3 
inflammasome activation, attenuated lysosomal 
lipid deposition, and decreased macrophage migra-
tion ability [24].

Evidence Linking the NLRP3 
 Pathway to Atherosclerosis and 
 Associated Disease States

In the landmark study by Duewell et al. [11], bone 
marrow was transplanted from either wild-type or 
NLRP3-knockout mice into LDL receptor-deficient 
mice. Despite similar cholesterol levels, the compo-
nents of NLRP3 inflammasomes, the levels of the 
cytokines IL-1 and IL-18, and the extent of early 
atherosclerosis were markedly decreased in mice 
that received the NLRP3-deficient bone marrow. 
Silencing of NLRP3 also suppresses atherosclerosis 
and stabilizes plaques in ApoE-deficient mice [27].

There is growing evidence from human stud-
ies that supports this mechanism of development 
of atherosclerosis. NLRP3 inflammasomes are 
highly expressed in aorta of patients with athero-
sclerosis undergoing coronary artery bypass graft-
ing and correlate significantly with traditional 
risk factors such as LDL as well as the severity 
of coronary artery disease [28]. In a cohort of 123 
patients with acute coronary syndrome, peripheral 
blood monocyte NLRP3 levels were shown to cor-
relate with the severity of coronary atherosclero-
sis and were a predictor of major adverse cardiac 
events in a Cox regression model (P=0.043) [29]. 
Components of the NLRP3 pathway are highly 
expressed in carotid plaque of patients undergoing 
carotid endarterectomy, with significantly higher 

levels in unstable plaque compared with stable 
plaque [30]. Single nucleotide polymorphisms in 
NLRP3 have been associated with the presence of 
abdominal aortic aneurysms, another manifestation 
of  atherosclerosis [31].

Inflammasomes as Therapeutic 
 Targets

The discovery of inflammasomes thus provides 
insight into the mechanism that links hyperlipidemia 
to inflammation, especially the IL-1β pathway. The 
finding that cholesterol crystals initiate inflamma-
tion supports the two major therapeutic strategies 
already used to combat atherosclerosis: diet and 
3-hydroxy-3-methylglutaryl coenzyme A receptor 
antagonists. Although lipid deposition in the plaque 
has long been considered a consequence of inflam-
mation and cell death, activation of inflammas-
omes by cholesterol crystals provides evidence that 
hyperlipidemia actually promotes inflammation. 
Intuitively, a healthy diet and lifestyle could help 
attenuate the effects of inflammasome activation. 
The effects of dietary interventions on NLRP3 have 
been studied in adipose tissue but not in human ath-
erosclerosis [32]. Since adipose tissue NLRP3 lev-
els correlate with severity of atherosclerosis [33], 
this can be considered indirect evidence that dietary 
modification can be helpful. Statins have long been 
known to attenuate inflammation and reduce the 
levels of markers such as high- sensitivity C-reactive 
protein [34]. This was regarded a pleiotropic effect 
and not necessarily related to their lipid-lowering 
abilities. Conceptually, lipid lowering with statins 
could also reduce inflammation by reducing inflam-
masome activation. Preliminary human data sug-
gest that statins reduce NLRP3 activation [35, 36]. 
Treatment with ezetimibe, a nonstatin drug that 
works by inhibiting absorption of cholesterol in the 
intestine, has also been shown to reduce cholesterol 
crystal formation in rabbits and reduce serum cho-
lesterol levels [37].

The discovery of NLRP3 has provided insight 
into the anti-inflammatory and antiatheroscle-
rotic mechanism of action of other agents as well. 
Resveratrol is a flavanoid that has been shown to 
reduce inflammation; this effect may be mediated 
by attenuation of the NLRP3 pathway [38]. NLRP3 
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has also been implicated in the salutary effects of 
moderate alcohol intake on coronary artery disease 
[39]. The antiatherosclerotic effect of dipeptidyl 
dipeptidase 4 inhibitors (antidiabetic drugs) may 
also be through suppression of NLRP3 via gluca-
gon-like peptide 1 receptor [40].

At least three major components of the inflamma-
some pathway – NLRP3, caspase 1, and IL-1β, are 
potential therapeutic targets.

IL-1β Antagonists

IL-1β antagonists are already in clinical use in the 
treatment of diseases such as gout and rare genetic 
syndromes such as Muckle-Wells syndrome (an 
autosomal dominant disorder characterized by 
mutations in the NLRP3 gene resulting in abnor-
mal inflammatory response). The Canakinumab 
Anti-inflammatory Thrombosis Outcomes Study 
(CANTOS) is designed to study the efficacy of 
canakinumab, an antibody that selectively inhibits 
IL-1β to reduce plaque inflammation and the risk 
of cardiovascular events [41]. The study will pro-
vide indirect evidence of the benefits of attenuat-
ing inflammasome formation. In addition, since 
canakinumab does not affect lipid parameters, the 
study will provide proof of the benefits of targeting 
inflammation in coronary artery disease [42].

Caspase 1 Inhibition

The antiatherosclerotic effects of caspase 1 inhibi-
tion in animal models is less clear. Menu et al. [43] 
fed Apoe−/−/Nlrp3−/−, Apoe−/−/Pycard−/−, and Apoe−/−/
Casp1−/− double-deficient mice a high-fat diet for 
11 weeks and subsequently assessed atherosclerosis 
progression and plaque phenotype in comparison 
with Apoe−/− mice. No differences in atherosclerosis 
progression, infiltration of plaques by macrophages, 
or plaque stability was found [43]. However, Usui 
et al. [44] demonstrated reduced vascular inflam-
mation and atherosclerosis in ApoE/caspase 1 
 double-deficient mice. Similarly Gage et al. [45] 
found a reduction in atherosclerosis despite simi-
lar lipid levels in caspase 1/ApoE double-deficient 
mice compared with ApoE-deficient mice. The dif-
ference in these studies has been attributed to the 
difference in the composition of the diet [46].

Although caspase 1 is primarily responsible for 
cleavage of pro-IL-1β intracellularly, other pro-
teases such as neutrophil elastase can extracellularly 
process the pro-IL forms into active cytokines [47, 
48]. Caspase 1–deficient mice have low, but com-
parable, amounts of circulating active IL-1β com-
pared with wild-type controls after carotid ligation 
and do not exhibit a statistically significant reduc-
tion in neointima formation [14]. They also mount a 
full inflammatory response to subcutaneous turpen-
tine, another IL-1β-dependent process [49]. Thus 
the effect of caspase 1 inhibition on atherosclerosis 
is uncertain.

Although several caspase 1 inhibitor molecules 
are under preliminary investigation in various dis-
eases, none are in clinical trials in patients with 
atherosclerosis.

NLRP3 Inhibition

Preliminary animal data suggest that inhibiting 
NLRP3 itself may be potentially useful. Silencing 
of NLRP3 suppresses atherosclerosis and stabilizes 
plaques in ApoE-deficient mice [27]. Arglabin, an 
anti-inflammasome inhibitor, has been shown to 
reduce inflammation and atherosclerosis in ApoE-
deficient mice [46]. A novel small molecule NLRP3 
inhibitor, MCC950, has been developed but has not 
been studied yet in atherosclerosis [50]. Various 
acrylamide derivatives are being developed for 
their anti-inflammasome activity via inhibition of 
NLRP3 ATPase [51].

Conclusion

Inflammasomes play an important role in innate 
immunity, and the NLRP3 inflammasome plays 
a major role in mediating atherosclerosis. Its dis-
covery has improved our understanding of how 
disorders of cholesterol metabolism contribute to 
inflammation. Whether targeting inflammasomes 
directly would be a viable therapeutic target in ath-
erosclerosis remains to be seen.
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