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Abstract

NLRP3 inflammasome is a key multiprotein signaling platform that tightly controls inflammatory responses and coordinates
antimicrobial host defenses by activating caspase-1 for the subsequent maturation of pro-inflammatory cytokines, IL-1f
and IL-18, and induces pyroptosis. The assembly and activation of NLRP3 inflammasome are linked to the pathogenesis of
several cardiovascular disease risk factors, such as hypertension and diabetes, and their major consequences—myocardial
remodeling. The study of the NLRP3 inflammasome in these cardiovascular disease states may uncover important triggers
and endogenous modulators of the disease, and lead to new treatment strategies. This review outlines current insights into
NLRP3 inflammasome research associated with cardiovascular diseases and discusses the questions that remain in this field.
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Introduction

Inflammasomes are multiple protein complexes that serve as
molecular signaling platforms to activate caspase-1 and reg-
ulate maturation of a potent pro-inflammatory cytokine IL-1
as well as inflammatory cell death, pyroptosis in response to
pathogen-associated and danger/damage-associated molecu-
lar pattern molecules (PAMPs and DAMPs), reactive oxy-
gen species (ROS), cholesterol crystals, and environmental
irritants [8]. Although several types of inflammasomes have
been identified so far, the best characterized is the NOD-
like receptor family pyrin domain containing 3 (NLRP3)
inflammasome that recognizes non-microbial danger signals
and leads to sterile inflammatory responses in various dis-
ease conditions [50, 102]. NLRP3 inflammasome contains
NLRP3 [an innate immune receptor, which is composed of
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three domains: C-terminal leucine-rich repeats (LRRs), a
central nucleotide binding and oligomerization domain
termed the NACHT domain, and an N-terminal pyrin
domain (PYD) effector domain], ASC [an adaptor protein
termed apoptosis-associated speck-like protein containing
an N-terminal PYD and a C-terminal caspase recruitment
domain (CARD), also known as Pycard] and cysteine pro-
tease precursor procaspase-1 (consists of a CARD and a cas-
pase domain) [118]. Within this complex, NLRP3 initiates
the formation of the inflammasome by interacting with ASC
that recruits and activates procaspase-1 to generate the active
caspase-1. Caspase-1 is an IL-1p-converting enzyme which
cleaves preformed pro-IL-1p to its active form IL-1p [26].
IL-1B is a potent pro-inflammatory cytokine that is pro-
duced mainly by macrophages in tissue and primarily by
monocytes in circulating blood [12, 83]. Mature IL-1p works
as a significant mediator recruiting innate immune cells to
the site of infection and modulating adaptive immune cells
in many immune reactions [12]. Contrary to most other
inflammatory cytokines, production of IL-1f requires a
dual signal for its activation. First, intracellular pro-IL-1p is
produced following stimulation of pattern-recognition recep-
tors (PRRs), such as the toll-like receptors (TLRs) located
on the cell surface or in endosomes and NOD-like receptors
(NLRs) located in the cytoplasm. Second, to be functional
IL-1B, pro-IL-1p requires proteolytic cleavage by caspase-1.
In addition, IL-1p has many biological functions that are
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important in sterile inflammation, such as upregulation of
those adhesion molecules on endothelial cells and induction
of additional pro-inflammatory mediators [12, 31]. IL-1p
is transcriptionally regulated when damage components are
sensed by PRRs which can identify PAMPs and DAMPs [9].

The activation of NLRP3 inflammasome by immune cells
such as dendritic cells, monocytes, and macrophages is a
two-step process including priming and triggering [24]. The
priming is a process in which PAMPs, DAMPs or environ-
mental stress are recognized by TLRs or cytokines such as
tumor necrosis factor a (TNF-a) leading to the activation of
nuclear factor-kappaB (NF-xB), which results in the expres-
sion and activation of NLRP3, pro-IL-1p and pro-IL-18,
and transcriptional protein modifications such as NLRP3
deubiquitination and ASC phosphorylation [89, 118]. The

triggering is characterized by promoting the oligomerization
of inactive NLRP3, ASC and procaspase-1, resulting in pro-
teolytic cleavage of caspase-1 and the maturation of IL-1f
and leading to final inflammasome formation [27] (Fig. 1).

Although acute inflammation is a physiological attempt
to eliminate destructive stimuli and combat pathogens, cel-
lular damage and hazardous substances, chronic inflamma-
tion that occurs when noxious stimuli are not removed or
attenuated can be detrimental to the host, and lead to tissue
damage, aberrant collagen accumulation and fibrosis, and
ultimately contribute to multiple chronic diseases. Recent
studies have shown that the activation of NLRP3 inflam-
masome pathways is relevant to the pathogenesis of car-
diovascular diseases such as hypertension, atherosclerosis,
ischemic injury, cardiomyopathy and myocardial infarction
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Fig.1 Overview of the activation of NLRP3 inflammasome. Activa-
tion of NLRP3 inflammasome requires a two-step process: priming
and triggering. The priming is mediated by PAMPs/DAMPs recog-
nized by TLRs or cytokines such as TNF-a, and is responsible for
the upregulation of NLRP3 protein and pro-IL-1p levels in an NF-xB
pathway. The triggering is a subsequent stimulus that activates the
NLRP3 inflammasome by promoting the oligomerization of inac-
tive NLRP3, ASC and procaspase-1, resulting in proteolytic cleav-
age of caspase-1 and the maturation of IL-1p. NLRP3 is composed
of three domains: C-terminal LRRs, a central nucleotide binding and
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oligomerization domain termed the NACHT domain, and an N-ter-
minal PYD effector domain. ASC contains an N-terminal PYD and a
C-terminal CARD. Cysteine protease precursor procaspase-1 consists
of a CARD and a caspase domain. DAMP danger/damage-associated
molecular pattern molecule, PAMP pathogen-associated molecular
pattern molecule, TLR toll-like receptor, TNFR tumor necrosis factor
a receptor, NF-kB nuclear factor-kappaB, LRR leucine-rich repeats,
ASC apoptosis-associated speck-like protein containing a caspase
recruitment domain, PYD pyrin domain, CARD caspase recruitment
domain
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[10, 39, 95, 101]. In this review, we highlight the current
state of knowledge regarding the role of NLRP3 inflamma-
some in cardiovascular disease risk factors—hypertension
and diabetes—and their major consequence—atherosclerosis
and myocardial infarction—resulting in cardiac remodeling.

NLRP3 inflammasome in hypertension

Hypertension is a complex disease caused by multiple
genetic and environmental factors. Hypertension and its
complications, including ischemic heart disease, heart fail-
ure (HF), stroke, peripheral vascular disease, vision loss and
chronic kidney disease, are responsible for substantial mor-
bidity and mortality worldwide [74].

Inflammasome activity plays a key role in the progression
of hypertension. Krishnan et al. observed elevated serum
level of IL-1p in patients with high blood pressure and raised
the question if high levels of serum IL-1p are a marker or
inducer of systemic hypertension [49].

Salt-sensitive hypertension is characterized by chronic
inflammation and elevated sympathetic outflow [60]. Oxi-
dative stress is a major metabolic factor which leads to the
onset of chronic diseases such as hypertension, metabolic
syndrome, diabetes, and their complications. High-salt-
induced inflammation and oxidative stress in the hypotha-
lamic paraventricular nucleus contribute to the pathogenesis
of salt-sensitive hypertension via sympathoexcitation [79].
NF-kB is an effective activator of NLRP3 and it induces
inflammation which contributes to the pathophysiology of
hypertension [114]. Blockade of NF-kB inhibits high-salt-
induced hypertension by attenuating NLRP3 and caspase-1
activation, reducing pro-inflammatory cytokines and oxida-
tive stress in the paraventricular nucleus of salt-sensitive
hypertensive rats [75]. IL-1p is an important pro-inflam-
matory cytokine with pleiotropic effects and is mediated by
NLRP3 inflammasome activation. Central IL-1f inhibition
attenuates the renin-angiotensin system activation, decreases
ROS generation in the paraventricular nucleus, and thereby
delays hypertension-induced cardiovascular damage [30,
90]. In Dahl salt-sensitive hypertensive rats, infusion of
IL-1p inhibitor gevokizumab into paraventricular nucleus
suppresses sympathoexcitation and attenuates hypertensive
responses by restoring the balance between pro- and anti-
inflammatory cytokines and oxidative stress [76].

Angiotensin II (Ang II), a vasoconstrictive peptide gen-
erated as a result if activation of renin-angiotensin system,
exerts physical effects through the activation of type 1 and
type 2 receptors [105]. Ang II is locally formed in the kid-
ney, and as an important mediator of hypertension plays
a key role in regulating inflammatory processes associ-
ated with hypertension [54]. It has been shown that Ang
II infusion (for 7 days) enhances the activation of NLRP3

inflammasome and the expression of IL-1f and other pro-
inflammatory cytokines in the mouse heart [33]. Blockade of
NLRP3 inflammasome activation markedly attenuates Ang
II-induced cardiac fibrosis without affecting blood pressure,
which indicates that NLRP3 inflammasome independently
works to cardiac remodeling in Ang II-induced hypertensive
mice [33].

Collectively, these observations suggest that NLRP3
inflammasome/IL-1p nexus may be a novel therapeutic
target in hypertensive heart diseases. Further studies on
the assembly and activation of NLRP3 inflammasome are
required to address more particularly on its functional role
during hypertension progression.

NLRP3 inflammasome in diabetes

Diabetes is a group of chronic metabolic diseases charac-
terized by high blood sugar levels over a prolonged period,
which results from either the pancreas not producing enough
insulin or the cells of the body not responding appropriately
to the insulin produced [5, 14, 108]. Type 2 diabetes (T2D)
is the most common type of diabetes, which is character-
ized by pancreatic islet f cell damage, insulin resistance,
reduced insulin secretion, hyperglycemia, and permanent
inflammatory response [84]. Diabetes can result in many
complications that include myocardial ischemia, stroke,
chronic kidney failure, foot ulcers, retinopathy and early
death. The prevalence of T2D worldwide was estimated
to be 2.8% in 2000, which increased to 8.3% in 2014, and
is expected to affect approximately 592 million individu-
als world-wide by 2035 [104, 110]. It is estimated by the
World Health Organization (WHO) that 422 million people
had T2D worldwide in 2016 [109]. It is urgent to prevent,
control and treat T2D by clarifying the steps leading to its
pathogenesis and thereby developing effective prevention
and treatment strategies.

Previous studies revealed a closer link between onset of
T2D and inflammatory reaction mediated by innate immune
system. As an important component of innate immune sys-
tem, NLRP3 inflammasome plays an important role in the
pathogenesis of T2D, and IL-1p is a key mediator. Menu
and Vince summarized the role of abnormal activation of
NLRP3 inflammasome and the overexpression of IL-1f in
the development of diabetes and in its complications [65].
Liu et al. reviewed the critical role of NLRP3 in the patho-
genesis of T2D [55]. It has been demonstrated that IL-1
is elevated in T2D patients, suggesting that IL-1f3 may be
linked with the development of T2D [61]. Kim et al. reported
that inhibition of NLRP3 inflammasome by y-tocotrienol
can ameliorate and delay the progression of T2D [46].
Coll et al. showed that suppression of NLRP3 inflamma-
some with MCC950 could be used as a potential therapy
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for inflammatory disorders such as T2D and atherosclerosis
[17]. Thus, it seems that IL-1p is not only a primary inflam-
matory cytokine produced by NLRP3 inflammasome activa-
tion, but also is a key factor in the pathogenesis of T2D [82].
IL-1p can directly injure pancreatic islet f-cells and decrease
the function of insulin and induce insulin resistance [88,
104]. IL-1p and other pro-inflammatory cytokines such as
TNF-a can cooperatively interfere with glucose metabolism
[87]. Elevated levels of pro-inflammatory cytokines lead to
insulin resistance by antagonizing insulin signaling, which
can inhibit the absorption of glucose, resulting in abnormal
glucose tolerance, and development of T2D. Of note, IL-1f
levels are elevated in circulation and in pancreatic islets dur-
ing the progression from obesity to T2D. These observations
suggest that IL-1 may be implicated as an important driver
of disease [61].

Hyperglycemia can activate thioredoxin-interacting pro-
tein (TXNIP) expression in a variety of cell types includ-
ing skeletal myocytes, pancreatic islet § cells, endothelial
cells and adipocytes, and induce the production of IL-1p
in endothelial cells, monocytes, and pancreatic islet j cells
by direct interaction with NLRP3 inflammasome [25, 48].
TXNIP as an endogenous inhibitor of the ROS scavenging
protein TRX (antioxidant thioredoxin), which can counter
oxidative stress and maintain the physiologic state of cells
[37]. TXNIP has been linked to glucose metabolism and
T2D [13, 72]. It is down-regulated by insulin in $-cells, and
its levels are elevated in subjects with T2D [70]. TXNIP
released from the TXNIP-TRX complex, specifically binds
with NLRP3 inflammasome to activate it to release capase-1
and IL-1p [1]. In addition, TXNIP mutations are associated
with hypertriglyceridemia and hypertension in T2D patients
[98]. Furthermore, reducing TXNIP gene expression has
been shown to induce a significant decrease in intracellu-
lar pro-IL-1p and bioactive IL-1 production and to prevent
endoplasmic reticulum stress-induced p-cell death [48].
Caspase-1 protein levels are markedly elevated in human
adipose tissue exposed to high glucose. The absence of cas-
pase-1 and TXNIP can improve insulin sensitivity and result
in lower plasma glucose levels [40]. These studies highlight
the role of TXNIP as a functional link between endoplas-
mic reticulum stress, NLRP3 inflammasome activation and
inflammation in T2D patients [3].

The expression of IL-1p antagonists in pancreatic islets
is decreased in T2D patients. High glucose-induced pancre-
atic islet B-cell function enhances IL-1p levels, and leads
to impaired insulin secretion, decreases proliferation, and
increases apoptosis [51]. The function of pancreatic islet
p-cell is improved when IL-1f is low or deficient [62]. The
use of IL-1p receptor antagonist (IL-1RA) can also improve
the function of pancreatic islet p-cells [19]. Pancreatic islet
B-cells can secrete IL-1p in T2D patients which would
damage islet function, leading to insulin resistance [113].

@ Springer

Importantly, deletion of the NLRP3 gene leads to a decrease
in IL-1p secretion, improvement of insulin signal transduc-
tion, and the protection of pancreatic islet f-cells [113]. In
fact, islet cells are particularly susceptible to IL-1p because
the expression level of IL-1f receptor in p-cells is higher
than that in any other cells in the body [7].

Obesity, an important precursor of diabetes, is a state of
chronic inflammation characterized by atherogenic lipid
profiles, infiltration of immune cells in adipose tissue, and
the secretion of inflammatory cytokines such as IL-1f and
TNF-a [48]. IL-1p and TNF-a are also considered to be
key contributors to the obesity-induced inflammation and
subsequent insulin resistance, pancreatic islet p-cell dysfunc-
tion and apoptosis, and the onset of T2D [20, 22]. NLRP3
inflammasome is closely associated with obesity-induced
inflammation and insulin resistance, and targeted interrup-
tion of NLRP3 can improve glucose tolerance in obese mice
[52, 103].

These observations suggest that careful targeting of
NLRP3 inflammatory signaling pathways may be benefi-
cial in the treatment of T2D. However, the most challenging
task is how to translate these preclinical findings into clini-
cal studies that detect the effect of inflammation-regulating
therapies on T2D in humans.

NLRP3 inflammasome in atherosclerosis

Atherosclerosis is characterized by lipid deposition in the
arterial wall and inflammatory cells infiltration. This chronic
pathologic state is a fundamental cause of many cardiovas-
cular diseases and a leading cause of death and loss of pro-
ductive life years [32]. It has been proposed that there is a
link between lipid metabolism and inflammation not only
because atherosclerotic plaque constituents such as crystal-
line cholesterol and oxidized low-density lipoprotein acti-
vate NLRP3 inflammasome, but also they share common
important events including oxidative stress, mitochondrial
dysfunction, endoplasmic reticulum stress, and lysosome
rupture [39]. Atherosclerotic plaque is considered an inflam-
matory lesion with involvement of the innate immune sys-
tem, and chronic inflammation plays an important role in its
progression [15, 36].

Pathways mediating pro-IL-1p release have been strongly
linked with the progression of atherosclerotic lesions [58].
Yajima et al. using ASC™~ mice for the first time showed
that NLRP3 inflammasome contributed to atherogenesis.
ASC deficiency reduced the expression of IL-1f and IL-18
in the neointimal lesion and attenuated neointimal forma-
tion after vascular injury [111]. This seminal work identi-
fied NLRP3 inflammasome to be responsible for trigger-
ing the maturity of IL-1f in atherosclerotic plaques. Zheng
et al. reported that NLRP3 inflammasome was involved
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in atherogenesis and its silence led to the stabilization of
atherosclerotic plaque [116]. Peng et al. demonstrated that
P2X7R was involved in the progression of atherosclerosis
through promoting NLRP3 inflammasome activation [71].
Tumurkhuu et al. showed that 8-oxoguanine glycosylase
(OGG1) deficiency caused increased IL-1f production
and accelerated atherogenesis through activating NLRP3
inflammasome [97]. Duewell et al. reported the seminal
study showing that NLRP3 inflammasome is required for
atherogenesis and could be activated by cholesterol crystals
[23]. Using a combination of laser reflection and fluores-
cence confocal microscopy, they showed cholesterol crystals
in the aortic sinus together with the appearance of immune
cells in the sub-endothelial space in low density lipoprotein
receptor (LDLr)™~ mice fed a high-fat diet-induced athero-
sclerosis. The most exciting data related to the LDLr~'~ mice
that received NLRP3-, ASC-, or IL-1a/p-deficient bone mar-
row followed by high-lipid diet had significantly reduced the
early formation of atherosclerosis and inflammation. Abder-
razak et al. used NLRP3 inflammasome inhibitor arglabin
to inhibit cholesterol crystal-induced NLRP3 inflammasome
activation and observed a marked reduce of atherosclerotic
lesions in apolipoprotein E,.Ki mice fed a high-fat diet [4].
Together, these findings indicate that the NLRP3 inflam-
masome-mediated signaling regulates cholesterol crystal-
induced inflammation in atherosclerosis. Freigang et al.
showed that cholesterol crystals could activate the NLRP3
inflammasome via an Nrf2 (NF-E2-related factor 2)-depend-
ent mechanism in macrophages, and Nrf2-deficient apoli-
poprotein E (ApoE)~~ mice were highly protected against
diet-induced atherogenesis [29].

Shortly after the role of NLRP3 inflammasome was
identified in the murine model, another group reported that
human macrophages also perceive cholesterol crystals via
the NLRP3 inflammasome and the phagocytic cells engulf
abundant amount of cholesterol crystals resulting in the acti-
vation of the NLRP3 inflammasome with subsequent activa-
tion of caspase-1 and IL-1f family cytokines, which strongly
implicate cholesterol crystals as a potential source of inflam-
mation in atherosclerotic lesions [77]. NLRP3 inflamma-
some is also highly expressed in the aorta of patients with
atherosclerosis. This correlates with the severity of coro-
nary artery disease and the atherosclerotic risk factors [117].
Paramel et al. recently reported that NLRP3 inflammasome-
related genes were highly expressed in lipopolysaccharide-
primed human atherosclerotic plaques and were sensitive to
activation when exposed to adenosine triphosphate (ATP)
and cholesterol crystals [69].

However, the role of the NLRP3 inflammasome in athero-
genesis is not entirely consistent, and is confounded by
inter-model modifiability. Menu et al. reported that athero-
genesis in ApoE~'~ mice could progress independently of
the NLRP3 inflammasome activation [66]. They used the

ApoE_/ ~ mice model crossed with NLRP3™~, ASC™"~, or
caspase-1~~ mice and placed on high-fat diet, but could
not identify any difference in progression of atherosclerosis,
infiltration of plaques by macrophages, or plaque stability
across genotypes. The divergence between these studies may
due to the different mouse models used. Thus, the role of
IL-1 in atherosclerosis development in the ApoE~'~ mouse
model is not fully established yet [44].

With respect to ROS playing a strong role in the link
between oxidative stress and progression of atherosclerotic
plaques, excessive generation of ROS induces expression
of lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1), which is a potent regulator of the immune system.
LOX-1 activation in turn induces release of ROS, forming
a positive feedback loop and playing a major role in the
development of atherosclerosis [57, 73]. We recently showed
that exposure of cultured human THP-1 macrophages to
lipopolysaccharide markedly induced the expression of
LOX-1 and ROS generation and initiated mitochondrial
DNA (mtDNA) damage, subsequently caused accumulation
of the damaged mtDNA that led to cell autophagy followed
by NLRP3 inflammasome activation (Fig. 2). LOX-1 inhi-
bition with a binding antibody or siRNA inhibited the sub-
sequent series of events. ROS inhibitors and an autophagy
inducer both reduced NLRP3 inflammasome expression.
Inversely, autophagy inhibitor enhanced the expression
of NLRP3 inflammasome. Furthermore, experiment with
DNase II siRNA transfection confirmed the hypothesis that
LOX-1-mediated autophagy and mtDNA damage play an
essential role in NLRP3 inflammasome activation in a vari-
ety of cardiovascular diseases, including atherosclerosis,
hypertension, and myocardial ischemia [21].

These findings provide new insights into the important
role of NLRP3 inflammasome in accelerating atheroscle-
rosis, and point to new potential molecular targets for the
therapy of atherosclerosis (Fig. 2). However, further stud-
ies are needed to acquire regulatory signaling pathways of
NLRP3 inflammasome in atherosclerosis.

NLRP3 inflammasome in myocardial
infarction

Cardiovascular diseases, particularly acute myocardial
infarction (MI) and stroke, are the leading causes of death
and disability worldwide [86]. Myocardial infarction is
defined as myocardial cell death due to severe and pro-
longed ischemia. Myocardial infarction not only results
in progressive deterioration of pump function in the heart
(heart failure), but also to electrical instability and fatal
arrhythmias [92]. The primary underlying cause of myo-
cardial infarction is narrowing of the coronary arteries by
atherosclerotic plaque and instability and disruption of the
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Fig.2 Activation of NLRP3 inflammasome accelerates atheroscle-
rosis. In atherosclerotic plaque, cholesterol crystals, ATP and ROS
activate the NLRP3 inflammasome, leading to inflammation and cell
infiltration. Excessive generation of ROS induces the expression of
scavenger receptors such as LOX-1, which would mediate autophagy
and mtDNA damage. Damaged mitochondria that escape autophagy
result in NLRP3 inflammasome activation. This amplified inflam-

plaque. Myocardial infarction triggers an intense and com-
plex inflammatory response that is responsible for cardiac
repair and remodeling [27, 28, 93].

Inflammation plays not only a role in the pathophysiol-
ogy of myocardial infarction in the acute stage, but also an
important role in the determination of the extent of tissue
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matory cascade leads to the accumulation of extracellular lipids,
resulting in cell injury and/or death, plaque formation and rupture,
and finally accelerating atherosclerosis progression. ATP adenosine
triphosphate, Nrf2 NF-E2-related factor 2, ROS reactive oxygen spe-
cies, mtDNA mitochondrial DNA, LOX-1 lectin-like oxidized low-
density lipoprotein receptor-1

injury and repair after myocardial infarction. Interventions
targeted at inflammatory signals have been shown to reduce
infarct size [2, 28, 43, 78, 112]. Inhibition of IL-1f activity
using neutralizing antibodies and IL-1 receptor antagonist
anakinra markedly reduced cardiac hypertrophy and myo-
cardial dysfunction after acute myocardial infarction in mice
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[2]. Infusion of IL-10, an anti-inflammatory cytokine, lim-
ited cardiac fibrosis, improved cardiac remodeling and facili-
tated cardiac wound healing in the post-myocardial infarc-
tion mice via activating M2 macrophage polarization [43].

NLRP3 inflammasome recognizes various danger signals
and induces sterile inflammatory responses and is regarded
as a highly plausible candidate for pattern-recognition
receptor in myocardial ischemia [12, 18, 94]. Mezzaroma
et al. reported that inhibition of NLRP3 and the purinergic
P2X7 receptor by siRNA or a pharmacological inhibitor pre-
vented inflammasome activation and reduced cardiac cell
death, resulting in alleviating cardiac remodeling after coro-
nary artery ligation in wild-type mice [67]. VanHout et al.
observed that NLRP3-inflammasome inhibitor MCC950
reduced infarct size and preserved cardiac function in a pig
model of myocardial infarction induced by transluminal bal-
loon occlusion, and indicated that NLRP3-inflammasome
inhibition may have therapeutic potential in acute myocar-
dial infarction patients [99].

Although successful reperfusion procedure improves
the extent of myocardial injury, the reperfusion may also
exacerbate injury to the myocardium, the so-called myocar-
dial ischemia—reperfusion injury. Marchetti et al. reported
that inhibition of the activity of NLRP3 reduced infarct size
in a rat model of myocardial ischemia—reperfusion injury
[64]. Liu et al. observed up-regulated expression of NLRP3,
enhanced capase-1 activity and increased IL-1p and IL-18
in the heart in C57BL/6J mice subjected to myocardial
ischemia—reperfusion [56]. In their studies, intramyocardial
injection of NLRP3 siRNA or an intraperitoneal injection
of inflammasome inhibitor BAY-11-7028 attenuated mac-
rophage and neutrophil infiltration and decreased myocardial
ischemia—reperfusion injury in the mouse hearts. Kawaguchi
et al. established myocardial ischemia-reperfusion injury
model induced by transient occlusion of the left anterior
descending artery [45]. In this model, ASC expression was
detected primarily in the infiltrating macrophages and neu-
trophils, and to some extent in vascular endothelial cells and
cardiac resident fibroblasts. Compared with wild mice type,
ASC™'~ or caspase-1~""mice exhibited a significant decrease
in inflammatory cell infiltration and cytokine/chemokine
expression. These mice also showed a significant reduction
of infarct size, myocardial fibrosis and left ventricular dys-
function after myocardial infarction. These findings allow
us to suggest that NLRP3 inflammasome may play a crucial
role in the pathophysiology of myocardial ischemia—reper-
fusion injury as well as the extent of infarct following per-
manent coronary ligation. Of note, inflammatory responses
occur more aggressively in the myocardial ischemia-reper-
fusion injury models than in permanent coronary ligation
models [112].

Interesting questions have arisen during the period of
the investigations on the NLRP3 inflammasome in different

models of myocardial injury. Sandanger et al. reported that
NLRP3 inflammasome was predominantly up-regulated
in the cardiac fibroblasts in the ischemic myocardium
hearts subjected to ligation of coronary artery [80]. These
authors also described that myocardial dysfunction and
injury in response to ischemia—reperfusion were improved
in NLRP3~/~ mice, but not in ASC™~ mice, suggesting
that NLRP3 and ASC may have different roles in myocar-
dial damage after ischemia—reperfusion. Inoue et al. also
observed that hepatic ischemia—reperfusion injury was ame-
liorated in NLRP3 ™'~ mice, but not in ASC™'~ mice [41].
These findings collectively indicate that the inflammasome
components, such as NLRP3 and ASC can also function
independently and that NLRP3 and ASC may have cell-
intrinsic roles in different cell types such as cardiac fibro-
blasts, cardiomyocytes and leukocytes. Thus, the contribu-
tion of NLRP3 and ASC should be determined in genetically
modified animals in a tissue-specific manner. These findings
will lead to a better understanding of disease progression
and aid in designing new therapeutic strategies for the treat-
ment of myocardial infarction.

NLRP3 inflammasome in cardiac remodeling

Cardiac remodeling is a process characterized by a series of
changes (gradual cardiac enlargement and dysfunction asso-
ciated with molecular alterations) in the structure and func-
tion of the myocardium that involves several cell types, such
as cardiomyocytes, fibroblasts and endothelial cells, as well
as extracellular matrix, capillary microcirculation and neu-
ronal networks [34, 68]. It is also associated with changes in
genome expression [16, 38]. Left ventricular remodeling has
been considered an adaptive response to pressure overload
(aortic stenosis and hypertension), volume overload (valvu-
lar regurgitation, ischemia) and other pathologies, such as
myocardial infarction, myocarditis, dilated cardiomyopathy
and valvular heart diseases, which gradually lead to pro-
gressive decompensation [91]. Li et al. demonstrated that
caspase activation and recruitment domain 3 (CARD?3) serve
as a positive modulator of left ventricular remodeling and
dysfunction after myocardial infarction via the regulation of
the NF-kB and p38MAPK signaling, and CARD3 plays a
key role in regulating caspase-1 apoptotic activity in several
cell lines [53]. Hence there may be an association between
cardiac remodeling and NLRP3 inflammasome because both
CARD?3 and caspase-1 are important components in the acti-
vation of NLRP3 inflammasome.

It has been estimated that despite successful reperfusion,
appropriate pharmacotherapy and lifestyle modification,
cardiac remodeling is very common, ultimately leading to
heart failure and death [81]. Myocardial necrosis triggers the
production of inflammatory cytokines, such as TNF-a, IL-1,
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IL-6, IL-18, IL-33, and C-reactive protein, that in a com-
plex fashion modulate myocardial remodeling, decreased
contractility and fibrosis [42]. An intense sterile inflam-
matory response occurring during myocardial remodeling

Fig.3 NLR3 inflammasome in
cardiac remodeling. Reactive
oxygen species (ROS), ATP and
other dangerous signals includ-
ing bacteria, viruses, crystals,
environmental irritants, etc. are
recognized by toll-like receptors
(TLRs) or NOD-like receptors
(NLRs), followed by the activa-
tion of NLRP3 inflammasome
through lysosomal destabiliza-
tion and rupture, potassium ROS
(K*) efflux, calcium (Ca®") Q
) . o
influx, macrophage endocytosis, .. ("]
endoplasmic reticulum (ER)
stress and mitochondrial ROS
(mtROS) generation. Activa-
tion of NLRP3 inflammasome
induces bioactive IL-1f release
from cardiac fibroblasts and

TLR receptor

is believed to be mediated at least in part through NLRP3
inflammasome [11, 107] (Fig. 3).

NLRP3 inflammasome predominantly exists in cardiac
fibroblasts which are one of the most abundant cell types
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Fig.4 A summary of NLRP3 inflammasome and cardiovascular
diseases. The increase in ROS, cholesterol crystals, PAMPs, and
DAMPs cause the activation of NLRP3 inflammasome, which further
contribute to the pathogenesis of risk factors, such as hypertension
and diabetes, and their consequences—atherosclerosis and myocar-
dial infarction. The genesis of hypertension, diabetes, atherosclerosis
and myocardial infarction further exacerbates NLRP3 inflammasome

within the human heart. An inappropriate activation of
NLRP3 in cardiac fibroblasts can lead to myocardial dys-
function. Exogenous carbon monoxide (CO) derived from
CO-releasing molecule-3 improved myocardial function in
mice with sepsis by inhibiting NLRP3 inflammasome activa-
tion in cardiac fibroblasts [115]. Heme oxygenase-1 (HO-1)
is responsible for the catalysis of heme degrade to CO which
negatively regulates NLRP3 inflammation activation [35].
HO-1 deficiency leads to late left ventricular remodeling
due to overactive and prolonged post-ischemic inflamma-
tory response in mice [96]. It is well known that inducible
nitric oxide (NO) synthase (iNOS) regulates the produc-
tion of bioactive NO which is one of the critical negative

activation. Finally, the excess activation of NLRP3 inflammasome
results in inflammation and cardiovascular pathology, including cell
injury/death, hypertrophy and fibrosis. The inhibition of NLRP3
inflammasome activation seems to modify cardiovascular pathology.
ROS reactive oxygen species, PAMPs pathogen-associated molecular
pattern molecules, DAMPs danger/damage-associated molecular pat-
tern molecules

regulators of NLRP3 inflammasome activation [63]. Kingery
et al. showed that iNOS is highly expressed in both mac-
rophages and cardiomyocytes in the failing human heart.
Further they observed that iNOS™~¢ HF mice displayed
significant improvement in survival, left ventricular func-
tion, hypertrophy, fibrosis, and inflammatory activation
[47]. They conclude that iNOS is responsible for systemic
inflammatory activation and cardiac remodeling in ischemic
HF. Mitochondria are involved in a variety of cellular life
activities such as energy, signaling, cell proliferation, differ-
entiation and apoptosis. MtDNA released by mitochondrial
damage can bind NLRP3 to activate NLRP3 inflammasome
via NF-kB pathway [85]. MtDNA causes mitochondrial
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dysfunction and death in cardiomyocytes via activating
NF-xB which is dependent on toll-like receptor 9 [6].
Studies in the transverse abdominal aortic constriction
(TAC)-induced hypertension-complicated left ventricu-
lar remodeling mouse model, pirfenidone, an antifibrotic
small-molecular-size drug with anti-inflammatory proper-
ties, reduced protein levels of ROS and transforming growth
factor-p1 (TGF-p1), suppressed NLRP3 inflammasome for-
mation and attenuated the expression of IL-1p and IL-1f-
induced inflammatory and profibrotic responses [106]. In
the high fat diet and low dose streptozotocin-induced T2D
rats, which develop dilated cardiomyopathy, NLRP3 gene
silencing therapy ameliorate cardiac inflammation, pyropto-
sis, fibrosis and cardiac dysfunction [59]. NLRP3 inflamma-
some signaling intervention has also been shown to reduce
infarct size and preserve cardiac function post-myocardial
infarction in several experimental animal models [100].

Summary

In conclusion, NLRP3 inflammasome plays an important
role in the pathogenesis of cardiovascular disease risk fac-
tors, hypertension and diabetes, as well as the development
of atherosclerosis and myocardial infarction following cor-
onary occlusion. NLRP3 inflammasome and IL-1p activ-
ity seem to regulate PAMPs and DAMPs during infection,
injury, inflammation or stress. Excess IL-1f activity contrib-
utes to a number of inflammatory disorders and its inhibition
seems to reduce cardiovascular pathology (Fig. 4). Under-
standing the molecular mechanisms of NLRP3 inflamma-
some assembly and activation may lead to novel therapeutic
targets to formulate safe therapies in the treatment of cardio-
vascular diseases.
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