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Abstract

Pyroptosis is a form of programmed cell death associated with activation of inflammasomes and
inflammatory caspases, proteolytic cleavage of gasdermin proteins (forming pores in the plasma
membrane), and selective release of proinflammatory mediators. Induction of pyroptosis results in
amplification of inflammation, contributing to the pathogenesis of chronic cardiovascular diseases
such as atherosclerosis and diabetic cardiomyopathy, and acute cardiovascular events, such as
thrombosis and myocardial infarction. While engagement of pyroptosis during sepsis-induced
cardiomyopathy and septic shock is expected and well documented, we are just beginning to
understand pyroptosis involvement in the pathogenesis of cardiovascular diseases with less defined
inflammatory components, such as atrial fibrillation. Due to the danger that pyroptosis represents
to cells within the cardiovascular system and the whole organism, multiple levels of pyroptosis
regulation have evolved. Those include regulation of inflammasome priming, post-translational
modifications of gasdermins, and cellular mechanisms for pore removal. While pyroptosis

in macrophages is well characterized as a dramatic proinflammatory process, pyroptosis in

other cell types within the cardiovascular system displays variable pathways and consequences.
Furthermore, different cells and organs engage in local and distant crosstalk and exchange of
pyroptosis triggers (oxidized mitochondrial DNA), mediators (IL-1B, S1I00A8/A9) and antagonists
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(IL-9). Development of genetic tools, such as Gasdermin D knockout animals, and small
molecule inhibitors of pyroptosis will not only help us fully understand the role of pyroptosis

in cardiovascular diseases but may result in novel therapeutic approaches inhibiting inflammation
and progression of chronic cardiovascular diseases to reduce morbidity and mortality from acute
cardiovascular events.
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1. Introduction

Cardiovascular diseases (CVD) are the leading cause of morbidity and mortality in the
developed and developing world [1]. Excessive and poorly controlled inflammation drives
the pathogenesis and poor outcome of chronic cardiovascular diseases (e.g. atherosclerosis,
diabetic cardiomyopathy, hypertension) and contributes to acute cardiovascular events
(stroke, myocardial infarction, thrombosis). Pyroptosis, a pore-forming mechanism of
programmed or regulated cell death associated with release of proinflammatory mediators,
is an important amplifier of inflammation in cardiovascular diseases. In this work, we
review the evidence for pyroptosis as a defining point in the pathogenesis and outcome

of cardiovascular diseases and characterize involvement of multiple cell types in initiation,
progression, and control of pyroptosis in relation to CVD. We highlight recently described
regulators of pyroptosis and identify ongoing research on targeting pyroptosis as a
therapeutic intervention in cardiovascular diseases.

2. A place for pyroptosis in the landscape of programmed cell death

within cardiovascular system.

2.1. Definition and specific features of pyroptosis.

The term pyroptosis was introduced by Brad Cookson and Molly Brennan in 2001

to describe a form of a proinflammatory programmed cell death [2]. The original
definition of pyroptosis described caspase-1-dependent cell death following invasion of
macrophages by Salmonella typhimurium [3,4], hypoxic injury in the central nervous
system [5], and plaque rupture in cardiovascular system [6]. Our understanding of
pyroptosis activation progressively expanded as the varieties of inflammasomes were
found to activate inflammatory caspases (caspase-1, -4, =5, and —11) [7]. Execution of
pyroptosis is determined by caspase-mediated cleavage of the 52-kDa protein Gasdermin
D (GSDMD) resulting in formation of the 31-kDa N-GSDMD fragment that oligomerizes
and forms pores in the cell membrane [8,9]. Binding of the N-GSDMD to the membrane
lipid, formation of the 33-mer prepore and transition into the functional pore has been
described through structural analyses, which also revealed the electrostatic selectivity of
the GSDMD pores and preferential release of IL-1p [10]. Furthermore, ROS-dependent
S-palmitoylation of Cys191 residue of human GSDMD, augmented by LPS priming,
was recently identified as an obligate requirement for GSDMD pore formation [11,12].
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Besides GSDMD, proteolytic cleavage of other members of Gasdermin family (GSDMA,
GSDMB, GSDMC, GSDME (also known as DFNAS5) and PJVK (also known as DFNB59)
leads to release of proinflammatory mediators, such as IL-1p, and subsequent cell lysis,
sharing the characteristic features of executors of pyroptosis [13]. Recent studies revealed
further mechanisms leading to the same cell fate and expanded the definition of pyroptosis
to include non-canonical inflammasome (caspase-1-independent cleavage of GSDMD)
pathway as well as cleavage of GSDMD by caspase-8 and cleavage of GSDME by
caspase-3 in addition to the canonical inflammasome caspase-1-dependent pathway [14].
Thus, pyroptosis can be described as a mechanism of programmed cell death that “critically
depends on the formation of plasma membrane pores by members of the gasdermin protein
family, often (but not always) as a consequence of inflammatory caspase activation.” [15].

2.2. The role of inflammasome priming for pyroptosis outcome.

Under homeostatic conditions, most cells within the cardiovascular system, especially
cardiomyocytes, express relatively low levels of pattern recognition receptors and
inflammasome components [16]. Pyroptosis-inducing inflammasome activation is positively
regulated by inflammasome priming, which is induced by engagement of TLRs or IL-1
receptors [16,17]. The transcriptional phase of inflammasome priming primarily depends on
NFkB and increases expression levels for /L1B, IL18, NLRP3, ASC, CASPI gene products
[18,19]. Non-transcriptional or rapid priming involves post-translational modifications of
NLRP3 [16,17]. Thus, an ongoing acute or chronic inflammation is likely to shift the
balance of cell responses to external or internal triggers towards pyroptosis. This implicates
pyroptosis as a feedforward step in fatal inflammatory conditions.

2.3. Mitochondrial DNA (mtDNA) as a trigger and/or as a mediator of pyroptosis.

Contracting hearts have a high energy demand, which is primarily met by oxidative
phosphorylation in mitochondria [20]. Chronic CVD and acute cardiovascular events create
ischemic conditions that result in mitochondrial impairment due to hypoxia and excessive
ROS accumulation, mtDNA oxidation and breach into cytosol or extracellular space [20].
Oxidized cytosolic mtDNA activates the cyclic GMP-AMP synthase (cGAS)-stimulator

of interferon genes (STING) signaling pathway and NLRP3 inflammasome leading to
pyroptosis [21,22]. Extracellular mtDNA may be released from cardiomyocytes as part of
homeostatic turnover or following myocardial infarction, from neutrophils during NETosis
and from other dying cells [23-25]. Depending on the cellular source and process,
mtDNA may be present in circulation and extracellular space in naked form, in association
with mitochondrial proteins, or enveloped into phospholipid vesicles [25,26]. Although
extracellular mtDNA does not always activate pyroptosis, recognition of its CpG DNA
repeats following partial degradation by endosomal TLR9 after phagocytosis or clathrin-
mediated endocytosis may lead to inflammasome priming and indirectly contribute to
pyroptosis-amplified inflammation [20,27-29]. Thus the source, localization, and form

of the mtDNA, may determine the extent of pyroptosis activation and outcome in
cardiovascular pathologies.

Semin Immunol. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yarovinsky et al.

Page 4

2.4. Crosstalk between pyroptosis and other forms of programmed cell death (PCD).

Pyroptosis shares several molecular mediators and features with other forms of cell death.
Notably, the first observation of pyroptosis was initially labeled as apoptosis [30]. The

key distinction of pyroptosis from apoptosis is the membrane pore formation and pro-
inflammatory outcome [31] and (Table 1). However, the pathways upstream of the pore
formation engage in intricate crosstalk switching the forms of programmed cell death based
on the context of the initial trigger and cell type. For example, caspase-8, associated with
extrinsic apoptosis may cleave GSDMD and induce pyroptosis in macrophages [32,33].
Activation of caspase-3, either directly by caspase-8 downstream of death receptors TNFR1
and Fas or as a result of mitochondrial permeabilization and activation of caspase-9, is
usually associated with apoptosis. Yet, recent studies demonstrated that caspase-3 can also
induce pyroptosis or secondary necrosis by cleaving GSDME [34,35].

To describe cell death and pathways shared by (P)yroptosis, (A)poptosis, and (N)ecroptosis,
the concept of PANoptosis was recently introduced [36-38]. The biological role of
PANoptosis cannot be individually accounted for by the three PCD pathways alone
[39,40]. PANoptosis is regulated by PANoptosomes [41,42], multifaceted macromolecular
complexes that integrate GSDMD, caspases—1, -3 and -8, and RIP kinases 1 (RIPK1) and
3 (RIPK3) and activate all three pathways to execute cell death. To date, two prototypical
PANoptosomes have been biochemically identified: the Z-DNA binding domain protein

1 (ZBP1)-PANoptosome [42,43] and the AIM2-PANoptosome [39]. PANoptosomes have
different sensors but share many key components associated with PCD. An important
differentiating characteristic of PANoptosis from other forms of cell death is that deletion
of the key component of PANoptosome ZBP1 blocks cell death, whereas deletion of
individual components of other PCD pathways does not rescue cells [38]. While the roles
of PANoptosis in cancer and infectious diseases, including infections with SARS-CoV-2
and cytokine storm have already been described in detail [43-46] we are just beginning

to understand how PANoptosis may be involved and regulated in cardiovascular diseases.
In diabetic retinopathy, Dickkopf-1 exerts protective effects by inhibiting PANoptosis and
retinal neovascularization [47]. Similarly, FUNDCZ1, a mitochondrial membrane protein
participating in the regulation of mitochondrial integrity, protects murine cardiomyocytes
from PANoptosis in a model of doxorubicininduced heart injury [48]. Conversely,
targeting the PANoptosome with 3,4-Methylenedioxy-p-Nitrostyrene reduces PANoptosis
and protects the kidney against renal ischemia reperfusion injury [49]. Further investigation
is warranted to characterize the roles of PANoptosis in human cardiovascular system and
whether it would be possible to change the course of CVD by targeting PANoptosis.

3. Involvement of pyroptosis in the pathogenesis of cardiovascular

diseases.

The most common underlying condition of chronic vascular diseases (coronary heart
disease, peripheral artery disease, cerebrovascular diseases) is atherosclerosis, which
develops due to a combination of metabolic factors and immune cell responses to deposition
of low density lipoprotein cholesterol within arterial walls [62]. Acute cardiovascular
events (myocardial infarction and stroke), caused by spontaneous atherosclerotic plaque
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rupture and thrombotic occlusion of major blood vessels, lead to massive cell death

and critical organ injury due to ischemia and ischemia/reperfusion injury, mitochondrial
damage, and accumulation of ROS. There is increasing evidence that pyroptosis, as a

form of programmed cell death in response to external triggers, mediates amplification of
inflammatory cascades and contributes to the pathogenesis of chronic and acute CVD. In
Table 2 and the text below, we list specific examples of pyroptosis involvement in CVD with
specific attention to cell types, triggers, mediators and inhibitors of pyroptosis.

3.1. Atherosclerosis

Atherosclerosis is characterized by abnormal deposition of lipids and lipoproteins within
arterial walls and associated with accumulation of foam cells derived from infiltrated
monocytes and transdifferentiated vascular smooth muscle cells (VSMC) [63]. Inflammation
drives atherosclerosis through continuing recruitment of monocytes into atherosclerotic
plaques. Formation of mature plaques (atheromas), characterized by necrotic core and
fibrous caps, is a chronic process that eventually disrupts arterial blood flow. The major risks
of atherosclerosis are recurrent cardiovascular events (myocardial infarction and stroke),
triggered by plaque rupture, as a result of thinning of the fibrous caps or superficial erosions
[63]. A recent large-scale (>10,000 patients) clinical study CANTOS, using canakinumab,

a therapeutic monoclonal antibody targeting interleukin-1p, reduced the rate of recurrent
cardiovascular events [64].

Macrophage cell death in ruptured plaques was initially, and mistakenly, described

as caspase-1-mediated apoptosis [6]. As subsequent studies showed, transition of
atherosclerotic plaques to inflammatory phenotype in ApoE-/- mice requires GSDMD
[65,66] or GSDME [67]. Importantly, deletion of GSDMD reduced the burden of
atherosclerotic plaques, reduced leukocyte infiltration, and switched cell death from
pyroptosis to apoptosis [66]. Exposure of macrophages to ox-LDL or cholesterol crystals
activates NLRP3 inflammasome and caspase-1 [55]. Inhibition of the mitochondrial
outer membrane protein NIX, known to be involved in mitophagy, leads to pyroptosis

of macrophages exposed to ox-LDL [55]. Besides caspase-1, other caspases, such as
caspase-11 in mice and caspase-4/5 in humans may activate GSDMD and trigger
macrophage pyroptosis via non-canonical (caspase-1-independent) pathway and contribute
to the pathogenesis of atherosclerosis [56].

Macrophage proliferation and inflammation contributes to accelerated atherosclerosis
progression and increased risk of atherosclerotic CVD in clonal hematopoiesis associated
with the somatic V617F mutation in Janus kinase 2 (JAK2) non-receptor tyrosine

kinase [68,69]. Increased AIM2 inflammasome activation, IL-1p expression and markers
of pyroptosis in the atherosclerotic plagues was documented in atherosclerosis prone
Ldlr"= mice with bone marrow cells expressing the mutant JAK2 [70]. Deletion of
AIM2, Caspase-1/11, or GSDMD in the JAK2 mutant bone marrow or treatment with

the IL-1 receptor antagonist anakinra improved features of plaque stability, including
macrophage accumulation, cap thickness, and necrotic core area [70]. However, deletion
of NLRP3 inflammasome in the JAK2 mutant bone marrow cells had no significant effect
on atherosclerotic plaques [70], suggesting a dominant role of AIM2 bot hot NLRP3
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inflammasome in macrophage pyroptosis and progression of atherosclerosis in the context of
clonal hematopoiesis.

Detection of cleaved GSDMD and caspase-1 colocalization with macrophage (CD68) and
VSMC (a-smooth muscle actin) markers in human carotid lesions validates the hypothesis
that pyroptosis is involved in atherosclerosis pathogenesis [6,71]. Since the roles of

VSMC, especially transdifferentiated VSMC, in progression of atherosclerosis become more
apparent [72], the findings that ox-LDL induces expression of AIM2 and GSDMD in VSMC
and triggers caspase-1-mediated VSMC death suggest that pyroptosis in VSMC may be an
important factor in promoting inflammation [71,73].

The most dramatic forms of pyroptosis are observed in response to infections, especially

in the presence of LPS or intracellular bacteria [3,4,32,33,50]. Although there is no
infectious agent that can be defined as a cause of atherosclerosis according to Koch’s
postulates, chronic and acute infections with various viruses and bacteria may modify
progression of atherosclerosis [74]. The finding that trimethylamine N-oxide (TMAQO), a
phosphatidylcholine metabolite released by intestinal microbiota, promotes plaque growth
and triggers death of endothelial cells via mitochondrial damage and activation of NLRP3
and caspase-1, illustrates that diet-induced dysbiosis and/or intestinal microbiota metabolic
factors may advance atherosclerosis via pyroptosis [51].

3.2. Myocardial infarction.

Severe occlusion of the coronary arteries supplying blood oxygen to heart due to thrombosis
and/or underlying atherosclerosis results in ischemia of heart muscle and may lead to acute
myocardial infarction characterized by ischemic death of cardiomyocytes and surrounding
cardiac fibroblasts. Reperfusion-associated accumulation of ROS and leukocyte infiltration
may result in increased heart tissue damage, loss of heart function, and death. Clinical
studies and animal models of AMI established the negative impact of NLRP3 inflammasome
activation, severe inflammation associated with neutrophil accumulation, increased 1L-1f
and IL-18 and other mediators on severity of myocardial infarction [75,76]. Our group
determined that activation of GSDMD occurs in the early phase of AMI and is essential

for recruitment of neutrophils and monocytes to ischemic hearts in AMI whereas genetic
deletion of GSDMD reduces cell death and I1L-1f secretion and attenuates myocardial injury
[77]. An elegant study combining the AMI models with parabiosis and bone marrow transfer
from caspase-1 and GSDMD-deleted mice demonstrated that neutrophils respond to heart
injury by accumulating in the bone marrow and secreting IL-1f to promote granulopoiesis
[78]. Hematopoietic deletion of caspase-1 or GSDMD improved heart function, likely by
blocking sustained influx of neutrophils into the inflamed heart.

There is increasing evidence for involvement of pyroptosis of stromal cells (cardiomyocytes
and fibroblasts) in AMI pathogenesis. Pyroptosis in cardiomyocytes during AMI was
shown to occur after hypoxic conditions disrupted an inhibitory pathway mediated by
growth differentiation factor 11 (GDF11), a member of the superfamily of the transforming
growth factor B [79]. Under homeostatic conditions, GDF11 inhibits pyroptosis by TGFp-
SMAD2/3 induction of HOXAS3, which in turn represses transcription of NLRP3. Following
experimental AMI, hypoxic conditions lead to decreased GDF11 expression thus enabling
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NLRP3 expression and cardiomyocyte pyroptosis [79]. Furthermore, increased expression
of IL1-B, IL-18 mRNA and activation of NLRP3 inflammasome in cardiac fibroblasts was
associated with myocardial infarction [76]. Deletion of CXADR-like membrane protein
(CLMP) resulted in pyroptosis in cardiac fibroblasts in mice post AMI [57].

3.3. Diabetes and diabetic cardiomyopathy

Diabetic cardiomyopathy is one of the leading causes of heart failure and death in

diabetes mellitus (DM) [80]. High levels of glucose have been previously shown to

induce oxidative stress via aldose reductase and other glucose toxicity pathways [81,82].
ROS-dependent activation of NLRP3 inflammasome appears to contribute to diabetic
cardiomyopathy as miRNA-mediated NLRP3 gene silencing improved heart function and
reversed cardiac remodeling in a rat model of diabetic cardiomyopathy [83]. The role

of ROS-induced thioredoxin interacting protein TXNIP and its interaction with NLRP3
was confirmed by siRNA-mediated silencing of TXNIP resulting in decreased caspase-1
activation and IL-1p production [83]. A recent study suggested that activation of NLRP3
inflammasome, dependent on chemerin and its G-protein coupled receptor CMKLR1,
triggered cardiomyocyte pyroptosis and played a critical role in a model of diabetic
cardiomyopathy in rats [84]. However, both studies relied primarily on analyses of

NLRP3 inflammasome and caspase-1 cleavage and did not provide a definitive proof of
cardiomyocyte pyroptosis since they lacked analyses of GSDMD involvement [83,84]. Thus,
more detailed analyses, involving GSDMD deletion and characterization of membrane pore
formation is necessary to prove that pyroptosis is responsible for diabetic cardiomyopathy.

In addition to diabetic cardiomyopathy, platelet abnormalities are another hallmark of DM,
which contribute to the increased thrombotic events and development of atherosclerosis
[81]. Our previous study has suggested platelet apoptosis was induced by hyperglycemia-
mediated mitochondrial ROS via p53-caspase-3 pathway in DM [82]. In addition to
myocardial pyroptosis, it would be intriguing to investigate whether platelet pyroptosis also
ensue in DM, and how it may contribute to diabetic cardiovascular disease.

3.4. Sepsis and sepsis-induced cardiomyopathy

Sepsis is a systemic and dysregulated host response to infection, often leading to multiorgan
failure and death [85]. During the systemic inflammatory responses, excessive dilation and
increased permeability of blood vessels place a greater demand on the heart in septic patients
and contribute to myocardial dysfunction characterized by decreased systolic contractility
and cardiomyopathy [86]. Myocardial dysfunction is a key component of septic shock, a
failure of the cardiovascular system to maintain adequate tissue perfusion and oxygenation,
leading to mortality of often more than 70% [86,87]. The pathophysiology of sepsis-induced
cardiomyopathy involves inflammation, immune and endothelial cell dysfunction, and
mitochondrial impairment [87,88].

Recent studies suggested that pyroptosis is an important pathogenetic mechanism of
sepsis-induced cardiomyopathy. NLRP3 inflammasome-mediated excessive inflammation
has been shown to contribute to myocardial dysfunction during experimental sepsis [89],
[90]. Furthermore, NIrp3 deletion protected mice from experimental sepsis while IL-18
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has been shown to reduce cardiomyocyte contractility and induce cardiomyocyte atrophy
[91]. A study using an LPS-induced cardiomyopathy model showed that accumulation of
cleaved GSDMD in the heart tissues coincides with release of cardiac troponin, creatin
kinase isoenzymes MB (CK-MB) and LDH into circulation, indicative of decreased cardiac
function and cardiac damage [50]. Global deletion of GSDMD attenuated LPS-induced
myocardial dysfunction and inflammation while also reducing mitochondrial dysfunction,
ROS accumulation and NLRP3 inflammasome activation [50], thereby suggesting a
mechanism for amplification of sepsis-induced cardiomyopathy.

A number of cell types, include macrophages [92], endothelial cells [93,94], neutrophils
[95,96], and platelets [54] undergo pyroptosis during sepsis. The importance of careful
evaluation of pyroptosis pathways and consequences in specific cell types is urgently needed
to understand whether pyroptosis could be a tangible target for intervention. For example,
while global deletion of Gsdmd or inhibition with disulfiram protected mice from multiple
organ injury in experimental sepsis, likely by reducing release of neutrophil extracellular
traps (NET) [95], neutrophil-specific deletion of Gsadmd using MRP8-Cre mice did not
protect mice from sepsis, but, rather unexpectedly, increased multiorgan dysfunction [97].

Engagement of pyroptosis in one cell type with subsequent release of proinflammatory
mediators instigates multiple cell types, often in distant organs or system-wide [54,98].
Sepsis induces inflammasome activation and pyroptosis in macrophages, resulting in
systemic release of tissue factor, which acts on platelets to trigger disseminated intravascular
coagulation and host death [92]. Therefore, one could speculate that a change in
hemodynamics due to platelet hyperactivity and clotting may be an additional factor
contributing to myocardial dysfunction in sepsis. On the other hand, cross-talk between

cell types dampen the inflammation and lead to recovery, as sepsis-induced IL-33 expansion
of innate lymphoid cells ILC2 illustrates a negative feedback mechanism involving IL-9
mediated prevention of pyroptosis in lung endothelial cells [58].

3.5. Where there’s smoke, there’s fire: CVD with emerging pyroptosis involvement.

As our attention to pyroptosis is growing, we are likely to find characteristic features of
pyroptosis in CVD beyond those listed above. There is plenty of evidence that stroke, an
acute cardiovascular event caused by arterial blockage or vascular rupture [99], results in
massive neuronal and microglial cell death, including by pyroptosis, in response to hypoxia
and/or hemorrhage. Since the pyroptotic death of brain cells is beyond the scope of this
work, the readers are directed to other sources [100].

There is a growing evidence of intricate relationships between inflammation and atrial
fibrillation, the most common cardiac arrhythmia that is associated with the risk of
thrombosis, stroke, and heart failure [101]. Infections, obesity, hypertension, coronary artery
diseases, and prior surgeries are among the factors that initiate inflammatory responses in
the atrial tissue leading to dysfunctional electrical and structural remodeling prior to atrial
fibrillation. Atrial tissue and cardiomyocytes from patients with atrial fibrillation were found
to have increased NLRP3-mediated caspase-1 activation, whereas genetic cardiomyocyte-
specific modification of NLRP3 inflammasome in animals correlated with dysfunctional
electrical and structural remodeling and sensitivity to atrial fibrillation [102]. Follow up
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studies documented GSDMD cleavage in atrial tissues and allowed to establish the role

of NLRP3 in linking atrial fibrillation with prior cardiac surgeries or obesity [103,104].
Paradoxically, homozygous deletion of GSDMD gene in human patients with non-familial
atrial fibrillation increased the risk of thromboembolic stroke [105]. The hypothesis put
forward by the authors of the study stating that deletion of GSDMD impairs clearance of
injured atrial myocytes and promotes thromboembolic stroke requires further testing.

An intriguing study using rats suggested that cold exposure, a known trigger of atrial
fibrillation, elevates plasma levels of gut metabolites, such as TMAO, which increases

M1 macrophage infiltration of atrial tissues and triggers caspase-1-dependent cleavage of
GSDMD not only in macrophages, but also in cardiomyocytes and cardiac fibroblasts

when they are co-cultured with macrophages [106]. Remarkably, cold exposure reduced gut
colonization by anaerobic intestinal symbiont Akkermansia muciniphila known to degrade
mucin and control plasma levels of TMAO, whereas oral supplementation with these
bacteria reversed cold-induced sensitivity to atrial fibrillation [106].

Pyroptosis activation is relatively poorly described in CVD characterized by increased

blood pressure despite the evident role of macrophages in the pathogenesis of pulmonary
artery hypertension and T cell role in systemic hypertension induced by high salt diet and
angiotensin 11 [107]. So far, relatively few studies suggesting involvement of pyroptosis in
the pathogenesis of systemic hypertension, pulmonary artery hypertension, and preeclampsia
rely on more than a single readout of pyroptosis [108-111]. Hence, more investigations

are likely to follow to determine how pyroptosis may contribute to the pathogenesis of
hypertension.

Aortic aneurysm is a life-threatening condition characterized by a balloon-like building in
the aorta due to remodeling of the extracellular matrix and aortic wall cell composition,
developing often as a complication of hypertension and atherosclerosis. Inflammation-
associated pyroptosis of VSMC, evidenced by induction of NPRL3, caspase-1 and GSDMD
has been recently reported in a mouse model of angiotensin ll-induced abdominal

aortic aneurysm [112,113]. Interestingly, aneurysm development, VSMC pyroptosis and
inflammation could be inhibited not only by disulfiram [112], but also by PNU-282987,

a specific agonist of a.7 nicotinic acetylcholine receptor [113]. These findings are so

far limited to a single mouse model of aortic aneurysm and need further exploration to
determine whether pyroptosis could be a valid target to reduce aortic aneurysm rupture.

In light of apparent involvement of apoptosis in the onset and potential inflammatory

state of congenital heart diseases [114,115], it is rather surprising that we have yet to see
publications on potential involvement of pyroptosis in those conditions. The hemodynamic
conditions of severe congenital heart diseases can lead to myocardial injury, heart failure and
hypoxia. These events are likely to be associated with inflammatory conditions predisposing
to inflammasome activation and possible downstream activation of pyroptosis. Panoptosis as
described above, may ultimately play an important role in all these cardiovascular processes.
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4. Cell-type specific features of pyroptosis in CVD.

Differential expression of sensors (PAMP, DAMP), mediators (NRLP, caspases) and
executioners (gasdermins) as well as pro-inflammatory mediators determine sensitivity to
pyroptosis and its consequences in a cell-type specific mode [16,120]. While some cells
display characteristic features of canonical and non-canonical pyroptosis pathways, there is
a considerable difference in the resistance to pro-pyroptotic signals and pyroptosis sequela
between stromal and immune cell types (Table 2 and Figure 1).

4.1. Macrophages and monocytes as targets, drivers, and regulators of pyroptosis in

CVD.

Molecular mechanisms and consequences of pyroptosis in macrophages have been studied
in the greatest detail. With the cardiovascular system, it is very important to consider
macrophage origin, i.e. whether they are yolk sac or fetal liver derived tissue resident
macrophages or adult bone marrow derived monocytes or recruited macrophages. Under
homeostatic conditions, the majority of cardiac and intravascular macrophages can be traced
to embryonic, primarily fetal liver, origin. The balance shifts toward bone marrow derived
monocytes and macrophages in myocardial infarction or chronic inflammatory conditions,
including atherosclerosis.

Compared to other cells, monocytes and bone marrow derived macrophage express the
highest levels of caspase-1, precursors of IL-1p and IL-18, and a spectrum of inflammasome
related proteins. Their arsenal of the TLRs, and potential for rapid transcriptional regulation
of pyroptosis-associated genes, poise them as drivers of pyroptosis during infections and
cardiovascular diseases (myocardial infarction, stroke, and atherosclerosis). Furthermore,
macrophage polarization (oversimplified by the M1 vs. M2 paradigm), plasticity, migration
and ability to produce massive amounts of IL-1p suggest that they can drive pyroptosis

in other cell types through inflammasome priming. Besides being sensitive targets of
pyroptosis, macrophages play a central role in propagation of pyroptosis to other cells of
cardiovascular system through release of inflammatory mediators via pyroptotic and non-
pyroptotic mechanisms when challenged by microbial products [92,106]. However, resident
cardiac macrophages are likely to prevent spontaneous pyroptosis in cardiomyocytes and
other cells under homeostatic conditions in the heart by taking up and degrading damaged
mitochondria from cardiomyocytes [23].

4.2. Distinct cleavage of GSDMD by elastase changes plasma membrane pores in
pyroptotic neutrophils.

Neutrophils are the most abundant leukocytes in human blood and are rapidly recruited

to the sites of inflammation [121]. By responding to microbial stimuli, chemokines and
cytokines and other cues from immune and stromal cells, these terminally differentiated
short-lived phagocytes have important proinflammatory and repair functions in CVD [122].
Activation of NLRP3, NLRP1b, NLRC4, AIM2 or Pyrin inflammasomes in neutrophils

has been reported to result in caspase-1-mediated cleavage of GSDMD and canonical
pyroptosis associated with release of mature IL-1p through membrane pores [53]. However,
several studies noted that instead of pyroptotic cell death observed in macrophages,
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activation of inflammasomes, caspase-1 or caspase—4/-11 with subsequent cleavage of
GSDMD in neutrophils results in release of NETSs rather than cell death [123,124]. The
distinctive feature of neutrophil pyroptosis pathways is that cleaved N-GSDMD does not
localize to the plasma membrane, but rather accumulates in the LC3* autophagosomes and
azurophilic granules [125]. There, N-GSDMD contributes to cytoplasmic release of elastase
and undergoes secondary cleavage resulting in a smaller 28-kDa fragment [125]. Caspase-
independent cleavage of GSDMD by neutrophil elastase following lysosomal membrane
permeabilization has also been reported [119]. The detailed analysis of pyroptosis in
neutrophils will be presented in the accompanying review in this series by Mohamed
Lamkanfi and Etienne Meunier. In this section, we will briefly outline aspects of neutrophil
pyroptosis and associated pathways that are most relevant to CVD.

Rapid and prominent infiltration of heart tissue by neutrophils augments severity and
expansion of injury during AMI [122]. Deletion of CaspI or Gsdmdimproved heart
functions, reduced mortality and release of IL-1f and LDH from unfractionated CD11b*
leukocytes in a mouse model of AMI [77,78]. However, no significant difference in LDH or
IL-1pB release was found between the neutrophils isolated from the ischemic hearts of wild-
type vs. Gsdma-/- mice [77]. On the other hand, AMI resulted in accumulation of reverse-
migrating inflammasome-primed neutrophils in the bone marrow [78]. GSDMD-dependent
release of IL1-B in neutrophils in the bone marrow after AMI stimulated granulopoiesis and
contributed to sustained influx of neutrophils into post-myocardial infarction heart [78].

Neutrophil pyroptosis has also been linked to occlusion of blood vessels and acute lung
injury during sickle cell disease. Caspase-4 activation of GSDMD and GSDMD-dependent
NET release in liver followed by intravascular NET travel to the lungs, resulting in
neutrophil-platelet aggregation [126]. However, it has also been reported that NET formation
by viable neutrophils after inflammasome activation is independent of gasdermin D and
pyroptotic cell death [127].

We anticipate that the use of neutrophil-specific conditional knockouts of GSDMD
and upstream mediators will uncover additional mechanisms of pyroptosis regulation in
neutrophils that are distinct from macrophages [97,128], especially in the context of CVD.

4.3. Multilevel regulation of pyroptosis in cardiomyocytes.

There are many reports claiming induction of pyroptosis in cardiomyocytes based on
limited characterization the morphology and criteria of pyroptosis and lack of exclusion

of other forms of cell death. Furthermore, limited availability and viability of primary
cardiomyocytes in culture resulted on reliance on the cardiomyoblast cell line H9c2 in those
studies. In our analyses of the literature on cardiomyocyte pyroptosis, we relied on the
adopted definition of pyroptosis and guidance for evaluation of cardiomyocyte cell death
[15,129].

Compared to macrophages, cardiomyocytes express relatively low levels of pro-caspase-1,
IL-1B, and IL-18. Thus, activation of inflammasomes restricted to cardiomyocytes has
been considered less inflammatory (reviewed in [16]). A study demonstrating effects

of TMAQO on primary rat macrophages, fibroblasts and cardiomyocytes, pyroptosis in
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cardiomyocytes and fibroblasts was detectable only in the presence of macrophages in

the Transwell culture system, with the lowest extent of caspase-1 and GSDMD cleavage
in cardiomyocytes in comparison with fibroblasts and macrophages [106]. In addition,
transcriptional repression of NLRP3 inflammasome by GDF11-TGFB-SMAD2/3-HOXA3
pathway renders cardiomyocytes relatively resistant to pyroptosis [79]. Cardiomyocytes
may also reduce the risk of going into pyroptosis or other forms of programmed cell

death by eliminating compromised mitochondria through exophers [23]. Those autophagy-
derived specialized vesicles containing dysfunctional mitochondria are phagocytosed and
silently eliminated by a network of cardiac macrophages under homeostatic conditions
[23]. Yet, activation of NLRP3 inflammasome, GSDMD cleavage and other features of
pyroptosis have been described in cardiomyocytes after ischemia/reperfusion in vivo and
hypoxia/reoxygenation in vitro [117] as well as in human cardiomyocytes during dilated
cardiomyopathy [118]..

Careful analyses of cell death morphology, along with multiparameter imaging to co-
localize active caspase-1 and cleaved GSDMD to cardiomyocytes will help in verifying
cardiomyocyte pyroptosis in AMI and other heart diseases. The use of induced pluripotent
stem cell-derived cardiomyocytes or application of cardiomyocyte-specific conditional
Gsdmatknockouts by crossing the mice with cardiac-specific a-myosin heavy chain Cre
drivers with Gsdmd/fl mice will help with mechanistic studies [130].

4.4. Pyroptosis in platelets.

Platelets, small anucleate cell fragments released by megakaryocytes, play central roles

in safeguarding vascular integrity [131]. Traditional view of platelets as initiators of
clotting and hemostasis by aggregation has been greatly expanded in recent years. It has
become clear that platelets are intricately involved in regulation of innate and adaptive
immune responses and the pathogenesis of acute and chronic inflammatory disorders [132].
Activation of caspase-1 by NLRP3 inflammasome in platelets resulting in increased release
of IL-1p and IL-18 was described in humans infected with dengue virus [133] and in

rats after experimental sepsis induced by cecal ligation and puncture (CLP) [134]. In

both studies, excessive activation of platelet inflammasome resulted in increased vascular
permeability and inflammation, although it is not clear whether the process of pyroptosis
was indeed engaged. Pyroptosis in platelets was also described in patients with primary
immune thrombocytopenia (ITP), a common acquired autoimmune disease characterized
by low platelet counts and increased risk of bleeding. Reduced platelet antioxidant activity
was associated with expression and activation of NLRP3 inflammasome, active caspase-1
and increased platelet 1L-1p release [135]. Unfortunately, the study identified caspase—1*/
annexin V™ platelets as pyroptotic cells but did not assess GSDMD cleavage and formation
of membrane pores, essential features of pyroptosis.

Notably, our group recently confirmed expression of NLRP3, ASC, IL-1p and GSDMD

in septic platelets using a series of complementary techniques and demonstrated the
deleterious effects of platelet GSDMD-dependent pyroptosis in severe sepsis [54]. In human
patients with sepsis and in a mouse model of CLP-induced sepsis, platelets displayed
characteristic features of pyroptosis (cell swelling, plasma membrane rupture, and release of

Semin Immunol. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yarovinsky et al.

Page 13

cytosolic content) associated with cleavage of GSDMD. Platelet pyroptosis was apparently
triggered by recognition of SI00A8/A9 alarmin protein by TLR4 and resulted in release

of ox-mtDNA from platelets, subsequently contributing to NET formation and amplifying
the vicious feedforward cycle as additional SI00A8/A9 was released from NETS [54].
Importantly, mice with platelet-specific condition deletion of GSDMD (PF4¢reGsdmdfl/f
had significantly reduced numbers of swollen platelets, attenuated NET formation, reduced
plasma levels of IL-1pB, and improved survival after CLP [54]. Platelet pyroptosis was

also effectively inhibited by paquinimod, which prevents binding of SLT00A9 to TLR4,

as evidenced by reduced activation of NLRP3 and caspase-1 and diminished cleavage of
GSDMD [54]. Furthermore, a mitochondrial-specific ROS scavenger, MitoTempo, inhibited
sepsis-induced caspase-1 activity, release of ox-mtDNA, and NET formation, suggesting that
mitochondrial ROS activate caspase-1 and induce platelet pyroptosis.

Pyroptosis occurring in cells other than platelets, i.e., macrophages, may result in release
of tissue factor, which hyperactivates platelets and causes disseminated intravascular
coagulation and death [92]. Conversely, platelets may regulate pyroptosis in other cells
as yet to be fully characterized combination of constitutive heat-sensitive soluble platelet
factors enhances macrophage and neutrophil NLPR3 transcription, caspase-1 activity and
IL-1p secretion [136]. Furthermore, platelet-derived microparticles loaded with NLRP3
enhance pyroptosis of endothelial cells in antiphospholipid syndrome [137].

As we are still learning the mechanisms and sequela of canonical pyroptosis in platelets
(Figure 2), further investigation is called for to determine whether the non-canonical
pathway of pyroptosis (i.e., requiring caspase—4/5 in humans and caspase—11 in mice) has a
place in platelets. It remains to be seen whether platelet pyroptosis occurs and is important
in CVD with ROS burden but without direct infectious etiology.

4.5. Stromal cells (fibroblasts and endothelial) cells are relatively refractory to pyroptosis

triggers.

Cardiac fibroblasts play essential roles for maintenance of heart homeostasis and regulation
of adaptive or pathogenic remodeling. Although pyroptosis was demonstrated in cardiac
fibroblast after myocardial infarction [57,76] and atrial fibrillation [106], they seem to

be relatively refractory to triggers of pyroptosis and require inflammasome priming by
inflammatory mediators or other signals, likely coming from macrophages.

Endothelial cells undergo pyroptosis in atherosclerosis, apparently in response to the TMAO
exposure [51] and after experimental endotoxemia [93]. However, endothelial cells are
resistant to intracellular LPS as the crosstalk of STING and NLRP3 pathways in response to
mtDNA suppresses EC proliferation with little evidence of pyroptosis [138].

4.6. Pyroptosis of mural cells (VSMC and pericytes) may affect vascular integrity and
barrier function.

Collectively called mural cells, VSMC and pericytes are involved in regulation of vascular
development, remodeling, and integrity [139,140]. Caspase-1-dependnet pyroptosis of

pericytes after thrombaosis has been shown to contribute to increased vascular permeability
and disruption of blood-brain barrier [141,142]. Similar pathways of pyroptosis have been
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described in VSMC during atherosclerosis, pulmonary artery hypertension, and abdominal
aortic aneurysm [71,110,112,113]. However, many questions remain unresolved given
VSMC heterogeneity and plasticity. For example, it is not known whether pyroptosis
sensitivity, pathways and consequences differ between contractile vs. synthetic VSMC
after vascular injury and remodeling. It is also not clear whether VSMC susceptibility

to pyroptosis is increased after their trans-differentiation and acquisition of macrophage
phenotype in atherosclerotic plaques. Single cell functional and multiomics analyses of
vascular cells may help address those questions in the near future.

4.7. Lymphocytes and innate lymphoid cells.

Low levels of caspase-1 and IL-1f expression in lymphocytes suggest limited role of
pyroptosis in this cell type in relation to CVD. However, the finding that group 2 innate
lymphoid cells protect endothelial cells from pyroptosis via IL-9 in sepsis [58] may generate
an interest in using 1L-9 for minimizing the impact of pyroptosis in other conditions.

5. Tools for pyroptosis research and intervention in cardiovascular

diseases.

Development of small molecule inhibitors, fluorescent reporters, and genetic tools, along
with communal guidelines, particularly benefited apoptosis research and spurred interest in
other forms of programmed cell death. The explosion of publications on cell death prompted
discussion and adoption of recommendations for nomenclature of the forms of regulated and
guidelines for evaluating myocardial cell death [15,129]. At the same time, identification

of gasdermins as key mediators of pyroptosis led to expansion and refinement of available
tools and approaches to characterizing pyroptotic pathways and development of genetic

and small molecule inhibitors of pyroptosis [8,9,59]. In addition to the global Gsdmad-

and Gsdme-knockout mice [8,9,67], cell type-specific conditional or inducible deletion of
GSDMD is now feasible using Gsamad/f mice [54,108,128].

The use of genetically modified mice with targeted deletions and mutations in genes
encoding inflammasome components, specific caspases and gasdermins, as well as factors
driving clonal hematopoiesis, enabled mechanistic studies on the roles of pyroptosis and
upstream pathways that are extremely difficult or impossible to carry out in larger animals
or clinical settings. Yet, it is important to be vigilant about the limitations of mouse and
other animal models, when translating the findings to design of therapeutic interventions of
CVD in humans. The differences in lipoprotein profiles and characteristics of the plaque
progression between humans and the most frequently used mouse models of atherosclerosis
(ApoE-/-and Ldlr—/- mice on high fat diet) are well characterized and acknowledged

as limitations. The advent of advanced genetic engineering tools, such as CRISPR-Cas9
gene editing, spurred interest and effort to develop and adopt alternative models such

as genetically-modified rodents (hamsters and guinea pigs) [143], rabbits [144] and pigs
[145]. Similar concerns due were raised for other models of CVD due to physiological,
morphological, and genetic differences between mice and humans, prompting studies of
inflammasome and pyroptosis involvement in atrial fibrillation in dogs [102] and myocardial
infarction in pigs [146]. Those complex animal models are important for advancement to
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clinical trials, but they are not likely to completely replace mouse models for basic research
and early preclinical studies due to time, cost, and ethical considerations, when advantages
and limitations of the mouse models are carefully assessed [147,148].

Given the complexity of the pyroptosis pathways and extensive crosstalk between different
forms of the programmed cell death, factors that target pyroptosis triggers, prevent activation
of inflammasomes and inhibit inflammatory caspases may provide broader protection from
pyroptosis and necroptosisand related sequelae. Paquinimod, an inhibitor of SI00A8/A9
binding to TLR4, breaks the vicious cycle of platelet pyroptosis in severe sepsis [54] and
shows protective effects in a model of myocardial infarction by reducing IL-1pB-dependent
granulopoiesis [149]. Necrosulfonamide, an inhibitor of necroptosis in human cells, which
binds to human but not mouse MLKL, was shown to bind to Cys191 of human GSDMD
and to inhibit pyroptosis in human and mouse macrophages as well as improve survival

in experimental sepsis [60]. The cell permeable peptide Ac-FLTD-CMK that inhibits
inflammatory caspases—1, —4, -5, and —11 is widely used to prevent GSDMD cleavage. In
addition, a caspase-1-specific prodrug inhibitor belnacasan, also known as VVX-765 (Vertex
Pharmaceuticals) is widely used in preclinical research showing protective effects against
myocardial infarction in combination with platelet inhibitors in rats [71,150]. It progressed
to Phase 2 clinical trials for various indications but showed poor efficacy. Another elegant
approach is worth mentioning as it uses the pyroptosis pores to deliver nanobodies that can
dismantle ASC specs of inflammasomes and reduce inflammation [151].

6. Reduction of recurrent cardiovascular events in patients using IL-1p-specific monoclonal
antibody canakinumab indicates that limiting inflammation is an important goal in
management of chronic CVD [64]. It remains to be determined whether inhibition of
pyroptosis reducing cell death and release of IL-1p and IL-18 could be more effective

than inhibition of IL-1p alone and achieve better results in chronic CVD and acute
cardiovascular events. Several small molecule inhibitors of NLRP3 inflammasome activation
reached clinical trials in hope of blocking inflammation upstream of IL-1p release in

CVD and COVID-19 [152]. One of the candidates, dapansutrile, demonstrated safety and
improvement of left ventricular ejection fraction in patients with heart failure in a Phase

1b study [153]. Targeting of the Cys191 residue of human GSDMD by necrosulfonamide
[60] or its succination by dimethyl fumarate [61] could be effective approaches to inhibit
GSDMD-dependent pore formation and reduce severe inflammation. Disulfiram, an FDA
approved drug for treatment of alcohol addiction, was identified in a high-throughput
screening as a potent inhibitor of GSDMD pore formation through prevention of S-
palmitoylation of Cys191 of GSDMD [12,59] and showed efficacy in several preclinical
models of sepsis[95], abdominal aortic aneurism [112] and pulmonary hypertension [110]
Therefore, repurposing disulfiram for inhibition of pyroptosis and reduction of inflammation
seems an easy way to enter the clinical trials with CVD in sight. Several important questions
would need to be addressed before GSDMD-targeted therapeutics can be approved: What is
the fate and impact of the “zombie” Gsdma-/- macrophages loaded with IL-1p that were
reported to accumulate in a model of atherosclerosis exacerbated by clonal hematopoiesis
[70]? Does inhibition of GSDMD raise the risks of acute cardiovascular events similar to the
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increased risks of thromboembolic stroke in atrial fibrillation patients with GSDMD gene
[105]? Does inhibition of GSDMD pores impair host immunity to any infectious agents?

Conclusions

Pyroptosis contributes to the pathogenesis of cardiovascular diseases by amplifying
inflammatory responses to bacterial products, hypoxia and ischemia/reperfusion, metabolic
stress, and mitochondrial DNA. Inflammasome-dependent activation of inflammatory
caspases that cleave gasdermin D and other gasdermins resulting in formation of selective
pores at the plasma membrane has been described in tissue resident and circulating

immune cells, cardiomyocytes, fibroblasts, endothelial cells, pericytes, and vascular smooth
muscle cells. Cell-specific gene expression signatures and complex networks of local and
distal cell interactions determine sensitivity to pyroptosis and its consequences. In some
circumstances, concomitant activation of other forms of PCD besides pyroptosis is involved
in pathophysiology of CVD. Detailed characterization of pyroptosis cascades, gasdermin-
specific small molecule inhibitors of pore formation and upstream inhibitors opens a

new perspective for designing novel therapeutic strategies to dampen severe inflammation
during chronic cardiovascular diseases and reduce the risks and mortality due to acute
cardiovascular events.
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NET neutrophil extracellular trap

Ox-LDL oxidized low density lipoprotein

PCD programmed cell death

ROS reactive oxygen species

SDHB succinate dehydrogenase complex subunit B

TMAO Trimethylamine N-oxide

VSMC vascular smooth muscle cells
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Highlights
. Pyroptosis, a form of regulated/programmed cell death, contributes to the
pathogenesis of chronic and acute cardiovascular diseases by intensifying
inflammation.
. Multiple cell types within the cardiovascular system respond variably and

coordinately, to triggers of pyroptosis.

. Cell-specific mechanisms exist to regulate pyroptosis during homeostasis or
cardiovascular disease.

. Pyroptosis is an attractive target for pharmacological intervention to reduce
excessive inflammation during cardiovascular disease.
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Figure 1:
A simplified cartoon highlighting the role of cardiac mtDNA as a trigger and mediator of

pyroptosis and complex interactions of various cell types with regards to pyroptosis after
myocardial infarction or sepsis. The illustration is based on [54,77,92,149] and drawn with
BioRender templates.
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Figure 2.
Mechanisms and possible roles of platelet pyroptosis in CVD.
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Table 1.

Common and distinct features of pyroptosis, apoptosis, and necroptosis.

Page 30

dimethyl fumarate,
necrosulfonamide

(in human cells)

Forms of cell Pyroptosis Apoptosis Necroptosis PANoptosis Refs.
death
Relation to Pro-inflammatory Anti-inflammatory Pro-inflammatory Pro-inflammatory [2,31,36-38]
inflammation
Triggers Bacterial toxins, Death ligands (FasL), Death ligands, Viral proteins, [3,21,22, 50-52]
intracellular LPS, mitochondrial stress intracellular viral TNF, IFNYy, nuclear
Trimethylamine N-oxide RNA export inhibitors
(TMAO), ox-mtDNA Selinexor (KPT-330)
and Eltanexor
(KPT-8602)
Sensors PAMPs, DAMPs, Death receptors Death receptors TAK1, ZBP1 [36], [53], [54],
NLRP1, NLRP3, NLRC4 | (TNFR1, Fas), (TNFR1, Fas), [55]
TLRs, ZBP1
Mediators Inflammasome (NLRP1, Apoptosome Necrosome (RIPK1, ZBP1 and AIM2 [31]
NLRP3, NLRC4, AIM2) | (APAF1) RIPK3, MLKL) PANoptosome
Key effectors Caspase-1, caspase-4, Caspase-3, caspase-7, MLKL Caspase-1, [7,36-38,43,56]
and caspase-5, caspase-8, caspase-8 caspase-3,
executioners caspase-11 caspase-8,
caspase-6, MLKL
Pores and pore Plasma membrane (~10- Mitochondrial Plasma membrane Plasma membrane [8-10,53]
executioners 20 nm), Gasdermin D and | outer membrane (~4 nm), MLKL pores and rupture
other Gasdermins permeabilization,
BAX/BAK
Specific features | Membrane pores, intact Membrane blebbing, Cell swelling, Cell swelling, [31]
nuclei nuclear condensation membrane rupture membrane pores and
rupture
Inhibitors NIX, CLMP, , cFLIP, XIAP, zVAD cFLIP, necrostatin-1, Dickkopf-1, [47,48,55,57—
IL-9, disulfiram, necrosulfonami de FUNDC1 61]
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Table 2.

Examples of cardiovascular diseases associated with pyroptosis in specific cell types.

Page 31

Cardiovascular
Disease

Cell type(s) involved

Pyroptosis agonists and mediators

Pyroptosis Antagonists

Refs.

Atherosclerosis Macrophages Ox-LDL, AIM2, caspase-1, NIX [6,65-67,70,116]
caspase-11, —4/5, GSDMD, GSDME
VSMC GSDMD, caspase-1, AIM2 Belnacasan/VX-765 [71,73]
(caspase-1 inhibitor)
Endothelial cells TMAOQO, mitochondrial SDHB, ROS, [51]
NLPR3, caspase-1
Myocardial infarction Cardiac fibroblasts NLRP3 CLMP [57,76]
Cardiomyocyte NLRP3, ROS, doxorubicin, GSDMD GDF11, HOXAS3, [79,117,118]
Neutrophils GSDMD [77,78]
Diabetic Cardiomyocytes ROS, TXNIP, chemerin and [83,84]
cardiomyopathy its receptor CMKLR1, NLRP3,
caspase-1
Sepsis and septic Platelets S100A8/A9, TLR4, NLRP3, Paquinimod (inhibits [54]
shock, sepsis-induced caspase-1, GSDMD S100A8/A9 binding to
cardiomyopathy TLR4)
MitoTempo, a
specific scavenger of
mitochondrial superoxide
Cardiomyocytes LPS+nigericin, NLRP3, caspase-1, VX-765, MCC950 [50]
GSDMD, ROS
Macrophages GSDMD, Tissue Factor [98]
Neutrophils GSDMD undergoes secondary [95,97,119]
cleavage by elastase.
Endothelial cells GSDMD ILC2-derived IL-9 [58]

protects EC from
pyroptosis

Atrial fibrillation

Cardiomyocytes

TMAO, NLRP3, caspase-1, GSDMD

[102-104,106]

aneurism

Macrophages TMAQ, caspase-1, GSDMD Akkermansia muciniphila | [106]
Cardiac fibroblast TMAQ in co-culture with Akkermansia muciniphila | [106]
macrophages

Hypertension Cardiomyocytes GSDMD, IL-18 [108]
Pulmonary artery Pulmonary artery Hypoxia, GSDMD Disulfiram [110]
hypertension VSMC

Endothelial cells Caspase-4, =11, GSDMD [111]
Preeclampsia Trophoblasts NLRP3, GSDMD, IL-1p, IL-18 [109]
Abdominal aortic VSMC NLRP3, caspase-1, GSDMD Disulfiram, a7 nicotinic [112,113]

acetylcholine receptor
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