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Myocardial ischemia-reperfusion injury (MIRI) is caused by several mechanisms, including the production of
reactive oxygen species (ROS), altered cellular osmolarity, and inflammatory response. Calcium overload, altered
oxygen levels, and mitochondrial ROS are also involved in these MIRI processes, resulting in the irreversible
opening of the mitochondrial permeability transition pore (mPTP). These mechanisms and processes are
associated with NLRP3 inflammasome priming and activation, which can also induce cell death by pyroptosis
through the up-regulation of the caspase-1 pathway and IL-18 release. In addition, endothelial dysfunction, both in
the presence and absence of MIRI, is also accompanied by altered oxygen levels, decreased nitric oxide
production, and ROS overproduction, resulting in the expression of adhesion molecules and leukocyte infiltration in
which the NLRP3 inflammasome plays a central role, thus contributing, through endothelial dysfunction, to the
alteration of coronary flow, typical of ischemic heart disease. Given the intricate interrelationship between ROS and
NLRP3, ROS inhibitors can reduce NLRP3 inflammasome activation, while NLRP3 inhibitors can reduce oxidative

stress and inflammation.

inflammation reactive oxygen species ischemia/reperfusion injury

| 1. Introduction

Myocardial ischemia-reperfusion injury (MIRI) is the aggravation of myocardial damage caused by the rapid
reperfusion of ischemic myocardium. In fact, reperfusion causes further damage to the ischemic tissue in the
experimental and clinical scenarios of ischemic heart diseases (IHD). The reperfusion damage and subsequent cell
death occur primarily as a consequence of massive reactive oxygen production (ROS) production, altered cellular
osmolarity, and subsequent inflammatory response, including neutrophil infiltration. The inflammatory response not
only affects the local aspect but is generalized and, in severe cases, can lead to a syndrome of multiorgan
dysfunction . Coronary circulation is both the culprit and victim of MIRI, which is caused by complex mechanisms
that include intracellular, extracellular, and mechanical processes, all intertwined with inflammatory processes 28],
Among the inflammatory processes that are triggered by ROS but which in turn generate and exacerbate redox-
related pathologies, researchers are paying particular attention to the activation of Nod-like receptor (NLR)
proteins, particularly the NLR pyrin domain containing 3 (NLRP3) ¥, which is the main and most characterized
member of the NLR family &,

Actually, NLRs are a protein family of intracellular sensors, whose members share a conserved central nucleotide

bond, an oligomerization domain (NOD), and a variable N-terminal effector domain and are rich in leucine repeat
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(LRR) (G178,

Therefore, the innate immune system intervenes in IHD through the recognition of receptor patterns (PRR) capable
of detecting the presence of both pathogenic microbes and other endogenous or exogenous pathogens, such as

damage-associated molecular patterns (DAMPs) or pathogens (PAMPs) [,

The activation and regulation of the NLRP3 inflammasome is a complex two-step process consisting of priming and
activation. Upon recognition of PAMP or DAMP, the inflammasome is primed. The first phase, or priming, is carried
out through the activation of the nuclear factor kappa B (NF-kB) pathway, which leads to the up-regulation of
NLRP3 and pro-IL-1p proteins and changes in the post-translational modifications (PTMs) of NLRP3, such as
ubiquitination and phosphorylation, which empower NLRP3 and promote inflammasome assembly. After priming,
the second phase, or activation phase, leads to conformational changes in NLRP3 and PTMs that enable NLRP3
oligomerization and consequently inflammasome activation. This phase is characterized by an up-regulation of the
protein expression of some components of inflammasomes (NLRP3, apoptosis-associated speck-like protein
(ASC), caspase-1, and pro-interleukin (IL-1B). Upstream, inflammasome activation is also regulated by various ion

signals (K*, Ca2*, CI7), mitochondrial dysfunction, and lysosome disruption [0,

MIRI Activates Various Cell Death Pathways

Numerous cell death pathways, including but not limited to pyroptosis, apoptosis, necrosis, and autophagy, are
present in MIRI B4, An important mechanism of MIRI is sterile inflammation with subsequent pyroptosis cell death
4. Therefore, NLRP3 perceives cardiomyocyte injury and enrolls an ASC (apoptosis-associated speck-like protein
carrying a CARD (C-terminal caspase recruitment domain) and procaspase-1 to shape inflammasome complexes,
which initiate the pyroptosis pathway. This involves gasdermin D (GSDMD) activation, which represents the
classical pathway of pyroptosis cell death 1. NLRP3 activation is the major player in this type of controlled
cardiomyocyte cell death, which is characterized by the development of cell membrane holes, the release of pro-
inflammatory cytokines, and cell lysis Bl. Specifically, pyroptosis is a mode of cell death by which the immune
system responds to endogenous damage and pathogens. Indeed, pyroptosis has been defined as a sort of
programmed GSDMD/NLRP3-dependent necrosis and is mediated by GSDMD cleavage by caspase-1 (12,
Apoptosis and pyroptosis are similar in that both involve DNA damage, a positive terminal deoxynucleotidyl TUNEL
(transferase-mediated UTP nick end-labeling) result, and the presence of annexin-5. However, in contrast to
apoptosis, pyroptosis damages the cell membrane quickly and irreparably 2. Both pyroptosis and apoptosis
exhibit chromatin condensation, even though the nucleus remains intact in apoptosis. Since in pyroptosis, a pivotal
role is played by GSDMD, the deletion of the GSDMD gene prevents both pyroptosis and IL-1(3 secretion by
macrophage cells 141,

Of note, functional and physiological autophagy, another regulated cell death, would have the overall effect of
minimizing NLRP3 activation and reducing cytokine secretion. However, abnormalities in autophagy pathways may
result in ineffective or incomplete autophagy and mitophagy, thereby inducing the activation of NLRP3 and

exacerbating myocardial damage 2213l Mmitophagy is also among the mechanisms activated by MIRI. Lemasters
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introduced the term mitophagy in 2005 to highlight a very particular autophagic process that affected the
mitochondria (28l Indeed, mitophagy is a process aimed at maintaining mitochondrial homeostasis at the cellular

level, which causes the degradation of dysfunctional mitochondria 12,

Recently, ferroptosis has been reported among the cellular death modalities activated by MIRI 28], Ferroptosis is an
iron-dependent form of controlled cell death characterized by intracellular iron overload and redox system
dysfunction, inducing lipid peroxidation. It is closely correlated with the induction of inflammatory signaling
pathways, such as JAK-STAT, NF-kB, inflammasome, cyclic GMP—-AMP synthase (cGAS)-stimulator of interferon
genes (STING) pathway (cGAS-STING), and MAPK signaling pathways, and vice versa. As a matter of fact, the
inflammatory response is a significant factor in challenges with iron metabolism and redox system dysfunction 2],
Additionally, mTOR is involved because its deletion causes an excessive amount of cell death, while high levels of
mTOR block the cell death brought on by the inducer of ferroptosis, erastin 28l Actually, the mechanism underlying
ferroptosis is not fully understood, but it is unquestionably related to mitochondrial dysfunction 29, Indeed, a
reduction in mitochondrial volume, an increase in the density of the bilayer membrane, and a rupture of the outer
mitochondrial membrane have all been observed, suggesting that the morphology and size of the mitochondria can
be affected (211,

| 2. Mechanisms Involved in MIRI and Interactions with NLRP3

The main mechanisms involved in MIRI (Figure 1) and intertwined with NLRP3 include ROS production, calcium

overload, mPTP opening, MiRNAs, and endothelial dysfunction.
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Figure 1. Factors involved in determining myocardial ischemia/reperfusion injury. Mitochondrial permeability

transition pores, mPTP.

2.1. Production of ROS

Following MIRI, a large amount of ROS is produced during the early stages of reperfusion. During ischemia and
reperfusion, ROS are produced by different mechanisms at the mitochondrial level, but they can also be produced
by the intervention of cellular enzymes, such as NADPH oxidases (NOX) family, cyclooxygenase (COX) and
lipoxygenase (LOX) [22. These ROS are capable of causing cellular damage by inducing lipid peroxidation,
disrupting cell signaling pathways, and activating pro-inflammatory factors. The high production of ROS results in
the opening of mitochondrial permeability transition pores (mPTP), leading to mitochondrial damage 17 and the
induction of ROS-induced ROS release (RIRR). ROS during MIRI promotes tissue inflammation and the activation
of the NLRP3 complex in various organs, including the heart. In addition, it appears that NLRP3 itself directly or
indirectly induces ROS production at the mitochondrial level (23!, ROS are able to induce the synthesis of cytokines,
including IL-18, inducing the inflammatory state of tissues and promoting both apoptosis and calcium overload.

Thus, the high amount of ROS results in cell death, including apoptosis and pyroptosis. ROS production also
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appears to be induced by its ability to induce the release of inflammatory factors. Thus, ROS are involved in a
number of early and late self-ingravescent mechanisms. Despite the well-known deleterious effects, low levels of
ROS have an essential, albeit double-edged, role in cardioprotection [24I231126]  Simjlarly, a double-edged role has
been reported for NLRP3 [ZZ[28] This double-edged role for NLRP3 is shown in animal model NLRP3 knockout
(KO) where the cardioprotective effects of ischemic preconditioning are reduced and the levels of signal
transducers and activators of transcription 3 (STAT3) proteins are decreased in this animal model 7281 ASC,
another component associated with NLRP3, appears to have a protective role, although the number of studies is
currently very small. In a mouse model of ASC-/-, no action on ischemic preconditioning-induced protection was
demonstrated for this factor. Indeed, ASC deficiency had no effect on an ischemic preconditioning protocol 28,
However, in another work, it was reported that either the absence of NLRP3 or of ASC determined the loss of

protection (221, Obviously, further studies are necessary to clarify these discrepancies.

2.2. Calcium Overload

As a result of MIRI, a disordered calcium distribution is established, leading to dysfunctional calcium homeostasis,
and an anomalous increase in intracellular calcium concentration, also referred to as calcium overload, develops.
This overload also affects the mitochondrial level and is accompanied by both a decrease in mitochondrial
membrane potential and ATP content and mPTP opening. A close correlation between calcium overload/NLRP3
expression/pyrotosis has been demonstrated in several tissues, including the heart 2129 Calcium overload in
MIRI operates as an excitatory element of oxidative stress, which in turn induces inflammasome formation 1.
Notably, Mo et al., in a hypoxia/reperfusion (H/R) model of adult rat cardiomyocytes, demonstrated that calcium

overload can induce pyroptosis by up-regulating the NLRP3/caspase-1 pathway (211,

2.3. Role of mPTP Opening

Mitochondria are the central nodes of the cell and are in charge of cellular energy production through oxidative
phosphorylation (OXPHOS) 22, These organelles are influenced negatively by both low oxygen levels following
ischemia and, as seen previously, by ROS produced during the early stages of reperfusion. Both of these factors
participate in cell death due to the irreversible opening of the mPTP 23, The opening of the mPTP leads to a loss
of mitochondrial membrane potential (AWm), a loss of OXPHOS activity, and a subsequent drastic reduction of ATP
34 This leads to mitochondrial osmotic shock and the rupture of the outer mitochondrial membrane and,

consequently, to all forms of cardiomyocyte death, including pyroptosis =31,

2.4. Endothelial Dysfunction

Endothelial dysfunction involves the decreased production of nitric oxide (NO), expression of adhesion molecules,
the adhesion of leukocytes to the endothelium, and the infiltration of leukocytes. All these phenomena are
mechanisms involved in MIRI, leading to the so-called “no-reflow phenomenon”, which is especially due to limited
NO availability, resulting in vasoconstriction and micro-thrombus formation in the lumen of small vessels [BIE8IE7, |n

endothelial dysfunction, the activation of NF-kB and other transcription factors, with increased expression of cell
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adhesion molecules, play a pivotal role in inducing inflammatory processes BI38l Of note, NF-kB is central to
NLRP3 priming and activation [2I38],

Another harmful aspect induced by early reperfusion is inflammatory damage mediated by the activation of mast
cells and neutrophils, whose products act as chemoattractants for other leukocytes B9, Recently cathepsins,
proteases involved in multiple pathophysiological roles, have attracted the attention of researchers. In particular,
cathepsin G, a modulator of neutrophil chemoattractant, induces morphological modifications that break focal
adhesion and intracellular contacts with cardiomyocytes and is involved in MIRI B249  |ndeed, cathepsin G
inhibition with DCCI (dual inhibitor of cathepsin G and chymase) limits MIRI and damages 11,
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