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Cardiovascular disease (CVD) continues to be the leading cause of mortality worldwide. The nucleotide oligomerization domain-, leucine-rich repeat-, and pyrin domain-containing protein 3 (NLRP3) inflammasome is involved in numerous types of CVD. As part of innate immunity, the NLRP3 inflammasome plays a vital role, requiring priming and activation signals to trigger inflammation. The NLRP3 inflammasome leads both to the release of IL-1 family cytokines and to a distinct form of programmed cell death called pyroptosis. Inflammation related to CVD has been extensively investigated in relation to the NLRP3 inflammasome. In this review, we describe the pathways triggering NLRP3 priming and activation and discuss its pathogenic effects on CVD. This study also provides an overview of potential therapeutic approaches targeting the NLRP3 inflammasome.
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Introduction

Cardiovascular disease (CVD) is a leading threat to public health in the modern era (1). Since studies have demonstrated the role of immunology in the progression of atherosclerosis (2), an increasing number of CVDs have been linked to inflammation. Despite strong evidence that inflammatory processes contribute significantly to the development and progression of CVD, the specific mechanisms underlying these processes remain unclear.

As an important indicator of damage to cardiovascular tissue and a member of the nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) family, NOD-like receptor protein 3 (NLRP3) is a pattern recognition receptor (PRR). Numerous immune stimuli, such as microbial pathogen-derived molecules and extracellular or intracellular damage-associated molecular patterns, can activate NLRP3. NLRP3 recruits apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), which is linked to procaspase-1, to assemble the inflammasome. It promotes the maturation of IL-1β and IL-18. Both innate and adaptive responses are involved in the inflammatory mechanisms of CVD. IL-1β and IL-18 are key mediators of these mechanisms, and preclinical and clinical data from studies of drugs that target these molecules are available (3, 4). The role of the NLRP3 inflammasome in CVD is outlined in this review, along with the latest advances and potential therapeutic benefits of blocking the NLRP3 inflammasome.





NLRP3 inflammasome

Since its initial discovery, inflammasome studies have emerged as the main focus of innate immunity research. Leukocytes express NLRP3, as do other cardiovascular system cells, such as cardiomyocytes (5). Direct induction of inflammasome formation is a crucial function of intracellular PRRs. NLRP1, NLRP3, NOD-, LRR-, pyrin, absent in melanoma 2 (AIM2) and caspase recruitment domain (CARD)-containing protein 4 (NLRC4) are the five intracellular PRRs that are known to be inflammasome receptors (6). NLRP1, NLRP3, NLRC4, Pyrin, and AIM2 each play distinct roles and causes. NLRP3 is activated by numerous pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), and it separates from other proteins (7). The three components of the NLRP3 inflammasome include procaspase-1, apoptosis-associated speck-like protein containing a CARD (ASC), and NLRP3 (8). The NLR proteins have a bilateral organization: the central domain NODS (9), the C-terminal LRR domain, and the N-terminal effector domain (10, 11). NLRP3 uses pyrin as the N-terminal effector and shares the same structure as NLR.

ASC is a protein that resembles a speck and connects procaspase-1 to NLRP3. An N-terminal PYD and a C-terminal CARD make up its two domains (12). Through the homotypic CARD–CARD reaction, the CARD on ASC could be linked to procaspase-1, and the PYD on ASC establishes a strong bond with pyrin on NLRP3 via a comparable connection (13–15). Procaspase-1 oligomerization on ASC fibers facilitates proximity-driven autocatalytic caspase-1 evolution in addition to electing procaspase-1 and establishing a connection with PYD on NLRP3 (16). The effector protein of the inflammasome is called procaspase-1. Autocatalytic evolution involves the breakdown of procaspase-1 into caspase-1. For human homeostasis, cleaved caspase-1 is an essential proteolytic enzyme. An active heterotetramer formed by caspase-1 cleaves pro-IL-1β and pro-IL-18 into cultured cytokines and triggers their release (17). In macrophages, the assembly of inflammasomes is arranged later. The membranes of innate immune cells highly express toll-like receptors (TLRs). When TLRs are triggered by PAMPs or DAMPs, blocked nuclear factor-κB (NF-κB) is phosphorylated and lysed, releasing active NF-κB. After that, NF-κB meets the nucleus and promotes the transcription of NLRP3, pro-IL-1β, and pro-IL-18 (18). Tumor necrosis factor receptor (TNFR) and IL-1β receptor (IL-1R) can work similarly in priming NLRP3 via the authorized TLR–NF-κB pathway. The NLRP3 inflammasome product, IL-1β, can also aid in priming NLRP3 itself because TNFR and IL-1R can trigger the NF-κB pathway, which orderly induces NLRP3 transcription (19).

New research has revealed circadian fluctuations in the process of NLRP3 expression. In addition to key NF-κBs, several nuclear receptors play crucial roles in rhythmic pattern regulation, which was initially observed in mouse and human primary macrophages (20). The circadian clock timing of the NLRP3 inflammasome is dependent on mitochondrial function and driven through the circadian gene Bmal1 (21). Melatonin is a ubiquitous hormone with a circadian rhythm, and studies have shown that melatonin alleviates NLRP3 inflammasome activity (22).Rev-erbα and retinoic acid receptor-related orphan receptor γ (RORγ) are members of the nuclear receptor family. These two receptors connect to equal promoter locations, regulating NLRP3 priming (23). Furthermore, Rev-erbα has adverse effects on priming and triggering of the NLRP3 inflammasome and is circumstantial in the NF-κB pathway (24, 25). Human pathology studies have shown evidence of NLRP3 inflammasome activation in CVD (26). Patients with AMI also have elevated plasma levels of NLRP3 and caspase 1 (27). The time-dependent activation of the NLRP3 inflammasome in the heart has been examined in animal studies (28). In a mouse model of AMI, the expression of NLRP3 inflammasome components increased over time, whereby activation occurred 3–24 h after reperfusion, peaking after 1 or 3 days in mice with reperfused and nonreperfused AMI, respectively (29). The notion that NLRP3 expression is regulated in a time-dependent manner is new, but it has been confirmed and will expedite further investigations into the development of cardiovascular and inflammatory diseases.

Pyroptosis is one of the specific effects of the NLRP3 trigger. Pyroptosis is a unique type of programmed cell death (30, 31). The inflammasome acts as a mediator of pyroptosis. The specific mechanism is as follows: Gasdermin D (GSDMD), a unique protein, is split into two fragments by caspase-1 on the NLRP3 inflammasome. The N-terminus forms membrane pores, leaking IL-1β and IL-18 and triggering pyroptosis (32).





Activation of the NLRP3 inflammasome

Two separate stimuli are needed to activate the NLRP3 inflammasome, which is tightly controlled at different levels. Primarily PAMPs and DAMPs, the initial signals activate PRRs or other receptors and trigger the reproduction of NLRP3, pro-IL-1β, and pro-IL-18 through the NF-κB signaling pathway. NLRP3 is activated and its inflammasome assembly is encouraged by the second signal. In general, stimulus events fall into three primary categories: damage to or malfunction of cell organelles, reactive oxygen species (ROS) and ionic flux (33) (Figure 1).




Figure 1 | Priming and triggering signals control the formation and activation of the NLRP3 inflammasome. Priming signals lead to the transcription of NLRP3 inflammasome components, mainly via the NF-κB pathway. Triggering signals cause: assembly of the NLRP3 inflammasome; activation of caspase-1; conversion of pro-IL-1β and pro-IL-18 into their mature forms; and cleavage of GSDMD, which creates pores in the cell membrane, facilitating the release of active IL-1β and IL-18.






Ionic flux

Prior to the identification of the inflammasome, it was demonstrated that cytosolic K+ depletion facilitated the evolution and clemency of IL-1β (34). The NLRP3 inflammasome trigger was inhibited by increasing K+ efflux with increasing extracellular potassium concentration, whereas the inflammasome trigger was provoked by a decrease in the intracellular K+ concentration. The purinergic receptor (P2X7R) facilitates the triggering of the NLRP3 inflammasome, which is frequently activated by ATP (35). K+ efflux occurs in conjunction with P2X7R engagement. In addition to the traditional activating pathway, the NLRP3 inflammasome is triggered by the efflux of K+ through noncanonical pathways (36, 37).

Numerous intercellular signaling pathways are closely linked to the activation process and involve the mobilization of calcium. Using BAPTA-AM to chelate Ca2+ was demonstrated to suppress IL-1β flow in early studies, implying that Ca2+ signaling may be involved in the triggering the NLRP3 inflammasome (38). Different stimuli, such as extracellular ATP, nigericin and particulates, can induce Ca2+ mobilization from the endoplasmic reticulum (ER) or the extracellular space, leading to mitochondrial damage and subsequent NLRP3 activation (39). One of the sensors of extracellular Ca2+ is the calcium-sensing receptor (CaSR), which seems to mediate the increase in intracellular Ca2+ and the decrease in cellular cyclic AMP (cAMP). Both events are associated with NLRP3 activation (40). In rats, CaSR mediates NLRP3 activation in the context of hypertension and AMI (41, 42). The trigger appeared to be limited when murine CASR was knocked out (40). However, a complete illustration of the precise mechanism is lacking. NLRP3 and ASC may interact more easily if Ca2+ facilitates conformational changes.

The activation may also be significantly influenced by other ion concentration changes. The decrease in K+ efflux from the NLRP3 trigger increased when Na+ influx was blocked by lowering the extracellular concentration, which blocked its activation. The intracellular osmotic pressure increased when crystals of monosodium urate were used to increase concentrations within the cell and prevent the influx of Na+. This resulted in water inflow and cell swelling, which lowered the relative potassium concentration and prevented its efflux and subsequent feedback, which significantly triggered NLRP3 inflammasome activation (43). Since increasing extracellular chloride concentrations promote the evolution of IL-1β triggered by ATP, chloride ions also play a key role in triggering this process (44).In addition, the NLRP3–Nek7 interaction, a downstream response of mitochondrial dysfunction that controls the trigger of the NLRP3 inflammasome, can be facilitated by chloride intracellular channels (CLICs), according to recent research (45). However, studies have revealed that CLICs contribute to the reproduction of pro-IL-1β and the development of ASC-speck, even when the level of NLRP3 is not affected (46).





Reactive oxygen species

Although they are a wide range of substances, reactive oxygen species are primarily side products of different aerobic metabolism procedures (46, 47). ROS and the initiation of NLRP3 in treated cells were found to share similar trigger signals in the original study (46). ROS are produced by NADPH oxidase (NOX). Blocking NOX or NOX2 affects the initiation of the NLRP3 inflammasome in human or mouse cells (48–50). Additionally, NLRP3 is activated by the oxidative process of lipid acids, which is facilitated by NADPH oxidase 4 (NOX4) (51). Research has shown that ROS inhibitors hinder the signaling pathway of NLRP3 initialization, suggesting a novel perspective on ROS function (52). On the basis of all of the aforementioned data, the ROS pathway significantly influences NLRP3 activation; however, the various elements are intricate and need further investigation to determine their roles.





Mitochondrial dysfunction

In mitochondria, the respiratory response is a series of events. The oxygen used in the respiratory chain may accumulate as mitochondrial ROS (mtROS) once the chain process is stopped. Nakahira and colleagues previously demonstrated that mtROS are necessary for the reaction of NLRP3 to ATP and LPS. In sepsis models, mice lacking mitochondrial protective proteins have increased mtROS levels and release further amounts of IL-1β and IL-18 (53). mtDNA is another byproduct of mitochondrial dysfunction. The mtDNA released from dysfunctional mitochondria was found to perform oxidation and exert a crucial influence on activation, in addition to interacting with NLRP3 (54). Subsequent research demonstrated that the activation process depended heavily on mtDNA synthesis triggered by the TLR signaling pathway (55).





Lysosomal damage

The NLRP3 inflammasome has been shown to be activated in macrophages by particulate matter (56–58). Owing to the inability of active lysosomal enzymes to break down these particles, lysosomal disruption, acidification, and cytosolic leakage of lysosomal contents occur. The hydrogen balance between the cytosol and lysosomes is preserved by the proton pump H+ ATPase. The application of the H+ ATPase blocker bafilomycin A also prevented particulate matter-induced NLRP3 triggering, suggesting that lysosomal acidification is a significant factor in the activation process (48). The particulate matter-induced triggering of the NLRP3 inflammasome is also related to the outflow of enzymes that are active within lysosomes. Cathepsin B, a key lysosomal enzyme, is necessary for the release of IL-1β but has no effect on the synthesis of pro-IL-1β. Additional studies on cathepsins L, C, S, and X revealed similar findings. A single cathepsin’s promoting role in activation may be masked by functional redundancy because of the wide substrate specificities of cathepsins (59). Overall, the release of active lysosomal enzymes is an inevitable part of life, but other mechanisms can compensate for their lack.






The role of the NLRP3 inflammasome in cardiovascular diseases




Atherosclerosis

Atherosclerosis is widely recognized as the main cause of numerous CVDs (60). Passive lipid deposition, proliferation of vascular smooth muscle cells, and infiltration of leukocytes are its three key characteristics (61). Initially, the mechanism was ascribed to the effects of lipid accumulation (62). However, the role of inflammatory responses has attracted increasing attention as research has progressed. Numerous experimental and clinical investigations have suggested that numerous inflammatory cytokines are involved. Owingwell et al. were the first to explicitly highlight the role of NLRP3 in the atherogenesis process (56). They employed an LDLR-deficient (LDLR-/-) mouse model and then transplanted bone marrow from wild-type, Nlrp3-/-, Asc-/-, or IL-1α-/-/IL-1β-/-mice to establish a high-fat diet. According to these findings, mice that received transplants of Nlrp3-/-, Asc-/-, or IL-1α-/-/IL-1β-/-marrow had fewer lesions than did the wild-type mice. In 2012, Usui et al. generated Apoe-/- Casp-/- mice by mating Apoe-/- mice with Casp1-/- mice (61). They nourished mice with a Western diet and discovered that the lesions were also reduced without changing the distribution of lipoproteins and cholesterol or the total serum cholesterol levels. That year, Gage et al. fed Apoe-/- Casp-/- mice a Western diet with 1–5% cholesterol and observed comparable outcomes (61). These findings suggest that the NLRP3-induced inflammatory process plays a significant role in atherogenic lesions. These findings do not seem to be definitive, as some studies have reported conflicting findings (63–65). Nonetheless, variations in sex, feeding circumstances, and experimental model selection can account for those differences. It might be better to use an LDLr-/- mouse model to simulate human atherosclerotic disease.

Cholesterol crystals (CCs) are generally regarded as the key initiators triggering the NLRP3 inflammasome, although the precise mechanism varies among studies (65, 66). Like other crystalline NLRP3 energizers, CCs work by causing lysosomal damage to activate NLRP3 (67). Research has demonstrated that lysosomal dysfunction and IL-1β excretion are decreased when transcription factor EB expression is increased. This transcription factor induces lysosomal and autophagy genes in response to lysosomal stress (68). The development of enlarged atherosclerotic plaques was also observed in Apoe-/-mice treated with increased CCs and lacking macrophage-specific autophagy (69). These findings also demonstrate how macrophage autophagy reduces CC-mediated NLRP3 activation, which has an atheroprotective effect.

The priming of the NLRP3 activation process is another function of CCs in addition to the traditional lysosomal damage activation pathway. Complement system activation by CCs (70), which supplies the signaling pathway of priming in vivo, was demonstrated via whole-blood composition analysis. Neutrophil extracellular traps (NETs), which have been shown to be involved in the activative track, are also released by CCs (71). Tests conducted on mice lacking NETs revealed the absence of NET-related catalysts, including neutrophil elastase (NE) and neutrophil proteinase 3 (PR3), which have been implicated in the cleavage of pro-IL-1β. Naturally, mice lacking NETs also present fewer atherogenic lesions (72).

Another important factor in NLRP3 activation is LDL cholesterol (LDL-C) (73). Since atherogenesis is closely associated with blood cholesterol levels, particularly LDL-C, LDL-C is inherently regarded as a significant risk factor for CVD (74). Traditional conservative therapy has been verified to be successful in lowering cardiovascular event risk and focuses on regulating plasma cholesterol levels. However, not all patients respond well to this treatment (75), and clonal hematopoiesis patients might not benefit as much from ezetimibe or statin therapy. Through enzymatic or nonenzymatic processes, the body breaks down LDL to produce oxLDL, the actual cause of atherogenesis (76, 77). Scavenger receptors (SRs) of the cluster of differentiation (CD) 36 type can facilitate the internalization of oxLDL into macrophages (78). As previously stated, oxLDL causes the formation of intracellular crystalline cholesterol after absorption, which in turn triggers the assembly of the NLRP3 inflammasome through lysosomal damage (56). Furthermore, new studies have shown that oxLDL can attach to CD36 and then facilitate the formation of TLR4/6 heterodimeric complexes, which in turn primes activation (79).

Studies have shown that calcium phosphate crystals and ATP are two small molecules that are closely linked to vascular calcification as well as calcified atherosclerotic lesions, in addition to these two main proatherosclerotic substances. Like CCs, calcium phosphate crystals participate in the NLRP3 activation process, influence the caspase-1 signaling pathway, and subsequently facilitate the splitting and unleashing of IL-1α and IL-1β (61). Additionally, a key activation trigger is the extracellular ATP emitted by dead cells, and the ATP-dependent initiation pathway is mediated by the central receptor P2X7R. LDL-/- and Apoe-/- mice presented increased P2X7R expression. Consequently, small lesions were observed in LDL-/- mice when P2X7R was knocked down. Compared with control mice, Apoe-/- and P2X7R-/- mice presented comparable outcomes. These findings indicate that the ATP-dependent NRLP3 inflammasome activation pathway is activated by extracellular ATP (80, 81). One study, however, revealed that IL-1β treatment prevented positive outward remodeling but was unable to restrict the size of the lesion (82). These findings suggest that a simple summary of the detrimental role of IL-1β in atherosclerotic development is inappropriate. However, the beneficial effects of IL-1β are still debatable since it encourages plaque rupture, vascular wall stiffness and vascular calcification.





Pericarditis

Numerous infectious and noninfectious factors can contribute to pericarditis, a common condition in the pericardium (83). Despite being typically self-limiting, the threat of developing multiple complications and relapses in the affected population has increased by more than 30% when standard therapies are used (84). Acute pericarditis can be treated with only a small number of approved medications because the pathophysiology of the condition is still poorly understood (85). Currently, colchicine is regarded as the primary therapy for both acute and recurrent pericarditis (86). It is used in anti-inflammatory treatments as a microtubule polymerization inhibitor. In recent studies, colchicine has been shown to inhibit the stimulation of the NLRP3 inflammasome, which can hinder the presentation of irritant agents and block microtubule assembly (33, 87). Furthermore, Anakinra, a recombinant IL-1 Ra, was found to reduce the potential for recurrence in patients with pericarditis who were resistant to colchicine in the Anakinra—Treatment of Recurrent Idiopathic Pericarditis (AIRTRIP) study (88). These findings suggest that the NLRP3 inflammasome/IL-1 pathway might be vital to the development of pericarditis.

To investigate the variation in inflammatory molecules, pericardial specimens from individuals with chronic pericarditis were examined prior to in vivo experiments (89). The results of the immunofluorescence staining revealed that, in contrast to that in the control samples, the level of ASC was elevated in the human pericardial samples. Compared with those in the controls, the expression levels of NLRP3 and caspase-1 were notably elevated in the pericarditis patients, highlighting the key elements of pericarditis development and confirming the theory of medication.

Mauro and associates were the first to validate the therapeutic impact of blocking the NLRP3 inflammasome in a mouse model of acute pericarditis (90). To create the pericarditis model, CD-1 male mice were given an injection of zymosan A, a yeast-derived NLRP3 stimulator, into their pericardial sac. To assess the degree of pericardial inflammation, three parameters were measured: pericardial thickness, ASC expression, and pericardial effusion. Compared with the sham mice, the treated mice presented greater effusion three days following surgery. Visceral pericardial thickness and ASC expression are highly consistent seven days after surgery (89). The NLRP3 inhibitors 16673-34-0, colchicine, and nonsteroidal anti-inflammatory drugs decreased pericardial effusion or pericardial thickness in subsequent recovery experiments. In model mice, pericarditis syndrome was also alleviated, and inflammasome formation was reduced by the use of anakinra and an IL-1 trap. Injury to pericardial cells induces the release of intracellular contents. Pro-IL-1α released outside the cell is already active, binds to the IL-1 receptor type I (IL-1RI) on macrophages and activates the signal, functioning as an alarmin. Macrophages respond to alarmins by forming and triggering the NLRP3 inflammasome, which processes and releases active IL-1β in its active form (91). This process amplifies the inflammatory response and induces further injury, which in turn leads to the release of more pro-IL-1α. IL-1β also induces the release of IL-6, which mediates the acute phase reaction associated with inflammation (92). Together, these data validate the role of the NLRP3 inflammasome and IL-1 in pericarditis. Acute and recurrent pericarditis may benefit from blocking the NLRP3 and IL-1 pathways, especially when coupled with the favorable therapeutic effects of colchicine and anakinra.





Hypertension

Hypertension, or systemic arterial hypertension, is a prevalent risk factor for both chronic kidney disease and cardiovascular and cerebrovascular disorders. Blood pressure in the systemic arteries, which is consistently elevated, is its defining feature (93). Since atherosclerosis and hypertension are bidirectionally associated, inflammation is thought to be a trigger for hypertension, although the pathophysiology of hypertension varies by population or age (94). Patients with high blood pressure had higher serum IL-1β levels, according to earlier observations (95). These findings prompted research into the possible involvement of the NLRP3 inflammasome in hypertension from various causes.

To alleviate the symptoms of high blood pressure in preeclampsia patients, the first study to examine the relationship between NLRP3 and hypertension was conducted (96). Research has shown that sterile inflammation is involved in pathogenesis, but it is unclear whether the NLRP3 inflammasome is involved in pregnant NLRP3-/- and ASC-/-mice (97). In the NLRP3-/- mice, hypertension was avoided, but in the ASC-/-mice, there was no discernible reduction in blood pressure. These findings suggest that NLRP3 stimulates the progression of hypertension through a mechanism related to the inflammasome. Furthermore, NLRP3-/- mice presented decreased IL-6 but not IL-1β levels, indicating that NLRP3 plays a significant role in a wide range of inflammatory responses. Anti-NLRP3 therapy also benefits from reducing autoinflammation in the pathophysiology of hypertension (97).

Excessive exposure to salt has traditionally been regarded as a risk factor for hypertension. Although the precise process underlying salt-sensitive hypertension is still debated, oxidative stress and renal inflammation are two important potential causes of high blood pressure (98). As an inflammatory pathway closely linked to oxidative stress, NLRP3 and its associated upstream and downstream molecules play crucial roles in the progression of salt-sensitive hypertension. The paraventricular nucleus serves as a central hub for the endocrine system, regulating the dynamic equilibrium of the cardiovascular system. Suppressing NF-κB significantly reduces the production of proinflammatory cytokines and oxidative stress in the paraventricular nucleus, thereby mitigating salt-sensitive hypertension in a rat model (11). By activating the renin-angiotensin system and generating ROS in the paraventricular nucleus, direct inhibition of IL-1β, the primary proinflammatory cytokine in the NLRP3 inflammasome pathway, in addition to blocking NF-κB, also reduces hypertension (99).

In addition to causing cardiovascular disorders, hypertension is a major contributor to a number of cardiac injuries. The renin-angiotensin system is crucial for the common complication of hypertension, known as cardiac remodeling (100). Angiotensin II, often referred to as Ang II, is a constricting polypeptide that triggers stimulation of the renin-angiotensin system. A previous investigation revealed that injecting Ang II promoted the triggering of the NLRP3 inflammasome and the emission of inflammatory mediators. These cytokines contribute to the development of the inflammatory response implicated in myocardial fibrosis (101). EMD638683, a selective inhibitor that inhibits the activation of the NLRP3 inflammasome, was used to reduce cardiac fibrosis in a model of hypertension induced by Ang II in mice. However, hypertension did not appear to be impacted by the experiment. Additionally, hypertension can cause vascular remodeling and vascular endothelial cell impairment, which can worsen the progression of hypertension and create a vicious cycle of pathological blood pressure elevation. Vascular smooth muscle cell proliferation was alleviated by blocking NLRP3 with sinapine thiocyanate, whereas endothelial dysfunction was alleviated by blocking the upstream receptor TLR4 (102, 103). NLRP3 and its inflammasome work together to play significant roles in the onset and progression of hypertension. Treatment for hypertension appears to target NLRP3 in a novel way. However, clinical applications necessitate the development of a therapeutic protocol.





Abdominal aortic aneurysm

Abdominal aortic aneurysm (AAA) is a serious vascular condition characterized by progressive pathological dilatation of the abdominal aortic wall. Although it usually has no symptoms, if it ruptures, it can be fatal. Research on pathophysiology and histopathology revealed that inflammatory cell infiltration, vascular smooth muscle cell (VSMC) loss, and aortic structural protein failure are always linked to the development of AAA (104). These findings suggest that the process of AAA involves the inflammatory response (105). It has been demonstrated that pyroptosis is crucial for vascular endothelium and VSMC damage. The NLRP3 inflammasome is a notable factor in the progression of AAA since it is the upstream trigger of pyroptosis.

Numerous studies have revealed the intricate mechanism involved at the molecular level. Wu and colleagues reported that when palmitic acid causes stress in human thoracic aortic SMCs, the NLRP3–caspase-1 inflammasome breaks down contractile fibers. Subsequent immunoprecipitation tests revealed that caspase-1 split the heavy chain in a straightforward manner after binding to the tropomyosin and myosin heavy chains in VSMCs and recombined with caspase-1. As a result, the ability of VSMCs to contract in a collagen matrix decreases. However, following the application of a caspase-1 blocking agent or siRNA-mediated knockdown of the NLRP3–caspase-1 inflammasome cascade, contractile function improved to a certain extent (106). These findings suggest that the NLRP3 inflammasome plays a mediating role in VSMC degradation of contractile proteins.

A study revealed that human VSMCs from AAA patients presented inflammatory characteristics and that their levels of NLRP3 and IL-1β mRNA and protein expression were greater than those in the control group (107). These findings confirmed that VSMC dysfunction and pyroptosis are caused by NLRP3-mediated inflammation, which in turn aids in the development of AAA.

The involvement of the inflammasome in AAA pathogenesis has been thoroughly demonstrated in mouse experiments. Additionally, reports have shown that IL-1 signaling plays a key role in AAA in a Kawasaki disease mouse model. Model mice in the control group experienced severe AAA. When exposed to the same stimuli, IL-1α-/-, IL-1β-/-, Casp1-/-, and Nlrp3-/- mice were effectively shielded from dilatation of the abdominal aorta. Neutralizing antibody injection produced similar protective outcomes to those seen in mice lacking certain genes (108). In a separate study, a reporter used MCC950 as a targeted NLRP3 inhibitor and investigated how wild-type mice provided with a diet rich in fat and cholesterol differed in the formation of AAAs. Eighty-seven percent of the mice experienced aortic dilatation following the intervention, whereas 98 percent of the mice in the control group experienced aortic dilatation. An apoptosis-associated molecule, matrix metallopeptidase 9 is triggered by the NLRP3 inflammasome. The findings demonstrated that mice treated with MCC950 had significantly lower levels of activated MMP-9, caspase-1, and IL-1β (109).





Myocardial infarction

Myocardial infarction (MI), commonly referred to as a “heart attack,” represents a secondary symptom of insufficient blood flow to the myocardium that can cause hemodynamic decline, heart dysfunction, and even unexpected death (110). Myocardial ischemia symptoms are best treated with reperfusion therapy because of the limited capacity of the myocardium for regeneration. However, reperfusion is generally associated with high levels of inflammation, which leads to ischemia/reperfusion (I/R) injury and further deterioration of heart tissue. A major factor in the size of the infarction during the I/R process is the NLRP3 inflammasome.

The NLRP3 inflammasome may participate in I/R injury, as evidenced by the high expression level of ASC and the infiltration of inflammatory cells found in cardiac tissues from MI patients (26).

A previous study revealed that the NLRP3 inflammasome is involved in myocardial I/R damage. To create an I/R model, they transplanted bone marrow into wild-type mice to produce mice deficient in ASCs (ASC-/-mice). Compared with control mice, ASC-/-mice presented reduced ventricular remodeling and smaller infarcted areas, in accordance with previous results (26). Sandagers and associates reached a similar conclusion. Following MI surgery, mice presented increased mRNA expression levels of NLRP3, IL-1β, and IL-18 (111). Myocardial fibroblasts in the ex vivo Langendorff model presented an increase in the NLRP3 inflammasome, and mice lacking NLRP3 presented smaller infarction areas. Nonetheless, the fact that ASC-/- mice in the same study did not exhibit the anticipated result is still debatable. The possibility that ASCs also contribute to the formation of multiple other protective inflammasomes is a plausible explanation. Additionally, these findings demonstrated that the effects of NLRP3 are independent of inflammasomes (111). According to an in vitro study, PAMPs such as LPS, cellular ROS production, and potassium outflow can cause cardiac fibroblasts (rather than cardiomyocytes) to initiate the inflammatory response. Framework-related elements of the NLRP3 inflammasome were also found in cardiomyocytes from MI mice in a different experiment (112). However, they both went on to demonstrate how common NLRP3 is in inflammatory and cardiovascular cells.

In a nonreperfused AMI mouse model, NLRP3 inhibition did not reduce infarct size. Nevertheless, inhibition of the NLRP3 inflammasome in nonreperfused AMI prevents adverse remodeling, independent of infarct size (113). Inflammasome formation occurs in cardiomyocytes and fibroblasts for several days after AMI (112). IL-1β production is increased during AMI and modulates cardiac function and remodeling. IL-1 blockade with the recombinant human IL-1 receptor antagonist anakinra reduces cardiomyocyte death, preserves cardiac function and restores β-adrenergic receptor responsiveness in models of ischemic cardiomyopathy (114, 115).





Dilated cardiomyopathy

According to epidemiological studies, dilated cardiomyopathy (DCM) is the primary cause of heart failure (HF) globally (116). DCM is defined by left ventricular enlargement and reduced contractility in the absence of abnormal loading conditions (117). Myocarditis, exposure to alcohol, medications, toxic substances, and metabolic and endocrine disorders are among the many causes of DCM and are classified into acquired and genetic types. NLRP3 is an essential component of cardiomyocyte pyroptosis, which is typically the primary cause.

The important role of caspase-1-dependent cardiomyocyte pyroptosis mediated by the NLRP3 inflammasome in DCM is supported by one experiment conducted in the heart (118). TUNEL, α-actinin, and active caspase-1 were triple-immunostained in nine human heart tissue samples. Compared with apoptotic cell death, pyroptotic cell death is more common in DCM patients. Compared with those in healthy controls, the plasma levels of IL-1β and IL-18, as well as the expression or phosphorylation of NF-κB were notably elevated in DCM patients. These findings indicate that the NLRP3 inflammasome has a substantial role in the progression of DCM (118).

NLRP3 not only triggers the inflammatory response but also promotes the development of fibrosis in DCM. In one study, the use of siRNA to knock down NLRP3 restored collagen I and III expression in the cardiac tissues of DCM model rats (119). Other studies have shown that NLRP3 may stimulate fibrosis and profibrosis via a number of pathways, including fibroblast cAMP signaling and the Smad (R-Smad) pathway (120). NLRP3 inhibition, either pharmacologicly or genetically, improves myocardial fibrosis (119). Fibrosis impairs the capacity of cardiomyocytes to contract, resulting in dysfunctional diastolic and systolic heart contractions.





Diabetic cardiomyopathy

CVDs increase the mortality rate of people with diabetes mellitus (DM) (121); different CVDs are responsible for approximately half of the deaths of DM patients. The symptoms of diabetic cardiomyopathy (DCM) include interstitial fibrosis and diastolic and systolic dysfunction, along with an increase in left ventricular mass (122). Pyroptosis plays a crucial role in the development of DCM (119), and as previously mentioned (123), the NLRP3 inflammasome is crucial to this process. Hyperglycemia represents a potent stimulis for the NLRP3 inflammasome (124). In particular, in several cell types, high glucose levels induce ROS production and subsequent activation of nuclear factor kappa-light-chain enhancer of activated B cells (NF-κB) and TXNIP, thereby acting as priming and triggering signals to the inflammasome (125, 126). Although hyperglycemia is one of the factors that initiates the triggering of the NLRP3 inflammasome (127), the exact relationship between hyperglycemia and the inflammatory reaction has not been fully investigated.

Type 1 diabetes (T1D) and type 2 diabetes (T2D) are the two subtypes of DM. While T2D can also cause hyperlipidemia, both T1D and T2D cause hyperglycemia. Notable indicators of NLRP3 inflammation in DCM include lipotoxicity and glucotoxicity, which involve both the priming and activation phases. High blood glucose and lipid levels have been shown in several studies to increase ROS overexpression (128), which in turn activates the NF-κB signaling pathway and stimulates the transcription of NLRP3, pro-IL-1β, and pro-IL-18 (129). The second signal in NLRP3 activation is thioredoxin interacting/inhibiting protein (TXNIP), which attaches directly to NLRP3 to alter its oligomerization (130). Hyperglycemia-induced ROS production may increase TXNIP expression, allowing its activation via a different pathway. Hyperglycemia and hyperlipidemia, including fatty acids, facilitate this process via bypass pathways in addition to the traditional pathway of inflammation. This exacerbates mitochondrial oxidative stress and other proinflammatory cytokines, which consequently triggers the development of the NLRP3 inflammasome. The activation of the NLRP3 inflammasome is facilitated by cytosolic Ca2+ along with the traditional ROS-mediated activation pathway (131). Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2a) is a crucial enzymatic protein that keeps the endoplasmic reticulum and cytoplasm accessible. Its malfunction causes a disorder of Ca2+ transport, which in turn triggers NLRP3 activation and pyroptosis. In T1D rats, SERCA2a levels decrease in tandem with a decrease in sarcoplasmic reticulum function (132). Similarly, data from T2D mice revealed a decrease in SERCA2a expression. However, in contraction experiments, increased SERCA2a expression in DM cardiomyocytes significantly improved contractile function.





Heart failure

Heart failure (HF) is the final stage of nearly all severe cardiovascular diseases and is caused by a variety of structural or functional abnormalities of the heart (133). It is widely acknowledged that cardiac remodeling, in which inflammatory mediators have a substantial impact, is the underlying mechanism of heart failure (134). Myocardial damage caused by pyroptosis and cardiac fibroblast activation are two physiological processes that have been identified as the primary steps in the remodeling process.

Previous studies have thoroughly examined traditional activators such as ROS and oxLDL-C. Another potential mechanism of apoptosis induced by inflammatory cytokines involves the discovery of novel physiological functions of NO. Vascular smooth muscles or other pathways are relaxed by low amounts of NO produced by constitutive NO synthase, which protects cardiomyocytes (135). However, excessively high NO levels produced by enzymes such as inducible nitric oxide synthase (iNOS) lead to cardiac injury and facilitate leukocyte-endothelial interactions (136). The overexpression of iNOS is promoted by IL-18, whereas IL-1β is a potent stimulator of iNOS (137, 138). The cleavage of caspase-1 on the NLRP3 inflammasome is necessary for the maturation of both proteins (139, 140). In addition to the excessive production of NO and the ensuing apoptosis and reconfiguration, an elevated iNOS level also causes the generation of tiny, uncharged NO molecules. NO- molecules have functions similar to those of reactive nitrogen species (ROS) and can change into RNS (140).

In addition to NO-induced death facilitated by the IL-1 family, other inflammatory cytokines also contribute to the development of heart failure. One important cytokine that promotes inflammation and causes cell hypertrophy and apoptosis is tumor necrosis factor α (TNF-α) (141, 142). In a healthy heart, TNF-α is not present. By reducing intracellular Ca2+ release, TNF-α, which is present in cardiomyocytes in HF animal models, reduces cardiac contractility (143). One byproduct of NLRP3 activation is IL-18, which aids in the synthesis of TNF-α. Conversely, TNF-α can stimulate the NF-κB pathway, which in turn promotes the transcription of NLRP3 and IL-1. This interaction exacerbates inflammatory damage to myocardial tissue.

The primary mechanism involved in ventricle remodeling is fibrosis. In two-thirds of heart tissue, fibroblasts are essential for the development of ventricle fibrosis (26). Since the NLRP3 inflammasome is recognized as being significantly triggered by the generation of ROS and the outflow of K+ from cardiac fibroblasts, the absence of oxygen encourages these processes (144). Following hypoxia, the NLRP3 inflammasome is the first DAMP sensor. Following myocardial ischemia damage, fibroblasts cause and amplify inflammatory impairment by activating the NLRP3 inflammasome. Hypoxia causes cardiac fibroblasts to exhibit a fibrogenic phenotype in addition to an inflammatory response, which causes myofibroblasts to transdifferentiate and produce more collagen (144). Myocardial fibrosis, inocyte proliferation, and ventricle remodeling are the ultimate results of these processes. Through its structure, NLRP3 has also been found in recent studies to promote cardiac fibroblast differentiation, which is independent of inflammasomes (145). Profibrotic gene expression is ultimately caused by the regulation of mtROS expression levels by NLRP3 and the enhancement of the R-Smad signaling pathway. This finding offers a new way for myocardial fibrosis to occur.





Calcific aortic valve disease

Calcific aortic valve disease (CAVD) causes aortic stenosis (AS) and the adaptive reactions that follow, such as left ventricular hypertrophy and heart failure (146). The only effective treatment for CAVD is aortic valve replacement surgery or intervention (147). However, these costly interventions are often delayed until the late stages of the disease. Given the current landscape, next-generation therapies for CAVD are needed to improve patient outcome and quality of life.

Aortic valve calcification was first attributed to degenerative osteogenic processes and passive substance deposition, similar to the pathological mechanism of atherogenesis. Recent research, however, has shown that the precise underlying cause of CAVD may involve positive processes such as osteoblastic differentiation, lipoprotein deposition, and chronic inflammation (148, 149). However, a comprehensive and detailed explanation of the underlying development of the inflammatory response in CAVD is still lacking. Heart muscle cells, smooth muscle cells, valve endothelial cells (VECs), and valve interstitial cells (VICs) make up the human aortic valve. Compared with other mesenchymal cell types in other organs, VICs are the most prevalent type of cell (150). Quiescent VICs (qVICs), activated VICs (aVICs), progenitor VICs (pVICs), osteoblastic VICs (obVICs), and embryonic progenitor endothelial/mesenchymal cells are the five subtypes into which they are typically separated according to their distinct functions and levels of gene expression (151). They can change from one form to another and are not fixed. Under normal circumstances, VICs typically remain dormant to preserve normal valve function. The inflammatory response and cytokines can convert qVICs into aVICs when valve damage occurs (149). aVICs function similarly to the mesenchymal stem cells involved in tissue repair and regeneration, differentiate into cells of the myofibroblast type, and, upon activation, express the marker alpha-smooth muscle actin (αSMA) (152). The activation of aVICs is followed by cell growth and extracellular matrix reorganization, which disrupts the architecture of the valve and causes cusp thickening or fibrosis. This leads to a vicious cycle whereby damage to qVICs and VECs becomes worse, making it more difficult to return to physiological conditions. Following the accumulation of impairments, the aortic valve calcifies, activates obVICs, and undergoes osteogenic differentiation.

Inflammation did not receive much attention at first. However, an aberrant phenomenon has given rise to a new mechanism of CAVD: calcific valves contain inflammatory cells that are not present in normal valves, including mast cells, T lymphocytes, and macrophages (153, 154). These findings suggest that one of the main causes of CAVD may be inflammation. A recent study suggested that NLRP3 may be involved (155). Inhibition of the NLRP3 inflammasome by Th1 cells protects against VIC calcification as a negative feedback mechanism of adaptive immunity toward innate immunity (156). Blocking the NLRP3 inflammasome also reduces osteogenic calcification and macrophage polarization in a mouse model of calcified aortic valve stenosis (157). The detailed process by which the NLRP3 inflammasome facilitates the progression of CAVD has not yet been fully investigated. The bark of coniferous trees and honeybees naturally contains a polyphenolic compound called caffeic acid phenethyl ester (CAPE) (158), which inhibits the development of calcified nodules. Additionally, the addition of CAPE prevents NF-κB from being phosphorylated (155). Human aortic valvular interstitial cells were cultivated to assess how CAPE affects osteogenesis and NF-κB pathway activation. CAPE prevents NF-κB signaling pathway activation, inhibits the transcription of NLRP3, and strongly suppresses the ensuing inflammation (159).

For CAVD, there are currently no available medication treatment options. Nonetheless, investigations into the fundamental pathophysiology of CAVD have provided fresh insights into potential treatments. CY-09 exerted a protective effect on calcified aortic valve stenosis in addition to blocking NLRP3 with CAPE (157). Furthermore, the results from 2518 patients who underwent TAVR revealed that statin treatment resulted in markedly decreased BHV calcification in studies on bioprosthetic heart valves (160). Because statins reduce inflammation, immunosuppressive treatments that target the NLRP3 inflammasome or its byproducts are potential treatment options for valve calcification. Early anti-inflammatory therapy may prevent the progression of CAVD. The exact relationship between CAVD and the inflammatory reaction has not been fully investigated.






NLRP3 inflammasome Inhibitors

Targeting the core components of the NLRP3 inflammasome can prevent pyroptosis, which is unaffected by the inhibition of IL-β or IL-18. Cellular assays often involve costimulating cells with lipopolysaccharide (LPS) and ATP, or alternative stimuli such as nigericin, cholesterol crystals, and monosodium urate (MSU) crystals, as well as in vivo, and the effectiveness of NLRP3 inflammasome inhibitors has been investigated. Animal models of cardiovascular disease have been used to test the majority of the compounds reviewed here. Figure 2 shows several NLRP3 inflammasome inhibitors that have been investigated in the cardiovascular system.




Figure 2 | NLRP3 inhibitors under clinical development in cardiovascular diseases: chemical structure, molecular target and mechanisms of action.






Glyburide, 16673-34-0, and JC-124

Glyburide, also known as glibencamide, is a sulfonylurea that has been authorized for the management of type II diabetes mellitus (161). Inhibiting the ATP-sensitive potassium channel (KATP) in pancreatic beta cells stimulates the release of insulin (162). Glyburide was the first chemical compound identified as an inhibitor of the NLRP3 inflammasome in bone marrow-derived macrophages stimulated with LPS and ATP (163). Nevertheless, the high dosages required for the anti-inflammasome effects of glyburide cause severe hypoglycemia, which may restrict its use as an anti-inflammatory medication in vivo (28). The inhibitory activity of the NLRP3 inflammasome does not depend on the cyclohexylurea moiety, which is associated with insulin secretion (163). This crucial piece of knowledge resulted in the creation of 16673-34-0, an orally active substance that can particularly suppress the NLRP3 inflammasome without influencing glucose catabolism despite lacking the cyclohexylurea moiety (163). Several cardiac injury models have been used to test the effects of 16673-34-0 (28, 163). Without influencing glucose levels, 16673-34-0 can decrease cardiac injury, as indicated by infarct size and cardiac troponin I levels in mice (28). On the basis of 16673-34-0, new compounds were created, such as JC-124 (an N-Me sulfonamide analog of 16673-34-0). When JC-124 was administered intraperitoneally to mice subjected to ischemia and reperfusion, it was able to decrease the size of the infarct and the levels of plasma troponin I (164).

16673-34-0 enhanced cardiac function in a nonreperfused model of ischemia without decreasing the size of the infarct (28). A previous study reported that administering 16673-34-0 to mice that experienced ischemia decreased ischemic heart damage and enhanced postreanimation cardiac function in vivo (165). 16673-34-0 demonstrated the same effectiveness in models of nonischemic cardiac injury (28). Indeed, 16673-34-0 administered intraperitoneally enhanced cardiac function and decreased interstitial fibrosis in mice administered doxorubicin (28). Systolic and diastolic dysfunction were prevented in a murine model of cardiomyopathy induced by a Western diet when 16673-34-0 was administered in the feed at a concentration of 100 mg/kg (166). 16673-34-0 decreased pericardial thickening and pericardial effusion in mice with experimental pericarditis (91).





MCC950

In 2001, MCC950, also referred to as CP-456,773 or CRID3, was first reported to inhibit IL-1β processing along with other compounds containing diarylsulfonylurea (167). Coll et al. provided further characterization demonstrating strong in vitro and in vivo inhibition of NLRP3 (168). This small molecule effectively attaches to NLRP3, inhibiting its ATPase activity and thereby hindering ASC oligomerization and the release of IL-1β (168, 169). MCC950 cannot inhibit AIM2, NLRP1, or NLRC4 (168–170). MCC950 is unable to effectively restrain the cryopyrin-associated periodic syndrome forms of NLRP3 because, according to a recent study, the NACHT domain of NLRP3 serves as the molecular target of diarylsulfonylurea suppressors (109).

MCC950 has been investigated in a mouse model of atherosclerosis. The development of atherosclerosis is strongly decreased by MCC950 at a daily dosage of 10 mg/kg (171). Acute myocardial infarction models in both small and large animals have demonstrated the positive effects of MCC950. Pigs that received a 7-day treatment presented improvements in myocardial IL-1β levels, infarct size, reduction in neutrophil infiltration, and preservation of arterial function (172). In mice subjected to permanent coronary artery occlusion, MCC950 improved cardiac remodeling by lowering myocardial fibrosis, caspase-1 activation, inflammatory cell infiltration, and IL-18 and IL-1β expression levels (173). MCC950 can also effectively reduce inflammation when it is administered via hydrolytic microspheres to the ischemic area. After receiving MCC950, mice that underwent potassium-induced murine cardiac arrest and subsequent cardiopulmonary resuscitation also presented improved neurologic function and survival (109).

A previous study demonstrated that MCC950 (10 mg/kg) can successfully reduce myocardial fibrosis and IL-1β levels when given three times to patients with hypertension caused by angiotensin II infusion (174). The blood pressure of mice with established hypertension decreased, and renal inflammation was reduced after 25 days of MCC950 (10 mg/kg) treatment. Aortic dilation, dissection, and rupture in the thoracic and abdominal aortic segments of mice treated with a high-fat, high-cholesterol diet and Ang II were markedly inhibited by MCC950 (175).

When MCC950 (10 mg/kg) was given to mice three times weekly for eight weeks in a mouse model of postmenopausal cardiovascular disease, it increased systolic and diastolic function, decreased atrial natriuretic peptide and BNP mRNA expression levels, and limited hypertrophic remodeling (176). The protective effects of MCC950 on cardiac tissues in NLRP3−/− mice were replicated by prolonged administration of MCC950 in obesogenic mice. After 15 weeks, MCC950 decreased heart apoptosis and increased autophagy flux in these mice (177). When an excessive amount of AngII is infused into cardiac tissue, MCC950 decreases myocardial remodeling (174).





Bay 11-7082

Bay 11-7082, a phenyl vinyl sulfone that blocks the inhibitor of kappa B kinase (IKK) β, was first discovered to be an inhibitor of the NF-κB signaling pathway (178). The NLRP3 inflammasome can be inhibited by Bay 11-7082, whereas the other inflammasomes (NLRP1 and NLRC4) are unaffected. Some NLRP3 inhibition caused by Bay 11-7082 does not depend on NF-κB-mediated priming inhibition. The cysteine residues of the NLRP3 ATPase region are alkylated by Bay 11-7082 (178). The intraperitoneal administration of Bay 11-7082 10 min prior to reperfusion effectively reduced infarct size, cardiomyocyte apoptosis, and the inflammatory response in a murine model of ischemia/reperfusion (179). Pretreatment with Bay 11-7082 maintained cardiac function and reduced infarct size, cardiac fibrosis, and apoptosis in a rat model of myocardial ischemia-reperfusion (180). Comparable outcomes were noted in diabetic rats, where Bay 11-7082 decreased pyroptosis, NLRP3 inflammasome stimulation, caspase-1 activity, and IL-1β production to mitigate myocardial damage after ischemia-reperfusion (181). However, the effects of Bay 11-7082, which rely on NF-κB pathway inhibition, are challenging to distinguish in vivo.





OLT1177

The NLRP3 inflammasome is specifically inhibited by the oral beta-sulfonyl nitrile molecule OLT1177 (182). It has no effect on AIM2 or NLRC4, but it decreases the release of IL-18 and IL-1β. By blocking NLRP3 oligomerization, OLT1177 stops the downstream cascade from being activated, and the NLRP3–ASC interaction does not occur. Through direct interaction, OLT1177 inhibits the ATPase activity of NLRP3 (182). OLT1177 consistently inhibits NLRP3 activation in several preclinical models of inflammatory disease (182–184). Furthermore, OLT1177 decreased the release of cytokines in mononuclear cells taken from CAPS patients, where constitutively active mutants of NLRP3 spontaneously secreted IL-1β and IL-18 without infection or tissue damage (182). OLT1177 maintained cardiac function 24 hours and 7 days postreperfusion and decreased the infarct size in a dose-dependent manner in an animal model of myocardial ischemia-reperfusion (185). In a model involving permanent occlusion of the coronary arteries, OLT1177 also enhanced ventricular function. Since OLT1177 has demonstrated efficacy when administered 60 minutes after rep, the same study demonstrated its applicability in a clinically relevant scenario.

OLT1177 is undergoing clinical trials. OLT1177 proved to be reliable and potent for alleviating target joint pain in individuals with gout, a condition that depends on NLRP3 inflammasome activation, in an open-label phase 2A study (186). OLT1177 was deemed safe, and at the highest dose administered, it was associated with an increase in the left ventricular ejection fraction and treadmill exercise duration after 14 days in a pilot phase-1B, double-blind trial involving patients with heart failure and a reduced ejection fraction (187).





INF4E

The antipyroptotic properties of a collection of α,β-unsaturated carbonyl or cyano compound derivatives were screened and synthesized (29). Because of their reactive Michael acceptor fragment, these substances inhibit NLRP3. Because of its capacity to suppress NLRP3 ATPase activity and caspase-1 activation, INF4E was selected among these substances (29). In ex vivo studies, rat hearts perfused with a Langendorff apparatus and subjected to 30 minutes of ischemia followed by 20 or 60 minutes of reperfusion presented improved left ventricular pressure, decreased lactate dehydrogenase, and smaller infarcts after pretreatment with INF4E. In addition, INF4E treatment stimulated the protective reperfusion injury salvage kinase (RISK) signaling pathway, enhanced mitochondrial function, and decreased the expression level of the NLRP3 inflammasome in these hearts (188). Owing to the possible cytotoxicity of this compound, the same group created additional compounds in a more recent study that share a sulfonamide or sulfonylurea portion and the Michael acceptor moiety of INF4E (189). INF58 is the most promising of these substances, but its cardioprotective properties have proven to be effective.





Tranilast

Trinilast (N-[30-40-dimethoxycinnamonyl]-anthranilic acid, TR), an analog of a tryptophan metabolite, has received clinical approval for treating several allergic conditions (190). Although it has been demonstrated to decrease collagen synthesis, the exact mechanical process underlying this effect is unclear. Tranilast was recently discovered to be an inhibitor of the NLRP3 inflammasome with no discernible effects on AIM2 or NLRC4 (191). It has been demonstrated to bind directly to the NACHT domain of NLRP3, blocking it from oligomerizing without assisting in NLRP3 ATPase activity. Additionally, its suppressive impact is unaffected by upstream signal transduction, including the generation of ROS, ion efflux, and mitochondrial dysfunction (191). Tranilast has beneficial effects on diseases linked to the NLRP3 inflammasome in animal models of gout, type 2 diabetes, and CAPS. More recently, tranilast increased NLRP3 ubiquitination in two murine models of atherosclerosis, which inhibited the assembly of the NLRP3 inflammasome and, as a result, slowed the development and spread of atherosclerotic plaques (192). Tranilast has been shown to have positive effects on cardiac fibrosis and remodeling in multiple animals since its discovery as an NLRP3 inhibitor (187).





CY-09

CY-09, a newly created NLRP3 inhibitor, blocks NLRP3 assembly and ATPase activity by directly attaching to the ATP-binding motif of the NACHT domain. Animal models of type 2 diabetes mellitus and CAPS have been used to test its therapeutic efficacy (193). In a diabetic stroke mouse model, CY-09 was effective in preventing the cardiac dysfunction linked to diabetic ischemic stroke (194).

Clinical experience with targeted NLRP3 inflammasome inhibitors is limited. Indirect evidence of the central role of the NLRP3 inflammasome is derived from nonselective NLRP3 inhibitors, such as colchicine, or blockers of IL-1 and IL-18.






Potential therapies associated with the NLRP3 inflammasome

Numerous studies have been conducted to investigate potential treatment approaches that target the inflammatory response since the function of the NLRP3 inflammasome in cardiovascular diseases has been increasingly validated (195). Suppressing the NLRP3 inflammasome or its upstream modulators and downstream mediators has garnered much attention because NLRP3 is a novel mediator of the inflammatory response. In recent years, a number of inhibitors that target the NLRP3 inflammasome and IL-1β have shown favorable results in clinical trials (Table 1).


Table 1 | Overview of completed clinical trials targeting the NLRP3 inflammasome in cardiovascular diseases.






Anakinra

Anakinra is a gene recombination-prepared selective IL-1 receptor antagonist that inhibits the action of both IL-1α and IL-1β. Current clinical trials of anakinra in CVD patients are concerned primarily with myocardial infarction, heart failure, and pericarditis. A pilot study evaluating the immediate efficacy of anakinra in individuals with acute pericarditis was published in 2021 (196). In patients given 100 mg of anakinra, the results demonstrated a significant reduction in pain scores. The trial was stopped because of remarkable results in the first 24 hours, which showed that anakinra was a promising treatment for pericarditis.

Three studies on anakinra for heart failure treatment comprehensively evaluated changes in plasma C-reactive protein levels, ventilatory efficiency, and variations in peak oxygen consumption (VO2) over time (197, 198). Anakinra was found to have a positive effect on systemic inflammation, and NT-proBNP showed a positive trend following anakinra. The ejection fraction of anakinra-treated volunteers was maintained or increased, even though their VO2 did not appear to be impacted during the trial.

Furthermore, the potential of using anakinra to treat MI was also assessed. The safety and effectiveness of anakinra in treating acute myocardial infarction were thoroughly assessed in one group through three trial phases (VCU-ART) (198–200). A total of 139 patients participated in the trials, and the findings showed that anakinra markedly reduced the systemic inflammatory response after myocardial infarction. The treatment group presented a lower risk of heart failure following myocardial infarction, despite the apparent neutral effect of anakinra on improving the left ventricular ejection fraction and recurrent ischemic events.

Although anakinra has been approved for treating a number of immune-related conditions and has potential for use in anti-inflammatory therapy, none of its treatments have been approved for treating cardiovascular diseases such as pericarditis. Further comprehensive clinical trials are needed to confirm the safe application of anakinra in treating cardiovascular diseases.





Colchicine

Colchicine is a common anti-inflammatory medication used to treat gout and pericarditis. It prevents ASC and NLRP3 from forming microtubes and from moving subcellularly, and it also prevents the inflammasome from assembling. Compared with other inflammasome-targeting agent blockers of IL-1 or IL-18, colchicine is a nonselective NLRP3 inhibitor. The potential of using colchicine to treat other CVDs is still being investigated, although it is acknowledged as the primary treatment for pericarditis. Many extensive clinical trials have been carried out in an effort to treat various CVDs because colchicine is a safe and affordable anti-inflammatory medication.

In the low-dose colchicine (LoDoCo) study, 532 patients with stable coronary artery disease were randomly assigned to either the colchicine or placebo group. This is the first major trial to focus on cardiovascular outcomes (201).The group treated with colchicine presented a significantly reduced risk of cardiovascular events during the median 3-year follow-up period for all volunteers. This conclusion was also supported by the LoDoCo2 trial, which randomized 5,522 volunteers and reported that colchicine treatment reduced the main composite endpoints by 31% (202).

In recent tests, the potential of colchicine for treating MI has attracted much attention. According to the 2020 Unblinded Colchicine Cardiovascular Outcomes Trial (COLCOT), the group receiving colchicine had a lower incidence of coronary and cerebral atherothrombotic events than did the placebo group (203). The first stable ST-segment elevation acute MI was the subject of a subsequent, comparatively small study. However, the trial’s findings revealed no change in the size of the infarct over the course of five days and three months following MI (204). This randomized pilot trial was limited by a small population size and was not powered to demonstrate differences in long-term hard clinical end points; therefore, these results should be generalized with caution. Colchicine may be a promising treatment for multiple CVDs, according to the evidence above; however, additional research is needed to confirm the treatment’s impact on a given CVD. The prevention of CVDs is another area of ongoing research. These findings may lead to a new understanding of the use of colchicine in CVD treatment.





Canakinumab

The monoclonal antibody canakinumab can neutralize IL-1β directly. Canakinumab’s Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS) is the most discussed clinical trial (205). A total of 17,200 patients who experienced acute MI for more than 29 days prior to the study were randomly assigned to the trial, which started in late 2011. A total of 10,061 volunteers were ultimately enrolled for additional research. Even after receiving standard secondary prevention treatments consistently, the chosen volunteers’ hsCRP levels were higher than 2–0 mg/L. To determine the ideal dosage of canakinumab, the CANTOS trial established three subcutaneous injection doses: 50, 150, and 300 mg every three months. Nonfatal MI, nonfatal stroke, or cardiovascular death was designated the first endpoint.

According to data released in 2017, patients receiving 150 mg of canakinumab every three months experienced a 15% lower risk of recurrence than those receiving a placebo. This result is statistically notable, as canakinumab outperforms other secondary prevention therapies, offering a viable complement to standard statin treatment. Furthermore, the initial large-scale, double-blind, randomized controlled clinical trial that focused on a single inflammatory cytokine in the course of CVD was the CANTOS. The CANTOS results confirmed the potential to improve the outcome of patients post-MI by targeting the function or production of IL-1β, highlighting the crucial role of IL-1β in the progression of cardiovascular diseases.

In addition to the anticipated results in reducing cardiovascular diseases, the CANTOS trial delivered an unexpected finding: the overall mortality rate remained unchanged, despite the inhibition of IL-1β leading to a weakened innate immune system. This surprising outcome was attributed to a decrease in cancer-related deaths. In particular, deaths from lung cancer were significantly lower in the CANTOS population (179 participants). One logical explanation is that IL-1β contributes to the development of an inflammatory tumor microenvironment, promoting carcinogenesis in various types of cancer. The decrease in lung cancer mortality observed in the CANTOS trial suggests that IL-1β-directed therapies could benefit patients with specific types of cancer (206).

In addition to the CANTOS, 189 volunteers participated in a different trial that investigated the viability of blocking IL-1β in the management of atherosclerosis. Canakinumab successfully decreased the levels of inflammatory markers such as hsCRP and IL-6, but the trial did not reveal any statistically significant alterations in the mean carotid wall area or aortic distensibility. In addition, lipoprotein levels were lower than those in the placebo group. However, canakinumab increased triglyceride and total cholesterol levels. The use of canakinumab to treat abdominal aortic aneurysms has also been investigated, in addition to MI and atherosclerosis. The aortic diameter of volunteers receiving canakinumab treatment decreased nonsignificantly. However, this trial ended in the third interim analysis because it was ineffective and futile. There is ongoing doubt regarding the efficacy and validity of canakinumab treatment for abdominal aortic aneurysms.

As a promising IL-1 pathway inhibitor, canakinumab is used to treat cardiovascular diseases. However, to provide evidence in favor of the use of canakinumab in CVD, more extensive and thoroughly reviewed clinical trials are needed.





Rilonacept

Rilonacept is a dimeric fusion protein that consists of the Fc portion of IgG1 and the extracellular portion of the IL-1 receptor. Unlike canakinumab, which can neutralize IL-1β directly, rilonacept stops IL-1β and IL-1α from interacting with receptors on the cell surface. Although research on the use of rilonacept to treat CVD has received early attention, clinical trial results are scarce. The effect of rilonacept on atherosclerosis was examined in a small-scale trial in 2010 that involved ten volunteers (207). Compared with that in the placebo group, the CRP level in the treatment group was lower. However, the difference was not statistically significant between the groups. In a 2019 trial on recurrent pericarditis, rilonacept was shown to be an effective treatment for pericarditis pain and inflammation (208). While there are no growing safety concerns, the dependence on corticosteroids has been effectively reduced or eliminated, and health-related quality of life has increased. The United States authorized the use of rilonacept in 2021. It is the first medica the role of immunology tion approved by the FDA to stop recurrent pericarditis in patients older than twelve years.

The FDA has not yet approved any specific NLRP3 inhibitor for use in CVD therapies, which is one of the main obstacles to the advancement of NLRP3 pathway-targeting treatment. Some drugs are not available for clinical use, and data on cardiovascular outcomes are lacking. Further large-scale studies are necessary to draw definitive clinical conclusions. However, several clinical trials, including those involving dapansutrile and tranilast, have been carried out to determine the effectiveness of NLRP3 inhibitors in CVD treatment. The results showed that treating CVDs with NLRP3 inhibitors was safe and well tolerated by volunteers, and the treatment showed promising efficacy (186). Individuals will gain if practical and targeted treatments are created and implemented.






Conclusion

NLRP3, a key immune system-related PRR, is activated by a variety of PAMPs and DAMPs. IL-1β and IL-18 are produced, cleaved, and released when the NLRP3 inflammasome is formed, resulting in low-grade chronic inflammatory responses. Numerous CVDs are influenced by inflammation, according to recent research. In-depth research has been conducted on the mechanisms involved. These factors can be broadly summarized as follows: a variety of triggers initiate the transcription process through the NF-κB pathway or NLRP3 inflammasome assembly, which causes IL-1β to be produced, mature, and released; IL-1β then stimulates transcription through IL-1R. In related studies, NLRP3 silencing, NF-κB pathway blockade, and IL-1β binding all produced favorable outcomes for CVD prevention and control. Additionally, anti-inflammatory therapy targeting IL-1β shows promise for patients with specific cancers, particularly lung cancer. Direct inhibition of the NLRP3 inflammasome appears to have the fewest adverse effects among the various inhibition schemes, as anticipated.
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