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Abstract

:

Ischemic thrombotic disease, characterized by the formation of obstructive blood clots within arteries or veins, is a condition associated with life-threatening events, such as stroke, myocardial infarction, deep vein thrombosis, and pulmonary embolism. The conventional therapeutic strategy relies on treatments with anticoagulants that unfortunately pose an inherent risk of bleeding complications. These anticoagulants primarily target clotting factors, often overlooking upstream events, including the release of neutrophil extracellular traps (NETs). Neutrophils are integral components of the innate immune system, traditionally known for their role in combating pathogens through NET formation. Emerging evidence has now revealed that NETs contribute to a prothrombotic milieu by promoting platelet activation, increasing thrombin generation, and providing a scaffold for clot formation. Additionally, NET components enhance clot stability and resistance to fibrinolysis. Clinical and preclinical studies have underscored the mechanistic involvement of NETs in the pathogenesis of thrombotic complications, since the clots obtained from patients and experimental models consistently exhibit the presence of NETs. Given these insights, the inhibition of NETs or NET formation is emerging as a promising therapeutic approach for ischemic thrombotic diseases. Recent investigations also implicate a role for the nucleotide-binding oligomerization domain (NOD)-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome as a mediator of NETosis and thrombosis, suggesting that NLRP3 inhibition may also hold potential for mitigating thrombotic events. Therefore, future preclinical and clinical studies aimed at identifying and validating NLRP3 inhibition as a novel therapeutic intervention for thrombotic disorders are imperative.
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1. Introduction


Ischemic thrombotic disorder, marked by the development of obstructive blood clots, poses a significant clinical challenge. While diverse risk factors contribute to the development of thrombotic disease, age emerges as a pivotal determinant in this intricate landscape [1,2,3]. Aging leads to physiological changes in the vascular and hematologic systems, rendering individuals more susceptible to thrombosis. Older individuals exhibit a higher risk for developing thrombotic complications, such as deep vein thrombosis (DVT), stroke, and myocardial infarction (MI) [4,5,6,7,8,9]. Interestingly, a graded increase in venous thrombosis has been observed with each decade of human aging [10]. Experimental models of thrombosis, including studies involving aged mice, consistently validated the heightened susceptibility to both arterial and venous thrombosis associated with advanced age [11,12,13,14,15,16]. This review discusses age and the age-associated risk factors and their contribution to ischemic thrombotic disease.



Age-related risk factors often cluster with advancing age and contribute to thrombotic disease risk. These factors include (a) comorbidities: conditions such as hypertension, diabetes, and atherosclerosis become more prevalent with age and increase the likelihood of thrombosis [17,18,19]; (b) obesity: age-related weight gain and changes in body composition can lead to obesity, which is strongly associated with thrombotic risk [20]; (c) medications: age-related medication use, including hormone replacement therapy [21], can induce thrombosis; and (d) physical inactivity: reduced physical activity in older individuals may lead to venous stasis, promoting venous thromboembolism (VTE) [22]. Ischemia-reperfusion injury (IRI) can also interact with the aging process and may exacerbate the outcomes. For instance, the impaired endothelial function seen in aging can lead to microvascular dysfunction, enhancing the risk of thrombosis during reperfusion [23]. This synergy between IRI and aging is a relatively novel area of research and needs further attention to bridge the gap in understanding the exacerbated processes.



Advancements in our understanding of the underlying pathological mechanisms have been facilitated by reliable mouse models. While several mediators come into play in the multifaceted landscape of thrombosis, this review primarily centers on neutrophil extracellular traps (NETs) and their role as a critical contributor. It may be that NETs are more important in the conditions associated with aging, such as diabetes [24,25], than with age itself [14]. Understanding the interplay between NETosis and age or age-related factors holds promise for refining diagnostic and therapeutic strategies in the future. This comprehensive review will not only describe the various age-associated ischemic conditions linked with NET release but will also elucidate the important role played by the NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome as an upstream mediator of NETosis. Additionally, we will explore various therapeutic strategies targeting the inhibition of NLRP3, summarizing both the natural and synthetic compounds that exhibit the potential to serve as inhibitors. Further research is warranted to gain a deeper understanding of the underlying mechanisms, paving the way for targeted interventions aimed at reducing the burden of ischemic thrombotic diseases in aging populations.




2. NETosis: Bridging Immune Defense to Thrombotic Triggers


NETosis, which was first discovered by Takei et al. [26], refers to the release of NETs from neutrophils due to chromatin decondensation through the peptidyl arginine deiminase 4 (PAD-4)-mediated deimination of nuclear histones [27]. NETs contain cell-free DNA (cfDNA), histones, citrullinated histone H3 (H3Cit), elastase, and myeloperoxidase (MPO) [28]. Historically, NETosis was considered a form of innate immune response as it amplifies the local concentration of antimicrobial agents and prevents the spread of bacterial species, such as Staphylococcus aureus, Salmonella typhimurium, Leptospira interrogans, and Shigella flexneri [4,5]. However, over a decade, several studies have exemplified the prothrombotic roles of several component of NETs, including a role for cfDNA, histones or H3Cit, nucleosomes, and the tissue factor (TF) [5,6,11,12,13]. Subsequently, NETs are recognized as a pivotal contributor to the pathogenesis of numerous cardiovascular ischemic disorders (Figure 1). To provide a comprehensive understanding of this phenomenon, the following sections will delve into the mechanisms through which NETosis promotes a prothrombotic environment, shedding light on the multifaceted mechanism of NETs in thrombosis.



Further confirmation of the link between NETosis and DVT came through studies revealing that mice deficient in PAD-4, a key enzyme involved in NETosis, were protected against experimental DVT [29,30]. This suggests that the process of PAD-4-mediated NETosis plays a critical role in DVT pathogenesis. However, it is important to acknowledge that while neutrophils are the primary source of NETs, other leukocyte types, including eosinophils, basophils, and mast cells, might also contribute to extracellular trap formation under specific conditions [12,13,31,32]. These observations underscore the intricate nature of extracellular traps and their potential collaboration with other immune elements in thrombotic events.



2.1. Role of NETs in Thrombosis: A Multifaceted Mechanism


The critical role of NETs in thrombosis has emerged as a dynamic and multifaceted mechanism with far-reaching implications. Fuchs et al. were among the first to unveil the association between NETs and thrombosis when they demonstrated that NETs serve as a scaffold for platelet binding and aggregation [6]. In addition, NETs are involved in the inhibition of fibrinolysis through tissue plasminogen activator (tPA) inhibition [33]. Notably, extracellular DNA traps were observed within thrombi following balloon catheter occlusion in the iliac vein of baboons, providing early evidence of NET involvement in thrombus formation [6]. Subsequently, the same group confirmed these findings in an experimental DVT model in mice, using inferior vena cava (IVC) ligation [11].




2.2. Prothrombotic Effects of Individual Components of NETs


Several components of NETs possess prothrombotic activity. For example, the infusion of an unfractionated mixture of calf thymus histones was shown to exacerbate the severity of DVT following IVC ligation, where histones interfered with the generation of activated protein C (APC), leading to inadequate anticoagulation [34]. Histones were also found to mediate platelet activation [35] and platelet-dependent thrombin generation through the activation of Toll-like receptors (TLRs), such as TLR2 and TLR4 [36].



cfDNA, another key constituent of NETs, has been established as a promoter of thrombin generation in plasma, even in the absence of platelets. cfDNA enhances the thrombin generation potential in plasma by activating histidine-rich glycoprotein, factor XI (FXI), and factor XII (FXII) [37,38]. The studies utilizing a phorbol myristate (PMA)-induced release of NETs demonstrated an increase in thrombin generation in the plasma, a phenomenon reversed through treatment with DNase 1, implicating cfDNA in this process [14,39]. Furthermore, cfDNA and histones have been shown to confer a higher mechanical stability and fibrinolytic resistance to fibrin clots [40,41]. These observations were corroborated by studies indicating that a disruption of NETs with DNase 1 accelerates ex vivo tissue plasminogen activator (tPA)-induced thrombolysis in the thrombi collected from stroke patients [42]. Komissarov et al. further described that, at higher concentrations (1.0–20.0 μg/mL), DNA but not RNA competes with fibrin for binding to plasmin and decreases the rate of fibrinolysis [43]. While most studies suggested a role for NETs in thrombin generation, Noubouossie et al. proposed that histones and DNA, rather than intact NETs, potentiate thrombin generation [44]. The discrepant interpretation from these studies can partly be attributed to the methods of plasma preparation and raises interesting methodological questions. In the earlier studies, the plasma was prepared by performing the single centrifugation at 1500× g for 10 min, which might have resulted in contamination with the residual platelets or other membranous fragments [39]. However, Noubouossie et al. prepared the plasma using double centrifugation at 2500× g for 15 min followed by filtration using a 0.22-µm filter [44]. While acknowledging the variations in the plasma preparation methods, we recognized that this disparity offers a valuable avenue for future investigation. Beyond the methodological considerations, this opens doors to critical discussions regarding clinical implications, mechanistic insights, methodological refinements, and the potential for translational applications in treating thrombotic disorders. An exciting opportunity lies in unraveling the precise mechanisms by which histones and DNA facilitate thrombin generation in the absence of intact NETs. Such understanding may reveal novel therapeutic targets for thrombosis and related conditions. Overall, these ex vivo and in vivo studies in mice and humans establish several mechanisms via which NETs can contribute to thrombosis.




2.3. Platelet-Induced NETosis


A recent study suggested that platelets isolated from infarct-related coronary arteries (IRAs) of acute ST-segment elevation myocardial infarction (STEMI) patients were able to induce NETosis [45]. It indicated that platelets collected from a prothrombotic environment possess the ability to induce NETosis, that in turn acts on the platelets to induce their aggregation and activation to initiate a positive feedback regulation. Activated platelet-induced NETosis has been also demonstrated in COVID-19 and is considered a key mediator of thrombosis due to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection [46]. For instance, P-selectin and αIIbβ3, which are expressed on activated platelets, can induce NETosis via its interaction with P-selectin glycoprotein ligand-1 (PSGL-1) [47] and SLC44A2 expressed on neutrophils [48], respectively. In fact, a polymorphic site within the SLC44A2 (rs2288904-A) gene is known to influence the susceptibility to thrombosis [49,50,51]. Audriller et al. demonstrated that the activation of platelets using a thrombin receptor-activating peptide (TRAP) [52] and lipopolysaccharide (LPS) [53] can lead to robust NET formation. Taken together, these findings suggest that platelets are important hematopoietic cells for inducing the release of NETs.





3. NETosis in Disease Condition


In recent years, NETosis has emerged as a critical player in the context of aging and age-associated diseases [54]. Neutrophils from aged individuals or aged mice exhibit altered NETosis kinetics, with some reports suggesting an enhanced NET formation with age [55,56], or in aged individuals with severe vasculitis [57,58], while others indicate minimal or no change in NETosis in otherwise healthy aged mice [14]. The age-related changes in NETosis may contribute to chronic inflammation, a hallmark of aging, and may also impact the immune response to infections in the elderly. Therefore, understanding the mechanisms underlying the age-related alterations in NETosis is crucial for unraveling the complexities of aging. This section aims to explore the intricate interplay between NETosis and its contributions to age-associated ischemic diseases and will also provide a brief insight into the association of NETs in non-ischemic diseases.



3.1. NETosis in Acute Ischemic Conditions


This section provides a brief account of the various ischemic conditions where NETs have been implicated. Elevated plasma levels in extracellular histones have been reported in ischemic or thrombotic conditions, such as myocardial infarction [59], stroke [60,61], ischemic outcomes after angioplasty [62], and DVT [11,63]. Stakos et al. observed that neutrophils isolated from IRA aspiration in STEMI patients were more prone to the release of NETs in comparison to non-infarct-related coronary arteries and control individuals [45]. NETs were found to be constitutively present in the thrombi retrieved during endovascular therapy in patients with acute ischemic stroke [42]. However, the authors could not find any significant association between the circulating markers of NETs and the final thrombolysis in cerebral infarction (TICI) score [42]. Borissoff et al. reported that the circulating markers of NETosis were independently associated with the severity of coronary atherosclerosis, the occurrence of major adverse cardiac events, and the presence of a prothrombotic state [64]. Surprisingly, a deficiency of PAD-4 in hematopoietic cells did not display a significant impact on the progression of atheromatous plaques in hypercholesterolemic mice [65], despite detecting the presence of NETs in atherosclerotic lesions from human carotid endarterectomy tissue [65]. This may indicate that the mechanisms may differ between mice and humans. An alternative explanation could be that the process of inducing disease conditions in mice may not necessarily phenocopy human disease pathology. Retinal vein occlusion (RVO), which refers to the obstruction of the retinal venous system due to thrombus formation, has emerged as the second most common retinal vascular disorders [66,67]. Recently, Wan et al. reported that the elevated plasma levels in NETs are associated with RVO and can be exploited as a potential biomarker [68]. In summary, NETs have been identified in several ischemic conditions but their mechanistic contributions to pathological ischemia is not fully understood in most of the disease states.




3.2. NETosis in Cancer-Associated Thrombosis


Several tumors and cancer cells secrete a cytokine called the granulocyte colony-stimulating factor (G-CSF) [69,70,71,72,73], which exhibits the potential to induce NETosis and promote thrombosis [74]. Higher levels of circulating NET markers predicted the occurrence of DVT in cancer patients and was associated with a poor prognosis in a large cohort in the Vienna Cancer and Thrombosis Study (CATS) [75]. This was an important study since it included patients with malignancy at varied sites, such as brain, breast, bronchus, stomach, prostate etc. [75]. The elevated circulating levels of MPO-DNA was also associated with thrombosis in patients with myeloproliferative neoplasms (MPN) [76]. Similarly, histone–DNA complexes have been demonstrated in the thrombi in patients with different cancer types [77,78] and circulating H3Cit has been associated with the markers of thrombosis [77]. Consistent with these findings, we showed that the expression of circulating cfDNA and thrombin generation potential was increased in pediatric patients with acute lymphoblastic leukemia and that the treatment of plasma with DNase 1 lowered the potential for thrombin generation [79]. These findings suggest a link between NETs and thrombosis in cancer patients.



There was also in vivo evidence for NETs promoting venous thrombosis in mouse cancer models. Demers et al. [74], using murine models of lung and breast carcinoma and chronic myelogenous leukemia, demonstrated an increased sensitivity of neutrophils undergoing NETosis. Hisada et al. observed elevations of H3Cit and cfDNA in the plasma and thrombi from mice bearing human pancreatic tumors, and the administration of DNase 1 or the depletion of neutrophils reduced the thrombus size in mice bearing human tumors [80]. Similar observations have been made by others in mammary cancer [81,82,83]. Wolach et al. further extended the findings on the role of NETs in animal models of cancer-associated thrombosis to MPN represented by the Jak2V617F mutation [84]. A Jak2WT mouse transplanted with Jak2V617F bone marrow had elevated NETs compared to the Jak2WT mice and developed spontaneous pulmonary thrombosis, which was absent when the mice were engrafted with PAD-4-deficient Jak2V617F bone marrow. The Jak2V617F mice treated with DNase 1 or the JAK inhibitor Ruxolitinib had a reduced thrombus size when subjected to the IVC stenosis model for DVT. Taken together, these findings implicated a mechanistic role of NETs in cancer-associated ischemic thrombosis.




3.3. NETosis and Age in the Context of COVID-19


NETosis is by far the major underlying pathway observed in COVID-19-associated thrombosis [46,85,86,87,88,89]. Age may exert a profound influence on the intricate dynamics of the immune response during COVID-19 [90,91]. Understanding this relationship is vital because it offers valuable insights into why older individuals often experience more severe forms of COVID-19. As individuals age, their immune systems undergo several changes, including alterations in neutrophil function and a predisposition to chronic inflammation, creating an environment that may prime the immune response for heightened NETosis [92]. These age-related changes can result in a more robust NETosis response when confronted with viral infections like SARS-CoV-2. Consequently, the amplification of NETosis in older individuals can contribute to increased inflammation, tissue damage, and a more severe clinical course of COVID-19 [93]. We also reported the presence of NETs in the coronary clots removed from patients with COVID-19 [94]. Others have made similar observations for COVID-19 [95]. This interplay between age and NETosis in COVID-19 is an evolving area of research with significant implications for understanding disease pathogenesis and developing targeted therapeutic strategies.





4. NETosis in Non-ischemic Conditions


The role of NETs has also been implicated in several non-ischemic conditions that may involve vascular components. For example, emerging evidence suggests that NETosis may play a role in neuroinflammation and the progression of neurodegenerative diseases. The release of NET components in the brain microenvironment may exacerbate neuronal damage [96,97]. NETosis has also been implicated in the pathogenesis of chronic obstructive pulmonary disease (COPD), which is more prevalent in older individuals. Neutrophil infiltration and excessive NET formation in the lungs can contribute to chronic inflammation and tissue damage in the respiratory system [98]. Rheumatoid arthritis (RA) is an autoimmune disease that often manifests in older adults. NETosis is known to play a role in RA pathology by promoting autoantibody production and joint inflammation [99,100]. Neutrophils release NETs containing citrullinated antigens, which can trigger an autoimmune response [101,102]. NETosis has been associated with kidney inflammation and fibrosis, both of which are common features of chronic kidney disease (CKD). The chronic, low-grade inflammation seen in CKD may be exacerbated by NETs released in older individuals with kidney disease [103,104]. NETosis has been linked to bone resorption, a process central to the development of osteoporosis and a condition that becomes more prevalent with age. Neutrophil-mediated inflammation and NET formation can contribute to bone loss [105].



Overall, NETosis plays a pivotal role not only in fostering a prothrombotic environment but also in various non-ischemic vascular conditions. Therefore, it is imperative to elucidate the upstream pathways leading to NETosis to pave way for the development of novel pharmaceutical agents for age-associated ischemic and non-ischemic vascular disorders.




5. NLRP3 Inflammasome: A Key Mediator of NETosis-Driven Thrombosis


In the previous sections, we described that the release of NETs plays a crucial role in age-associated ischemic disease conditions, and thus holds potential as a therapeutic target. The emerging line of evidence indicates the involvement of the NLRP3 inflammasome activation in NETosis, and thus may contribute towards the onset of thrombosis. Inflammasome is a multimeric protein complex that assembles and activates within the host, in response to specific pathogens, is recognized by pattern recognition receptors [106,107]. Their activation triggers the release of proinflammatory cytokines and, therefore, is considered as an important component of the innate immune system. A typical inflammasome consists of an adaptor protein (apoptosis-associated speck-like protein with a caspase recruitment domain (ASC)) and caspase-1 [108]. NLRP3 acts as the sensor where the carboxyl-terminal LRR domain is involved in stimuli recognition. Upon receiving an appropriate stimulus, different components start assembling and result in the zymogenic conversion of procaspase-1 to caspase-1, which in turn, activates the proinflammatory cytokines IL-1β and IL-18 [109,110,111]. The inflammasome-mediated activation of IL-1β and IL-18 leads to a quick highly inducible proinflammatory response, which is tightly regulated. Moreover, inflammasome activation can set off a provocative cell death pathway pyroptosis, which depends on the cleavage of gasdermin and inhibits the replication of intracellular microorganisms [112].



NLRP3 is the most extensively studied member of inflammasomes, which can be activated by TLR ligands such as the LPS and tumor necrosis factor α (TNF-α). The precise mechanisms leading to the activation of the NLRP3 inflammasome are still debatable, besides being activated in response to wide variety of stimuli [113]. In monocytes, and macrophages, NLRP3 inflammasome activation requires a pre-treatment, or priming, using microbial-associated PAMPs or cytokines [114]. However, the NLRP3 inflammasome activation in platelets does not require any pre-treatment as the required components are constitutively expressed [115]. The activation of the inflammasome is mediated by a nuclear factor kappa-light-chain-enhancer of an activated B cell (NF-κB) [116]. The NLRP3 inflammasome plays a significant role in mediating the host immune defense against several bacterial, fungal, and viral infections [117,118,119]. The uncontrolled activation of the NLRP3 inflammasome contributes towards the pathogenesis of several diseases, including autoimmune diseases, diabetes, gout, cryopyrin-associated periodic syndromes, and atherosclerosis [113,120].



Kahlenberg et al. reported that NETs promote the activation of caspase-1 in macrophages, indicating an enhanced activity of NLRP3 [121]. Moreover, the same report suggested that IL-18, one of the byproducts of NLRP3 activation, exhibits the potential to activate NETs, and thus may suggest the presence of a bidirectional role of NLRP3 [121]. The results were further corroborated by Young et al., where they showed that IL-1β, another byproduct of NLRP3 activation, results in enhanced NETosis via caspase-11 activation [122]. Mechanistically, the IL-18-mediated activation of the NLRP3 inflammasome depends on the milk fat globule epidermal growth factor VIII (MFG-E8) [123]. In addition, the activation of NETosis via different stimuli may also require the presence of NLRP3 inflammasome activation (Figure 2). For example, Yalcinkaya et al. reported that the neutrophils specific deletion of the cholesterol transporters ATP-Binding Cassette A1 and G1 (ABCA1/G1) enhanced the extent of NETosis via the NLRP3 activation [124]. Furthermore, PAD-4, the enzyme necessary for the induction of NETosis, was also implicated in the NLRP3 inflammasome assembly [125]. Gasdermin D (GSDMD) is known to prevent an NET release via NLRP3 inflammasome inhibition [126]. A recent clinical study on COVID-19 reported that NLRP3 activation occurs much before NETs are released from the stimulated neutrophils, and hence validate their mechanistic involvement [127]. The genetic ablation of NLRP3 has been shown to result in a diminished NETs release [125]. Collectively these findings indicate that the NLRP3 inflammasome is a crucial upstream mediator for NET release. Hence, NLRP3 inhibition can alleviate the severity of pathological conditions, where the NET release contributes significantly.



Since NLRP3 activation plays an important role in the NET release, it is highly anticipated that their activation will contribute towards the onset of various thrombotic disorders. For example, antiphospholipid syndrome (APS) disorder, which is characterized by thromboembolic events and the presence of antiphospholipid antibodies [128,129], showed a dramatic increase in the NLRP3 activation in mononuclear cells isolated from patients with APS as well as from the murine model [130,131]. Similarly, rheumatic mitral stenosis (MS) patients with clinically relevant thrombosis exhibited higher levels of IL-1β when compared to the individuals who did not experienced thrombosis [132]. Notably, the expression was not restricted only to the immune cells. Murthy et al. reported the presence of NLRP3 in platelets and revealed their involvement in platelet activation and thrombosis, which was dependent on Bruton’s tyrosine kinase (BTK) [115]. Likewise, the pharmacological inhibition of NLRP3 or BTK using MCC950 or ibrutinib, respectively, can prevent sickle cell disease-associated platelet aggregation and activation [133]. However, these results were contradicted by another study, where it was reported that platelets did not express NLRP3 [134]. The latter publication claimed that the reason behind this discrepancy could be the difference in the methods used to determine the expression of NLRP3 [134]. While the former study evaluated the expression using immunofluorescence staining [115], the later used Western blotting [134]. Such discrepant results not merely raise methodological concerns but the need to develop robust technology that can be expanded for diagnostic purposes in patients.



IL-1β increases the susceptibility to arterial thrombosis by promoting the NETosis-dependent release of the tissue factor [135]. Interestingly, NLRP3 activation also contribute towards platelet activation and arterial thrombosis in vivo [115,136]. IL-β neutralization, using a specific monoclonal antibody canakinumabcan, can attenuate the severity of venous thrombosis in CD39-deficient mice [137]. The same group had previously shown that CD39 haploinsufficiency led to platelet hyperactivity and increased the risk for atherosclerosis [138,139,140]. Recently, Gupta et al. identified the NLRP3 inflammasome complex as a crucial determinant of hypoxia-mediated acute thrombotic events [141]. The NLRP3 inflammasome was recently also identified in subarachnoid hemorrhage (SAH)-dependent micro thrombosis [142]. These findings suggest an interplay of NLRP3 under various ischemic conditions, likely through NETs as the downstream mediator.



In a nutshell, NETosis plays an important role in the pathogenesis of thrombotic disorders through its upstream mediator, the NLRP3 inflammasome. Therefore, it is conceivable that the inhibition of NLRP3-mediated NETosis can pave the path for developing novel therapeutic approaches for several thrombotic disorders.



Inhibiting NLRP3: A Promising Therapeutic Approach for Thrombotic Disorders


Emerging evidence suggests that NLRP3 inhibition could be one of the anti-ischemic targets. NLRP3 inhibitors can be broadly categorized into synthetic and natural types. Natural compounds emerged as an alternative for developing therapeutics due to their enhanced bioavailability and minimal toxicity. Bromoxone is a potent marine natural compound that can inhibit the NLRP3 inflammasome activity with an IC50 value of 0.17 μM. Interestingly, the same compound can suppress the expression of NLRP3 via NFκB inhibition [143]. Artemisinin derived from the plant Artemisia annua exhibits a potent antimalarial activity [144], and can also attenuate the NLRP3 inflammasome assembly and subsequent activation [145]. Several other compounds, such as sulforaphane, a dietary isothiocyanate isolated from cruciferous vegetables such as broccoli; parthenopid, a plant-derived sesquiterpene lactone [146], and baicalin (BAI), a flavonoid compound isolated from Scutellaria baicalensis [147], may also be important NLRP3 inhibitors. However, these molecules have not been assessed for their NLRP3 inhibition-based protective role against thrombotic complications.



Gegen Qinlian pills (GQPs) is a traditional Chinese medicine (TCM) that consists of four herbs, namely Pueraria montana, Scutellaria baicalensis, Coptis chinensis, and Glycyrrhiza uralensis [148]. Recently, Wei et al. reported that GQPs conferred protection against carrageenan-induced thrombosis in mice via NLRP3 inhibition [148]. Resveratrol, a polyphenol found in red wine, reduced the expression of NLRP3 and diminished the severity of venous thrombosis in a murine model [149]. Emerging clinical studies further strengthened the evidence supporting the protective impact of NLRP3 inhibition against thrombosis and cardiovascular diseases. The Canakinumab Anti-inflammatory Thrombosis Outcomes Study (CANTOS) demonstrated that targeting interleukin-1β (IL-1β) using canakinumabcan could significantly reduce the incidences of cardiovascular events [150,151,152]. A significant positive correlation was found between NLRP3 and troponin T in STEMI patients recruited under the ST-elevation myocardial infarction (TASTI) study [153].



Several synthetic compounds have been designed and developed that can inhibit the assembly and activation of the NLRP3 inflammasome. Refer to Table 1 for a detailed description of the compounds used to inhibit NLRP3. In 2001, a library of diarylsulfonylurea-containing compounds was screened for its ability to inhibit IL-1β processing [154]. Among them, MCC950 was identified as the most potent and selective inhibitor of the NLRP3 inflammasome with an IC50 value of 7.5 nM [155]. Harrison et al. developed novel ester-substitutes of MCC 950 and identified two compounds with a better inhibitory potential on IL-1β secretion in whole blood [156]. The inflammasome inhibitor MCC950 has been shown to reduce thrombosis in 4T1 tumor-bearing mice [83]. AMS-17, a novel sulfonylurea-derived compound, inhibited the NLRP3 inflammasome and prevented caspase-1 activation in the microglial cells upon stimulation with LPS [157]. JC124 is a benzenesulfonamide analogue that can inhibit NLRP3 with an IC50 value of 3.25 μM [158].



A series of α,β-unsaturated electrophilic warheads were developed by Cocco et al. Among them, compound 5 was found to be the most potent for inhibiting NLRP3 inflammasome-dependent pyroptosis [159]. Compound 5 was further modified using acrylamide functionality to develop 2-(2-chlorobenzyl)-N-(4-sulfamoylphenethyl) acrylamide (INF58), which inhibited the NLRP3 ATPase activity with an IC50 value of 74 μM [160]. It was observed that IFN58 interacted with Cys419 in the active site of NLRP3 to exhibit its inhibitory effect [160]. Using the structure-based pharmacophore modeling of triazolopyrimidinone, Harrison et al. (2022) developed NDT-30805, which inhibited the NLRP3 inflammasome with an IC50 value of 13 nM. Recently, a novel NLRP3 inhibitory compound 7 (NIC7) was designed by Haseeb et al. (2022) that inhibited the NLRP3 inflammasome with an IC50 of 9.0 μM [161]. Baldwin et al. used 2APB as a scaffold to develop NBC6 in order to reduce the non-specific effects on Ca2+ homeostasis. Moreover, in terms of potential, NBC6 performed better when compared to 2APB [162]. It was observed that the lipophilicity of the CCl3 group, not the substitutions on the aryl rings, played a key role in the enhanced activity of NBC6 [162]. The structure–activity relationship further suggested that it was key to the inhibitory activity of NBC6 and the substitutions on the aryl rings did not enhance the inhibitory potential [160]. These findings suggest the availability of several useful compounds for targeting NLRP3.



 





Table 1. Synthetic compounds inhibiting the NLRP3 inflammasome in various models.






Table 1. Synthetic compounds inhibiting the NLRP3 inflammasome in various models.





	Compound
	Model
	Results
	IC50
	Reference





	Glyburide
	Bone marrow-derived macrophages treated with LPS and ATP, and

blood-derived monocytes treated with LPS and ATP
	↓ secretion of mature IL-1β
	12 μM (monocytes)
	[154,163]



	2-aminoethoxy diphenylborinate (2APB)
	Peritoneal macrophages treated with LPS and ATP
	↓ secretion of mature IL-1β
	67 μM
	[162]



	EC144
	Bone marrow-derived macrophages treated with nigericin and LPS
	↓ formation of ASC specks
	99 nM
	[164]



	MCC950
	Bone marrow-derived macrophages stimulated with LPS and ATP
	↓ secretion of mature IL-1β
	7.5 nM
	[165]



	Compound 44 (ester-substitute of MCC 950)
	Peripheral blood mononuclear cells stimulated with LPS and ATP
	↓ secretion of mature IL-1β
	36 nM
	[156]



	Compound 45 (ester-substitute of MCC 950)
	Peripheral blood mononuclear cells stimulated with LPS and ATP
	↓ secretion of mature IL-1β
	30 nM
	[156]



	AMS-17
	N9 microglial cells stimulated with LPS
	↓ secretion of mature IL-1β
	2.8 µM of AMS-17 reduced the IL-1β protein level by 30%
	[157]



	JC124
	J774A.1 macrophage cells stimulated with LPS and ATP
	↓ secretion of mature IL-1β
	3.25 µM
	[158]



	Compound 5
	THP-1 macrophage cells stimulated with LPS and ATP
	↓ pyroptosis
	10 µM of compound reduced pyroptosis by 100%
	[159]



	INF58
	THP-1 macrophage cells stimulated with LPS and ATP
	NLRP3 ATPase activity
	74 μM
	[160]



	NDT-30805g
	Peripheral blood mononuclear cells stimulated with LPS and ATP
	↓ secretion of mature IL-1β
	13 nM
	[156]



	NIC7w
	THP-1 macrophage cells stimulated with LPS and nigericin
	↓ secretion of mature IL-1β
	9 µM
	[161]



	NBC6
	Mouse peritoneal macrophages stimulated with LPS and ATP
	↓ secretion of mature IL-1β
	574 nM
	[162]












6. Summary


Thrombotic ischemic complications, such as MI, stroke, DVT, and PE, have emerged as significant causes of morbidity and mortality in the elderly. Understanding the role of age and age-associated factors in thrombosis and incorporating this knowledge into clinical practice is vital for improving health outcomes in the elderly, and thereby addressing the growing health challenges associated with aging populations. This comprehensive review delves into the intricate relationship between age or the age-associated risk factors, NETs, and thrombosis with a primary focus on ischemic thrombotic disorders. Moreover, it underscores the importance of exploring NET inhibition and NLRP3 inhibition as potential therapeutic strategies and calls for further research to advance our understanding of these mechanisms and develop targeted interventions for age-associated ischemic thrombotic diseases.
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Figure 1. NETosis in ischemic thrombotic disease. The illustration depicts the critical role of NETosis in ischemic thrombotic disease. Neutrophil extracellular traps (NETs) released via NETosis contain DNA strands (cfDNA), histo