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Abstract

:

Neutrophil extracellular traps (NETs) have attracted much attention recently, beyond elemental host immunity, due to their fundamental implication in a variety of pathologic conditions and widespread impactful diseases. Atherosclerotic cardiovascular disease (ASCVD) is one of them, and a major cause of mortality and disability worldwide. Consequently, years of basic and clinical research were dedicated to shedding light on every possible pathophysiologic mechanism that could be used as an effective prevention and treatment tool to ameliorate its burden. This led to the development of complex and prevention protocols and regimens that are now widely used, with lipid-lowering treatment being the current cornerstone; however, this is not adequate to alleviate the residual cardiovascular risk, which remains prominent. Despite the demonstrated pathogenic role of NETs in the progression and complications of ASCVD, little is known about their potential as a therapeutic target and the effects hypolipidemics exert on them.
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1. Introduction


Extracellular traps (ETs) are large, web-like structures composed of decondensed DNA, and the process of ET formation is known as ETosis [1]. While neutrophil ETtosis (NETosis) was initially used to describe a new form of neutrophil death, different from apoptosis, necrosis, and necroptosis [1], evidence of ETs has also been reported for macrophages, eosinophils, basophils, mast cells, and dendritic cells [2]. Although neutrophil extracellular traps (NETs) are thought to be an evolutionary, conserved defensive element due to their protective abilities like trapping, killing, and restraining microorganisms, it is their vast pathogenic potential that has recently emerged as a research topic of great interest [3,4]. Netosis dysregulation is well documented as being implicated in the pathogenesis and negative course of a number of diseases falling into the cardiovascular, autoimmune, autoinflammatory, metabolic, infectious, and neoplastic spectra [3,4]. Some microbes can evade NETs’ host-protective barrier, while others have the ability to utilize the barrier for their own host-damaging purposes [3,4,5,6,7,8,9]. Taking into account the dysregulated overproduction of NETs, they may become the source of severe tissue damage in conditions like sepsis and COVID-19 [3,4,5,6,7,8,9]. Providing a mechanical scaffold and interfering with the intrinsic and extrinsic coagulation cascade, as well as platelets, NETs formed in the circulation promote arterial and venous thrombosis [4,10,11,12]. Moreover, footprints of NET formation, like citrullinated histones, cell-free DNA, and MPO–DNA complexes, are found to be elevated in the plasma and tissue of patients with abdominal aortic aneurysms [3,13,14,15]. Through various and complex mechanisms and disease-specific triggers, neutrophils and their NETs are fundamentally implicated in the pathophysiology of atherosclerosis, diabetes, vasculitis, inflammatory bowel disease, cancer metastases, Alzheimer’s disease, different types of arthritis, systematic lupus erythematous, and obesity [3,4,16].



Diving deeper into the study of atherosclerosis, it is worth mentioning that atherosclerotic cardiovascular disease (ASCVD) remains a major worldwide cause of mortality [17]. The prolongation of life expectancy, in concurrence with advancements in modern medicine, has allowed many people to experience the negative outcomes of an unhealthy habitual lifestyle, which are expressed via chronic conditions that take time to evolve and, if not abruptly terminate, certainly diminish patients’ quality of life [18]. Atherosclerosis, one of these conditions, evolves insidiously, beginning from early childhood [19], and leads to most cardiovascular diseases. The two fundamental aspects of the initiation and progression of atherosclerosis are lipoproteins and inflammation [20]. However, in order to harm the vessel, these factors need the lucrative substrate of endothelial dysfunction, consequently leading to an increase in the permeability and expression of cytokines [21]. Hypercholesterolemia, hypertension, insulin resistance, elevated lipoprotein(a) [Lp(a)], the use of tobacco, the accumulation of visceral adipose tissue, and diabetes are major proatherogenic risk factors that have been identified and well-studied due to their causal role in atherogenesis, provoking endothelial dysfunction possibly via increased oxidative stress [21]. Nonetheless, the complex underlying molecular pathways are still not fully elucidated [20,21]. Prolonged exposure to increased LDL-C particles is undoubtedly associated with the initiation of atherosclerosis [18]. In addition, increased triglyceride-rich lipoproteins (TGRLs), in conjunction with low high-density lipoprotein (HDL), play an important role in atherogenesis [22].



The introduction of statins has revolutionized the prevention and treatment of atherosclerosis [18]. Statins have a 30–50% LDL-C reduction efficacy. This is increased when statins are combined with ezetimibe (15–20%) and the inhibitors of PCSK9 (PCSK9i) (50–60%) [23]. Beyond LDL-C, new treatments targeting triglyceride-rich lipoproteins and Lp(a) have become available or entered clinical development. The potential mechanisms of action of current and emerging Lp(a)-lowering therapies have recently been reviewed [24]. Biological and RNA-directed agents have joined traditional small-molecule approaches while gene-editing approaches have appeared on the horizon of lipid management [23].



Despite the optimal management of traditional risk factors according to current treatment guidelines, a significant residual cardiovascular risk still exists [25]. Therefore, it is important to explore every aspect of atherosclerosis as a potential therapeutic target and meticulously study every relevant treatment effect. Inflammation, being a cornerstone of atherosclerotic procedure [26], remains undoubtedly an attractive field. In this context, we researched the potential effects of lipid-lowering medications on NETs and NETosis. Already published review articles by Soehnlein et al. [26], Libby et al. [18,20], and Weber et al. [27] have been enlightening and inspiring for more research on the topics of atherosclerosis, immunity, and inflammation. Our review aims to provide a brief and concise summary of their highlights, among others, and also a summary of the current literature on the specific effects of widely-used hypolipidemic treatment on NETs and NETosis to aid the investigation of their pleotropic actions and motivate more research on the topic.




2. Neutrophil Extracellular Traps (NETs)


2.1. Definition and Formation


NETs, as their acronym suggests, are web-like structures excreted by neutrophils upon activation by various stimuli. The process of their formation and release is called NETosis [28]. They consist of nuclear and occasionally mitochondrial chromatin, which is decondensed by cytosolic enzymes to form the NET’s fibers. These long DNA fibers were revealed by high-resolution scanning electron microscopy to have diameters of 15–17 nm and globular domains of 25–50 nm aggregates. They contain proteins found in neutrophil granules, like myeloperoxidase (MPO), neutrophil elastase (NE), cathepsin G, and gelatinase. These, along with chromatin histone cytotoxic effect, grant NETs a number of toxic and dissemination-hindering properties against various pathogens [3,4,29]. NETs also gather proteins from their surroundings, with tissue factor being one of them [10]. Concerning protein content, NETs are not homogenous, implying the varying origin from different neutrophil subpopulations [30,31]. The resulting web-like structure has a volume of 10–15 times larger than that of the originating cell [3,32].



As mentioned, NETs are created and released via a process of cell death distinct from apoptosis, necrosis, and necroptosis, generally referred to as NETosis [1,30,33]. There are two types of NETosis. The first, named lytic NETosis, includes delobulation of the nucleus, disassembly of the nuclear envelope, decondensation of chromatin, mixing with cytosolic and granule proteins, loss of cellular membrane polarization, rupture of cellular membrane, and, finally, release of NETs. This takes place 3–8 h upon neutrophil activation. The claim that NETosis is a type of programmed cell death is supported by the fact that membrane permeabilization happens in a programmed manner and not as a physical consequence of chromatin expansion [4,34,35]. The second type of NETosis is a more rapid one observed within minutes of exposure to Staphylococcus aureus and does not involve cell destruction. It seems that nuclear chromatin secretion occurs in parallel with degranulation of granule proteins and extracellular assembly of the previously described final net structure. This process leaves behind anucleated cytoplasts that maintain the ability to phagocytose bacteria and is observed in the first neutrophils to arrive at sites of infection [4,34,35].




2.2. Triggers


Several stimuli have been reported to trigger NETosis and modulate its components. Microorganisms induce NETosis depending on their size, virulence factors, and released inflammatory molecules [3]. NETs have been reported to effectively combat bacteria [4,28], viruses [4,36], parasites [4,37], and fungi [4,38]. Smaller microbes are usually phagocytosed by neutrophils, while larger ones or those that form aggregates block this mechanism and are, thus, subjected to NETosis [3,4]. Other endogenous and exogenous stimuli that trigger NETosis are damage-associated molecular patterns (DAMPs), immune complexes, nitric oxide, urate and cholesterol crystals, autoantibodies, proinflammatory cytokines, and interactions between neutrophils and platelets or neutrophils and endothelial cells [3,4,39,40]. The size of the non-septic stimuli also contributes to the formation of NETs, with larger urate crystals, for example, being a more drastic trigger than smaller ones [3,4,39,40]. Each of the various stimuli initiates the process of NETosis via different plasma membrane receptors and downstream molecular pathways, implicating nicotinamide adenine dinucleotide phosphate (NADPH), reactive oxygen species (ROS), myeloperoxidase (MPO), neutrophil elastase (NE), and protein arginine deiminase (PAD) enzymes [4]. However, in vivo, the exact participation of each pathway remains obscure. The cooperative and parallel activation of more than one NETosis-conducting mechanism is the most probable scenario [3,14,41,42,43,44]. Interestingly, the differences in NETs structural characteristics, such as variable histone citrullination by different stimuli, could help identify the involved immunopathogenic mechanism in vivo [4]. Moreover, recent research suggests that neutrophil circadian rhythmicity applies to NETs formation [10,45].




2.3. NETs Content and Quantification


NETs contain proteins found in neutrophil granules, like MPO, NE, cathepsin G, and gelatinase. MPO has the potential to modulate the oxidation of LDL [46]. The MPO–DNA complex is considered the most specific, objective, and quantitative plasma marker for NETs formation [47]. Other forms of NET remnants are complexes of DNA and NE (NE–DNA) [47]. Citrullinated histone 3 (CitH3) is another widely used marker for NETs formation [47]. MPO–DNA and NE–DNA complexes in fluid samples can be determined by enzyme-linked immunosorbent assay (ELISA) [47]. Although problems of standardization exist, this methodology remains the most used for monitoring NETosis [47]. As mentioned, NETs can gather proteins from their surroundings, with tissue factor (TF) being one of them [10].





3. Correlation of NETs to Atherosclerosis and Implication in Its Pathogenesis


3.1. Atherosclerosis, Immunity and Inflammation


The recent advancements in understanding molecular and cellular mechanisms in atherosclerosis, as well as future perspectives, have been described [2]. Accumulating evidence suggests that inflammation is the key component linking risk factors with atherosclerosis [18]. While oxidized LDL particles are well-studied drivers of atherogenesis [18,48], TGRLs are correlated to inflammatory status more effectively than LDL particles [49,50], as reflected by levels of high-sensitivity C-reactive protein (hsCRP) [51]. Consistent links are also documented with hypertension [52], obesity [53], and diabetes [54]. Importantly, many studies document the participation of innate and adaptive immunity to atherosclerosis pathophysiologically [55] and as a promising therapeutic target [18].



Under physiological conditions, macrophages reside in the vascular cell wall, specifically in the adventitia or under the endothelium, where they contribute to the maintenance of vascular homeostasis by interacting with SMCs and endothelium [26,56,57]. Endothelial cells damaged by well-studied stimuli like hypercholesterolemia, hypertension, diabetes, and oxidative stress attract monocytes with the contribution of activated platelets, by expressing leukocyte adhesion molecules like VCAM-1 [18,27] and excreting chemokines and guide them in the vascular wall intima via expression of leukocyte adhesion molecules, mostly integrins, on their surface. This marks the beginning of atheroma formation. Monocyte/macrophage recruitment and local proliferation make them the cornerstone of the atherosclerotic process [26]. Neutrophils and activated SMCs aid the monocyte infiltration by excreting chemokines like cathelicidin, cathepsin G, CCL2, and CCL5 [26]. SMCs also migrate to the developing fibrous cap and undergo apoptosis there after their metaplasia to SMC foam cells induced by lipid uptake. Macrophages also uptake lipids and transform into foam cells that comprise the lipid core of atherosclerotic plaque [18,58]. This uptake, particularly of oxidized LDL [59], along with reduced cholesterol efflux [60], triggers the activation of inflammasome NLRP3, which, in turn, leads to maturation of IL-1β and IL-18 [26,59]. Neutrophils also excrete their NETs, which enhance inflammasome priming and exert cytotoxic effects on SMCs via histone H4 [26]. Conversely, inflammasome activation also causes the production of NETs via IL-18, as documented here [61]. The fundamental role of inflammasome in the atherosclerotic process is underlined by a study that documented improvement in plaque stability after either genetic or pharmacologic inhibition of absent in melanoma 2 (AIM2), a DNA-sensing cytosolic part of the inflammasome [62]. Activated T-helper1 lymphocytes also co-orchestrate and propagate the fluctuating imbalance of proinflammatory and anti-inflammatory molecules that eventually, through years of process, lead to atherosclerosis [18]. Ultimately, atherosclerosis appears to be the result of failure to counteract the aforementioned inflammatory mediators by their counterpart anti-inflammatory molecules excreted by B1, T-helper 2, and regulatory T lymphocytes like IL-10 and TGFβ [18]. Notably, inadequate clearance of cellular debris and dying cells by mononuclear phagocytes, a process called efferocytosis, leads to their accumulation and the formation of the lipid core of the atherosclerotic plaque [18].




3.2. Complications Leading to ASCVD Events


Rupture, superficial erosion, and increase in size of the atherosclerotic plaque become clinically apparent as cardiovascular disease (CVD) events [18]. In the past, the major mechanism for plaque disruption was thought to be the thinning and rupturing of the fibrous cap of the plaque due to collagen degradation by ongoing inflammation [63]. This results in exposing thrombogenic components to the circulation, priming the coagulation cascade, and leading to concurrent thrombotic events [64]. However, imaging studies have demonstrated that the most vulnerable, thin-capped plaques are the least clinically overt [18,65,66,67]. The most likely mechanism causing plaque vulnerability and concurrent CVD events appears to be the superficial erosion of the plaque, with neutrophils and their extracellular traps being the major components initiating and propagating this process [68,69,70].




3.3. The Role of NETs in Atherosclerosis


As previously indicated, the atherosclerotic process is grounded on an intricate interplay between vascular homeostasis and the immune system. Research underscores the pivotal role of neutrophils and NETs throughout every phase of the atherosclerosis timeline, from initiation to the clinically evident thrombotic complications [10]. Initial indications of NETs’ involvement in atherosclerosis surfaced through experimental investigations on plaques derived from mice and humans [71]. Apolipoprotein E deficient mice were subjected to either a high-fat or a high-fiber diet for four weeks and atherosclerotic plaques derived from both groups were analyzed afterwards. The presence of luminally adhered neutrophils excreting NETs was determined in 57% of the first group’s atherosclerotic lesions while no neutrophils were observed in the second group specimens [71]. Similar findings were replicated in human atherosclerotic plaques post-carotid endarterectomy within the same study [71]. Subsequent research documented neutrophil and NETs abundance mostly in complicated plaques either with thrombosis or rupture [72]. Among 64 autopsy-derived specimens from post-myocardial infarction patients, 44 contained complicated and 20 intact atherosclerotic plaques. Neutrophils and NETs were predominantly observed in complicated plaques with ruptures, erosions, and intraplaque hemorrhage (p < 0.05) in similar amounts at each complication type and mostly in early stages of thrombus formation and plaque hemorrhage [72]. This observation was corroborated by the finding that NETs’ histone H4 favors inflammatory process and plaque destabilization by affecting smooth muscle cells. In this study, both atherosclerotic mouse models, as well as human endarterectomy samples, were employed to investigate the connection and participation of neutrophils and NETs in this context. Overall plaque vulnerability was significant in neutrophilic but not neutropenic mice [73]. Moreover, observations of the exact location where neutrophils are concentrated and of their interactions with smooth-muscle cells were documented. In summary, the well-designed experiments demonstrated that activated smooth-muscle cells attracted neutrophils on-site through excretion of chemokines, particularly CCL7, as well as ROS production by SMCs, triggering significant NETs release. CCL7 blockade resulted in reduced NETosis [73]. On the other hand, NETs exhibited strong cytotoxic effect on SMCs, mostly via H4 histone, resulting in reduced amounts of the latter in atherosclerotic lesions and increased plaque vulnerability due to thinning of plaque’s fibrous cap [26,73]. Notably, extranuclear histone H4 showed a significant positive correlation with intimal neutrophil counts. When the researchers neutralized H4 histone using specific antibodies, SMCs numbers and plaque stability remained intact [73]. Similarly, when they blocked NETosis using knockout mice for the PAD4 enzyme or through pharmacologic inhibition using chloramidine, plaque stability was preserved [73]. In another elegantly designed series of experiments, the induction of ROS-dependent NETosis by cholesterol crystals was demonstrated [74]. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and NE, fundamental in ROS-dependent NETosis, inhibition efficiently blocked cholesterol-induced NETosis, specifically while cloramidine (a PAD4 inhibitor) failed, obviously due to different NETosis molecular pathways [74]. Consequently, researchers employed mouse models of atherosclerosis to elaborate on the roles of neutrophils and NETs in the process. They noted that ApoE-deficient mice after DNase injection and ApoE/PR3/NE-deficient mice, namely incapable of producing or using NETs, experienced a significant reduction in atherosclerotic lesion size after eight weeks of a high-fat diet, compared to control ApoE-deficient counterparts without any treatment [74]. Moreover, NETosis-inactivated models demonstrated lower levels of circulating cytokines in the same time period. Notably, DNase administration caused a reduction in plasma cytokines in ApoE-deficient but not in ApoE/PR3/NE-deficient mice where interleukines (IL) IL-1α,-1β,-6 were already absent [74]. In particular IL-1β, a fundamental cytokine triggered by activated macrophages to recruit neutrophils, was significantly reduced to being absent in the latter model lesions. Naturally, cytokine regulation by NETs affects all immune cell communication, and that is also documented hitherto [74]. Monocytes exposed to supernatants containing NETs were more sensitive to cholesterol stimulation and produced larger amounts of cytokines [74]. Finally, IL-1β-regulated T-cells, which also promote neutrophil recruitment, and total immune cell counts in atherosclerotic lesions were also significantly less in ApoE/PR3/NE-deficient mice than ApoE-deficient controls. Thus, the aforementioned study [74] proved the NETs priming and amplifying effect in the complex cellular interplay between macrophages, neutrophils, and T-cells in the setting of atherosclerosis. PAD4, a fundamental enzyme for histone citrullination and chromatin decondensation [75], has successfully been targeted by chloramidine, thus inhibiting NETs release in atherosclerotic murine models and alleviating atherosclerosis by decreasing lesion size [26,76]. However, as clearly stated here [26], chloramidine’s incapability of targeted PAD4 isoform inhibition renders it unsuitable for clinical use. In a model of PAD4 and ApoE-deficient mice atherosclerosis burden was diminished in accordance with reduced inflammatory status and NETs formation [77]. Interestingly, PAD4 deletion in a murine model of LDLR-deficient animals failed to improve plaque size or composition after ten weeks of a high-fat diet, despite documented limited NETosis on-site. However, it benefited plaque stability by reducing intimal injury and thrombus formation [75]. Furthermore, in the same study, NET components like NE and citH4 were localized vastly in superficial erosion plaques compared to rupture-prone ones in human samples derived from endarterectomy procedures, implying NETs involvement in the specific type of plaque complication [75]. Importantly, NETosis has been triggered also by stimuli and pathways that do not implicate PAD4 in the process [78], meaning that PAD4 inhibition alone might not cause sufficient NETosis suppression in clinical practice.



There is also a considerable amount of clinical evidence on NETosis engagement in atherosclerosis, which has been concisely summarized recently by Doring et al. [10]. For instance, in a prospective, observational, cross-sectional cohort study of 282 patients with possible coronary artery disease (CAD), increased NETosis biomarkers-dsDNA, nucleosomes, and MPO–DNA complexes were identified in the plasma of individuals with severe coronary atherosclerosis compared to those without significant coronary disease [43]. Nucleosomes emerged as an independent marker of severe coronary stenosis (OR = 2.14, 95% CI 1.26–3.63; p = 0.005), while MPO–DNA complexes predicted major CVD events during the study [43]. Moreover, dsDNA levels were higher in those with severe (CAD) (p = 0.003) or increased coronary artery calcification (p < 0.001) compared with patients without CAD [43]. Luminal stenosis was also positively associated with circulating dsDNA (Spearman’s ρ = 0.271; p < 0.001) and the number of pathological coronary artery segments with plasma dsDNA (Spearman’s ρ = 0.242; p < 0.001), nucleosomes (Spearman’s ρ = 0.219; p = 0.001), and MPO–DNA complexes (Spearman’s ρ = 0.337; p < 0.001) [43]. Importantly, baseline levels of the aforementioned circulating NETosis biomarkers emerged as sufficient predictive tools for the occurrence of major adverse cardiovascular events (MACE) during a median follow-up period of 545 days [43]. Finally, NETs are believed to be a new source of TF in atherothrombosis [79]. A plethora of evidence implicating NETs in thrombotic complications following atherosclerosis has been analyzed here [30].





4. Lipid-Lowering Treatment and NETs


4.1. Current Knowledge on Lipid-Lowering Treatment


Statins and their combination with ezetimibe stand as the most frequently prescribed drugs for lowering LDL-C. Additionally, proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors find use in the management of hypercholesterolemia. Bempedoic acid, an ATP citrate lyase (ACLY enzyme) inhibitor, effectively reduces LDL-C (by 17–28%), presenting a viable alternative without the heightened risk of the musculoskeletal adverse effects associated with statins. Hypertriglyceridemia is currently treated by icosapent ethyl (IPE), a highly purified formulation of eicosapentaenoic acid (EPA), in high-risk patients. Furthermore, elevated TG can also be mitigated by fibrates particularly for pancreatitis prevention.




4.2. Documented Effects of Lipid-Lowering Treatment on NETs and NETosis


Since the discovery of the implication of NETs in numerous pathologies, many of their components, and their structure as well, have emerged as potential therapeutic targets. As previously mentioned, PAD4 has been an appealing target, yet, so far, the inhibitory methods lack specificity, which is necessary for clinical use. On the contrary, the first antibody engineered to possess NET-inhibiting properties is a therapeutic anti-citrullinated protein antibody (tACPA) and has shown promising results in preclinical models of murine and human NETs [80]. Moreover, a DNA-dissolving agent, namely DNase, has undergone testing in murine atherosclerotic lesions, where it appeared to have stabilizing effects [73]. Likewise, DNase administration within 6 hours after myocardial infarction in mice resulted in favorable outcomes regarding cardiomyocyte survival and ventricular remodeling [81]. Furthermore, co-administration of DNase with recombinant tissue-type plasminogen activator (rt-PA) reduced NET density and significantly alleviated the ischemic aftermath, namely ischemic area dimensions, left ventricular remodeling, and infarct size in another murine model [82].



The impact of lipid-lowering agents on NETs has not been adequately addressed. Few studies evaluated the effects of statin treatment on NETs and NETosis in vivo mostly in murine models, yielding contradictory results.



Atorvastatin, in comparison to PBS, induced significant reduction (p < 0.05) in neutrophil and citrullinated histone H3 (CitH3) levels present in murine venous thrombi on day 4 of treatment [83]. Moreover, in another murine model of thermal injury, simvastatin exerted a significant protective effect against post-injury inflammation and systemic NETosis [84]. Conversely, a study has reported in-vitro-enhanced NETs production in human neutrophils treated with mevastatin, lovastatin, fluvastatin, and simvastatin compared with control [85]. The authors reasonably deduced through their analysis that this observation was a result of statin-induced neutrophil sensitization and a consequential response to a lower threshold of ROS, leading to the production of NETs [85]. However, statins’ beneficial effect on the innate immune capacity of phagocytic cells against human pathogens was also described, hence, leading to the possible assumption that NETs increase might have a protective effect [85]. Consistent with the previous results are the findings of another murine and human neutrophils model in which simvastatin and mevastatin triggered higher NETs formation compared to negative controls independently from oxygen supply by depleting intracellular cholesterol from isolated neutrophils [86]. In a cohort study, significant associations were observed between MPO–DNA and HDL-C, age, history of CVD, and use of lipid-lowering drugs [87]. However, there was no mention of the effect of specific lipid-lowering therapies on NETs [87]. Further experimental studies show that administration of cholesterol particles induces the formation of NETs, while pretreatment of cells with atorvastatin significantly reduces their production [88]. In contrast, in a small prospective study of diabetic patients (n = 25), statins could not influence NETs formation. Though they caused a non-significant reduction in all three NETosis biomarkers that were quantified [89]. Interestingly, a clinical protocol recruiting participants of the multicenter cohort Plaque At RISK (PARISK) study, examined atherosclerotic plaque vulnerability index association with circulating NETosis biomarkers in statin-naïve (n = 72) and statin-treated (n = 109) patients [90]. A significant association was observed in plasma MPO–DNA complexes and the vulnerability index in the statin-naïve subgroup (OR = 2.08, 95% CI 1.04–4.17) with more vulnerability characteristics present in those with higher NETs levels, whereas in statin-treated population no significant association was found (OR = 1.10, 95% CI 0.68–1.79) [90]. This could support the hypothesis that statins enhance plaque stability either via a mechanism independent of NETs production or by affecting NETs release or function per se. In the post-pandemic era, it is reasonable to investigate every potential benefit a treatment can provide in the field of infectious diseases and hospitalization. A pilot study of 62 hospitalized community-acquired pneumonia with sepsis patients receiving high dose of add-on simvastatin or placebo in standard treatment for 7 days demonstrated a significant result on treatment day 4 in favor of statin administration to attenuate neutrophil susceptibility to NETosis-priming stimuli (p = 0.034) [91]. Moreover, in a murine model of severe asthma, simvastatin administration appeared to inhibit NETs formation in bronchoalveolar lavage and lung tissue via reduction in PAD4 expression [92].



Regarding other hypolipidemic regimens, in a murine model of null PCSK9 mice, leucocyte accumulation and NETs formation at the site of thrombosis were notably less than in wild-type controls [93]. That was attributed to the reduced expression of the leukocyte chemoattractant molecule CXCL1 in the PCSK9-deficient mice [93]. Inhibition of PCSK9 is also thought to enhance autophagy and thereby reduce oxidative stress and inflammation [94]. This mechanism could possibly affect the production of NETs. On the other hand, in FH patients, a 6-month treatment with PCSK9i reduced neutrophil count (NC) [95]. The pre-specified safety analysis from ORION-1 evaluating immune cells did not show any neutrophil alteration under PCSK9 siRNA treatment with inclisiran for 6 months [96]. To the best of our knowledge, there are no studies on the role of currently used PCSK9 inhibitors, either monoclonal antibodies evolocumab and alirocumab or synthetic small interfering RNA (siRNA) inclisiran [97] on NETs. There are also no data for the role of other cholesterol-lowering agents, namely ezetimibe and bembedoic acid, nor for triglyceride-lowering eicosapentaenoic acid (EPA) and fibrates [97] on NETs and NETosis. Similar findings for the novel triglyceride-lowering volanesorsen, an antisense oligonucleotide (ASO) that targets apoC3 mRNA; evinacumab, an angiopoietin-like 3 (ANGPTL3) inhibitor that favors lipoprotein lipase (LPL) and endothelial lipase activity; and vupanorsen, a modified ASO that targets ANGPTL3 mRNA [97]. Finally, the effect of lipoprotein(a) [Lp(a)]-lowering drugs such as pelacarsen, an ASO that targets apo(a), or olpasiran, an siRNA that targets LPA gene [97], on NETs and NETosis remain obscure.



Possible effects of lipid-lowering medications on NETs are summarized in Figure 1.



A summary of clinical and experimental studies that address the effects of current hypolipidemic regimens on NETs and NETosis is provided in Table 1.





5. Conclusions


NETs comprise an undoubtedly fascinating and promising field of research in the physiology, pathophysiology, therapeutic options, diagnosis, and monitoring of several diseases. However, the extent of NETs involvement in various conditions, like atherosclerosis, and the potential therapeutic benefits remain inadequately charted. NETs contribution to the atherosclerotic process and CVD complications is now well-documented, hence, making them an attractive area of research and a possible treatment target. Surprisingly little is known about the effect of lipid-lowering medication on NETs in the context of their pleiotropic actions. The current literature consists mostly of experimental data and few clinical studies with small sample sizes, rendering any attempt for a solid assumption precarious. However, there is a possible trend towards attenuation of NETosis and inhibition of NETs production, at least from statin treatment. Hypolipidemic medications, statins first and foremost, are the cornerstone of atherosclerosis prevention with many pleotropic effects accounting for the documented benefits. In this context, it is necessary to conduct more studies to draw safer conclusions about the interplay between statins, inflammation, and NETosis. Also, novel hypolipidemic treatments should be investigated for beneficial mechanisms of action beyond cholesterol lowering. The development of targeted treatments focusing on NETs and NETosis is an upcoming field of research that will hopefully provide better understanding of many pathologic processes, such as atherosclerosis.
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Figure 1. Effect of lipid-lowering therapies on NETs. A. Cholesterol synthesis and HMG CoA reductase inhibitors (statins). The pleiotropic effects of statins are described: statins have antibacterial and antimicrobial effects and could promote the production of NETs. Statins could also reduce clinical progression of sepsis. In sepsis, NETs function could be a useful biomarker. The anti-inflammatory, antioxidant, and antithrombotic effect of statins could reduce the formation of NETs via the inhibition of PAD4 and MPO. B. PSCK9 inhibitors possibly could inhibit the formation of NETs. C, D, and E. Bempedoic acid, EPA, and fibrates, respectively, with no known effect on NETs and NETosis. Black arrows indicate reaction, red arrows indicate decrease, blue arrows indicate increase, blunt arrows indicate i