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Abstract

:

Atherosclerosis is a leading cause of cardiovascular diseases (CVD) worldwide and intimately linked to aging. This pathology is characterized by chronic inflammation, oxidative stress, gradual accumulation of low-density lipoproteins (LDL) particles and fibrous elements in focal areas of large and medium arteries. These fibrofatty lesions in the artery wall become progressively unstable and thrombogenic leading to heart attack, stroke or other severe heart ischemic syndromes. Elevated blood levels of LDL are major triggering events for atherosclerosis. A cascade of molecular and cellular events results in the atherosclerotic plaque formation, evolution, and rupture. Moreover, the senescence of multiple cell types present in the vasculature were reported to contribute to atherosclerotic plaque progression and destabilization. Classical therapeutic interventions consist of lipid-lowering drugs, anti-inflammatory and life style dispositions. Moreover, targeting oxidative stress by developing innovative antioxidant agents or boosting antioxidant systems is also a well-established strategy. Accumulation of senescent cells (SC) is also another important feature of atherosclerosis and was detected in various models. Hence, targeting SCs appears as an emerging therapeutic option, since senolytic agents favorably disturb atherosclerotic plaques. In this review, we propose a survey of the impact of inflammation, oxidative stress, and senescence in atherosclerosis; and the emerging therapeutic options, including thioredoxin-based approaches such as anti-oxidant, anti-inflammatory, and anti-atherogenic strategy with promising potential of senomodulation.
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1. Introduction


Cardiovascular diseases (CVDs), principally ischemic heart disease and stroke, are the leading cause of global mortality and a major contributor to disability. Prevalent cases of total CVD nearly doubled from 271 million in 1990 to 523 million in 2019, and the number of CVD deaths continuously increased from 12.1 million in 1990, reaching 18.6 million in 2019. Globally in 2019, CVD was the underlying cause of >6 million deaths occurring between the ages of 30 and 70 years, approximately one third of all deaths globally [1].



The CVDs are often complications of atherosclerosis, characterized by the formation of fibrofatty lesions in the artery wall that begins early in life and progresses gradually, remaining usually asymptomatic for a long period of time [2]. Atherosclerosis is a disease characterized by low-grade, chronic inflammation of the arterial wall. The formation of atherosclerotic plaque is due to the accumulation of apolipoprotein B-containing low-density lipoprotein (LDL) particles and fibrous elements in focal areas of large and medium arteries [3]. The risk factors for CVD can be either non-modifiable; such as age, gender, ethnicity, and genetics; or modifiable, such as elevated serum lipids, high blood pressure, high fasting plasma glucose, high LDL-cholesterol, low physical activity, obesity, ambient and household air pollution, and tobacco [1,4,5].



This review aims to summarize our current understanding of inflammatory and oxidative processes, and cell senescence in atherosclerosis. We then particularly discuss the mechanisms of inflammation/resolution that become impaired in atherosclerosis and that are potentially amenable to therapeutic intervention by resolution-mediator therapy. In particular, we highlight the roles of thioredoxine-1 system as an endogenous resolution mediator in suppressing atherogenic processes and how this system might be used as a therapy to prevent atherosclerotic cardiovascular diseases.




2. Atherosclerosis, Pathophysiological Process


2.1. General Features


The healthy artery wall consists of three morphologically distinct layers. The tunica intima, the innermost layer, is bounded by a monolayer of endothelial cells (EC) on the luminal side and a sheet of elastic fibers, the internal elastic lamina, on the peripheral side. The normal intima is a very thin region and consists of extracellular connective tissue matrix, primarily proteoglycans and collagen. The tunica media, the middle layer, consists of quiescent smooth muscle cells (SMCs) and a well-organized extracellular matrix comprising elastin, collagen and other macromolecules. The outermost layer, tunica adventitia, consists of nerve endings, mast cells, and micro-vessels that nourish the outer layer of the media. Adventitial resident macrophages contribute to the physiology and diameter of the vessel wall via cross-talk with SMCs. These vascular macrophages are largely derived from embryonic precursor cells and self-renewal in situ [6,7].



The endothelium, with its intercellular tight junctional complexes, functions as a selectively permeable barrier between blood and the underlying tissues. It has sensory, autocrine, paracrine, and endocrine functions that are highly relevant to vascular homeostasis [8]. ECs mediate several functions, including modulation of vascular tone, regulation of neovascularization, inflammation and immune response. ECs metabolize L-arginine via the endothelial isoform of nitric oxide synthase (eNOS), in NADPH and cofactor tetrahydrobioprotein (BH4) dependent manner, to form nitric oxide (NO) that can rapidly diffuse across cell membranes to act as a potent paracrine mediator, but it can also react with superoxide (O2•−) to form peroxynitrite anion (ONOO−), which leads to its inactivation. The actions of NO on adjacent SMCs and circulating blood platelets and leukocytes are particularly relevant for vascular homeostasis [9].



One of the earliest events in atherosclerosis is the impairment of endothelium, a complex pathophysiological process, including both the activation of the ECs and the onset of endothelial dysfunction [10]. In cardiovascular medicine, the term “endothelial dysfunction” is typically used to refer to abnormalities in the production or bioavailability of endothelial-derived NO and resultant deleterious changes in vascular reactivity. Activation of ECs occurs under irritating stimuli (such as dyslipidemia, hypertension, disturbed shear stress (low, turbulent, or oscillatory shear stress) or pro-inflammatory mediators) and enhances secretion of chemokines and expression of cell surface adhesion molecules that attract and bind monocytes [10,11]. Parallel changes in endothelial permeability and the composition of the extracellular matrix beneath the endothelium promote the entry and retention of LDL particles in the artery wall [12]. The interaction of LDL with intimal extracellular proteoglycans inhibits the movement of the lipoproteins, thereby resulting in much higher subendothelial concentrations of these particles in the intima than in any other tissue [13]. LDL undergo numerous modifications that give the atherogenic properties to the particles. Among such modifications, there are desialylation, oxidation, and changes in size and density of LDL [14]. These processes are followed by entry of the monocytes into the subendothelial space where they differentiate into macrophages. Macrophages express on their surface scavenger receptors (SR) such as CD36, SR-A1, and lectin-like oxidized LDL (oxLDL) receptor-1 (LOX-1) that bind to oxLDL, allowing the uptake of these proteins into the cell [15]. OxLDL particles bound to scavenger receptors, are phagocytosed by macrophages, and metabolized into cholesterol esters and then into free fatty acids and cholesterol [15]. Free cholesterol is stored and/or carried outside the cell by the ATP-binding cassette transporters ABCA1 and ABCG1 and the scavenger receptor SR-BI. However, this regulation of cholesterol metabolism is altered in atherosclerosis; in this sense, foam cells are the result of an unregulated accumulation of oxLDL and cholesterol esters within the macrophages located in the intima in response to activated ECs by inflammation. To a lesser degree, foam cells are derived from transformed SMCs [3,15,16,17].



Macrophages in atherosclerotic lesions mainly originate from circulating monocytes, which migrate into atherosclerosis-susceptible sites of the arterial wall and into the growing atherosclerotic lesions [18,19]. Local proliferation of macrophages and trans-differentiation of intimal SMCs into macrophage-like cells are two additional sources of macrophages in the lesions [20]. Intimal SMCs not only accumulate cholesterol and turn into foam cells but the cholesterol accumulation in the cell can also drive their switch into pro-inflammatory, macrophage-like cells [9,21].



The foam cells secrete inflammatory cytokines, reactive oxygen species (ROS) and other mediators contributing to SMC migration from the media. In the intima, the resident and recruited SMCs produce extracellular matrix molecules, including interstitial collagen and elastin, and form a fibrous cap that covers the plaque [3,22]. This cap typically overlies a collection of macrophage-derived foam cells, some of which can die, especially by apoptosis, and release lipids that accumulate extracellularly. The inefficient clearance of dead cells, a process known as efferocytosis, can promote the accumulation of cellular debris and extracellular lipids, forming a lipid-rich pool called the necrotic core of the plaque [12].



In this inflammatory microenvironment, activated macrophages show increased production of the matrix metalloproteinases (MMPs) family that degrade the extracellular matrix constituents contributing to thinning and structural weakening of the fibrous cap and increasing the susceptibility of the plaque to rupture. In the worst-case scenario, an occlusive thrombus forms, leading to acute oxygen and nutrient deprivation of distal tissues fed by the artery. When these events occur in the coronary arteries, the region of heart muscle tissue fed by the involved artery becomes injured, and the result is unstable angina, myocardial infarction, or sudden cardiac death [3,12,23].




2.2. Inflammation in Atherosclerosis


For a long time, atherosclerosis has been merely considered as a result of lipid accumulation that obstructs arterial vessel wall [24]. Two centuries ago, Virchow highlighted inflammation as a central cause of atherosclerosis [25]. After that and through the discovery of various inflammatory markers, the inflammation has been proposed as a response to vascular injury [26,27]. Hence, atherosclerosis is now defined as a chronic inflammatory disorder, in which inflammation characterizes all phases of the pathogenic process including formation, progression, and rupture of atherosclerotic plaques [28,29,30,31]. Biomarkers of inflammation, notably C-reactive protein, rise in tandem with many established cardiovascular risk factors hence prospectively predicting cardiovascular risk [32].



Atherosclerotic plaque tends to form at sites of flow disturbance. The local hemodynamic environment disturbs homeostatic atheroprotective functions of the endothelium, notably reversing its anti-inflammatory properties [33]. The finding that pro-inflammatory cytokines such as interleukin (IL)-1β and tumor necrosis factor-α (TNF-α) could give rise to the expression of adhesion molecules and chemokines by ECs providing a support of the inflammatory basis of atherosclerosis. Under pro-inflammatory stimuli, production of these cytokines in vascular walls may induce the recruitment and accumulation of leukocytes within nascent and growing lesions [18,33,34,35]. The abundance of the monocytes in the circulation, particularly CD14++ subpopulation in humans and Ly6Chi (highly expressing the cell surface marker Ly6c) subpopulation in mice, is strongly correlated with atherosclerosis development [36,37]. Ly6Chi monocytes appear to accumulate early in atherosclerotic plaque. They can differentiate into macrophage expressing scavenger receptors, such as SR-A/B and CD36, with high capacity to internalize lipids and become foam cells [38]. Inflammation and lipid accumulation are considered to be key processes of atherosclerosis development [39].



2.2.1. NLRP3 Inflammasome Implication


Accumulation of lipids in macrophages readily induces activation of a multiprotein complex termed the inflammasome [40,41,42]. Of the different inflammasomes, NLRP3 is the most widely studied and a critical regulator notably involved in the pathogenesis of CVDs. Human atherosclerotic lesions show increased expression of the major components of NLRP3 [43], and inhibition of the NLRP3 inflammasome reduces atherosclerosis in Apoe-−/− and ApoE2-Ki mice [44,45]. The inflammasome generally requires two signals to assemble and act [46]. Signal 1 primes, via NF-κB pathway, the transcription of the pro-IL-1β and NLRP3 inflammasome constituents, and signal 2, either by the same and/or additional stimuli, activates the inflammasome that recruits the adapter molecule ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain), which links NLRP3 to pro-caspase-1. The association of multiprotein complex activates caspase-1, which catalyzes the cleavage of inactive pro-IL-1β to produce the major pro-inflammatory cytokine IL-1β [47,48,49]. Human atherosclerotic plaques harbor activated inflammasomes [50].



OxLDL has been shown both to prime and to activate the NLRP3 inflammasome in macrophages in mouse models of atherosclerosis. First, oxLDL primes the NLRP3 inflammasome and, then, after having been transported to lysosomes, the oxLDL activates the NLRP3 inflammasome via induction of cholesterol crystallization and ensuing lysosomal damage in the macrophage [51,52,53,54,55]. In addition, other atherosclerosis-relevant stimuli, such as disturbed blood flow, can augment NLRP3 inflammasome activation [56,57]. The local production of IL-1β is central in mediating the proinflammatory response resulting in activation of secondary inflammatory mediators, including IL-6. IL-1β can be consequently considered as both a local vascular and systemic major contributor to atherosclerosis and its complications. IL-1β has multiple inflammatory effects on vascular ECs, SMCs, and macrophages [49]. For example, IL-1β induces adhesion molecules in human ECs [58]; induces autocrine production of platelet-derived growth factor that can stimulate SMC proliferation [59] and the cytokine activates cells involved in innate immunity, particularly macrophages [60].




2.2.2. Implications of Immune Cells


Technical advances (advent of monoclonal antibody, single cell gene expression, and mass spectrometry-based protein expression) has enabled the precise identification of different cell types involved in atherosclerosis. Among the leukocyte population in atherosclerotic plaques, the macrophage, the major cell of innate immunity, dominates. Macrophages have high phenotypic plasticity and undergo a variety of phenotypes/functions depending on number of factors, including local environment (tissue niche); intracellular energy metabolism; and genetic and epigenetic factors [61,62,63,64]. These factors program macrophages for a palette of functional subtypes, in experimental and human atherosclerosis, from inflammatory host defense (M1) to resolution and repair (M2) [38]. Macrophages at both ends of the inflammation-resolution spectrum accumulate during atherosclerotic lesion development [65]. The relative proportion of macrophages with different subtypes varies depending on plaque region. Inflammatory M1 macrophages are enriched in advanced prone to rupture plaque where they secrete inflammatory cytokines and matrix metalloproteinases (MMP-2 and MMP-9) participating to fibrous cap thinning, plaque necrosis and morphological changes that can trigger plaque rupture and luminal thrombosis [66]. Conversely, resolving M2 macrophages function to clear apoptotic cells (efferocytosis), to phagocytose debris, to secrete collagen that can form a protective scar over the lesion, and to produce inflammation-resolving molecules that quell inflammation and promote tissue repair [67,68]. Macrophages play a key role in atherogenesis through their proinflammatory action, which involves the production of IL-1β and TNF-α, and following more specific adaptive responses mediated by T cells [69,70].



The initial innate immune response is followed by an antigen-specific adaptive immune response involving different types of T and B cells [71]. T helper 1 (Th1) is the most frequent T cell involved in the atherosclerotic process. Macrophage-derived IL-12 and IL-18 induce Th1 cell differentiation, responding to oxLDL stimuli by secreting further TNF-α and interferon γ (IFN-γ), a powerful inductor of atherosclerosis at the different stages of the process [71,72]. Th2 plays a minor role, but it seems to be protective, secreting interleukins that inhibit Th1 cells and induce M2 anti-inflammatory macrophages. Regulatory T (Treg) cells act as atheroprotective cells by secreting IL-10 and transforming growth factor β (TGF-β), playing an immunomodulatory role [72]. In the atherogenic process, Th1 cells increase whereas Treg progressively decreases [64]. Inflammation and immunity are actively involved in the genesis and complications of atherosclerosis [73,74] and inflammatory biomarkers are independent risk factors for cardiovascular events [74].



Of note, in human atherosclerotic plaques, the localization of pro-inflammatory macrophages and resolving macrophages in distinct areas probably reflects, among other things, differences in the composition of macrophage-polarizing factors and cytokines in the respective microenvironments within the plaque [75]. The phenotypic heterogeneity of macrophage subtypes allows macrophages to have various combinations of both pathogenic and protective functions in humans. Moreover, individual macrophages hold the potential for a dynamic phenotype switch, which affects the functional properties of the macrophage [76,77]. Macrophages are in consequence a meaningful target for therapeutic strategies in CVDs.





2.3. Oxidative Stress in Atherosclerosis


Oxidative stress was shown to be associated with various human diseases, including cancers, neurodegenerative diseases, chronic inflammation, and cardiovascular disorders. Moreover, major known risk factors of atherosclerosis, including dyslipidemia, diabetes, and hypertension are all associated with oxidative stress [78,79]. Since the 1950s, oxidative modifications of lipids and proteins have been detected in vascular lesions and the degree of oxidation correlates with the severity of disease [80] indicating a role of oxidative stress in atherogenesis. Oxidative stress is characterized by an imbalance between the oxidant and antioxidant systems, resulting in an increase of ROS. We found an increase in the level of free radical peroxidation products and decrease in the activity of antioxidant enzymes in the tissues of animals with experimental atherosclerosis. Similar changes were found in the blood of patients with atherosclerosis and aortic autopsy material with atherosclerotic lesions [81,82].



The vascular wall has oxidant systems such as xanthine oxidase [83], mitochondrial respiratory chain enzymes [78], lipoxygenases [82], uncoupled eNOS [84], NADPH oxidases (Nox) [85], and antioxidant systems, including superoxide dismutase (SOD), catalase, glutathione peroxidases, thioredoxin system, paraoxonases, and peroxiredoxins [79,86,87]. ROS include both free radical and non-free radical chemically active compounds that contain oxygen, among them hydrogen peroxide (H2O2), superoxide anion (O2•−), and the hydroxyl radical (OH•). Under physiological conditions, ROS are produced at moderate concentrations and play an important role in cell signaling, regulation of cell cycle, apoptosis and gene expression through interaction with transcription factors. Moreover, ROS are generated by phagocytes that use them to kill pathogens and combat infection [88].



One of the main consequences of oxidative stress at the vascular level is endothelial dysfunction. ROS exert their actions mainly via NF-κB, which induces the synthesis of proinflammatory cytokines, such as TNF-α, which in turn activate NF-κB [89]. Hence, due to the synergy between ROS and cytokines, ECs promote the synthesis of inflammatory factors and upregulate the expression of adhesion molecules, thus allowing monocytes to transmigrate into the arterial intima [90]. At this early stage of atherosclerosis, Nox is the main source of ROS at the vascular wall [91]. It reduces O2 to superoxide anion O2•−, which in turn interacts with NO to generate the very potent oxidant peroxynitrite ONOO−, reducing the NO bioavailability and leading to endothelial dysfunction [79,85]. Mitochondrial respiratory chain enzyme dysfunction leads to an increased ROS production. Experiments involving the deletion of antioxidant systems in ApoE−/− mice suggest a role for mitochondrial ROS in atherogenesis [92,93,94].



The increased presence of the immune cells in the arterial wall leads to cytokines release and the induction of the inflammatory processes and ROS production. For instance, TNF-α was shown to increase mitochondrial ROS production; IL-1β to induce ROS production by Nox; and IFN-γ to induce ROS through both mitochondrial and Nox pathways [95,96]. Therefore, atherosclerosis plaque development is a result of the production and release of both growth factors and ROS. Moreover, ROS can enhance the expression of scavenger receptors on vascular SMCs therefore inducing their ability to internalize and accumulate lipids and transform into foam cells. The release of matrix MMPs, which are responsible for plaque disruption, is also stimulated by ROS. Cyclic strain-induced MMP-2 expression on vascular SMCs was shown to be dependent on Nox activation [97]. In atherosclerosis, deficiency of antioxidant systems can promote disease progression through oxidative stress. For instance, these processes were observed in atherosclerosis models, such as Apoe−/− atherosclerotic mice deficient in superoxide dismutase 2 (SOD 2) [98].




2.4. Cellular Senescence in Atherosclerosis


As an age-related disease, atherosclerosis is associated with a number of biological processes including cellular senescence [99]. Moreover, there is extensive evidence of accelerated biological aging in atherosclerosis, with the large majority of the hallmarks of aging being present in advanced plaques. Advanced human atherosclerotic plaques contain p16INK4a positive cells associated with both vascular SMC and macrophage markers [100,101,102]. However, cellular aging is not just a marker of disease, but contributes directly to atherogenic process [103,104,105,106].



Cellular senescence can be a consequence of replicative exhaustion resulting from chronological age or intense proliferation, so called telomere-dependent senescence [107,108,109]. Moreover, exposure to cardiovascular risk factors lead to a stress-induced senescence [110,111,112,113]. Therefore, cellular senescence burden is rather a consequence of a combined effect of chronological aging and risk factor exposure. Being a shared consequence of the effect of all of these various factors, senescence is an important upstream effector that promotes atherogenesis (Figure 1).



The molecular pathways of senescence result in morphological alterations. Senescent cells (SC) are enlarged and have an irregular shape; their nuclear integrity is compromised due to the loss of lamin B1, which also leads to the appearance of cytoplasmic chromatin fragments; they have an increased lysosomal content leading to an increased senescence-associated β-galactosidase activity (SA-β-gal); and they have large but dysfunctional mitochondria that produce high levels of ROS [114]. In addition, SCs are classically characterized by an irreversible cell cycle arrest that is primarily imposed by an upregulation of the cell cycle inhibitors p16INK4a, p21 and p53 [115,116,117]. SCs exhibit a specific secretory phenotype, namely the senescence-associated secretory phenotype (SASP), that consists of a large wide range of biologically active molecules, inflammatory cytokines, chemokines, growth factors, and proteases [118,119,120]. The SASP is, to a large extent, a transcriptional program mediated by the proinflammatory transcription factor NF-κB [121].



As tissular SCs increase in number, inflammaging, a state of chronic, systemic, low-grade inflammation, is established [122]. The senescence of multiple cell types present in the vasculature were reported to trigger various pathophysiological processes in atherosclerosis, particularly SASP that gradually contributes to atherosclerotic plaque progression and destabilization [105]. Consistent SASP elements in the majority of SCs include IL-1α, IL-1β, IL-6, IL-8, IL-18, and TNF-α [112,118,123], all of which are clinically validated as CVD risk factors [124,125]. These inflammatory cytokines promote senescence locally in a paracrine manner [126]. Mounting studies have demonstrated the accumulation of SCs in atherosclerotic lesions from both experimental model and human plaques, providing insights into the association between cellular senescence and plaque progression [127]. This notion is supported by recent results showing that life-long elimination of senescent cells can prevent the development of certain age-related pathologies in a mouse model of segmental accelerated aging, strongly supporting the idea that SCs can be deleterious [128,129].



Clinical evidence of the involvement of cellular senescence in the atherosclerotic vessel wall, in the general population, comes from post-mortem histological analysis that showed that senescent EC and VSMC accumulate substantially more in atherosclerotic than in physiologically aged healthy arteries [100,130,131,132,133]. Expression of senescence marker p16INK4a in the diseased human coronary arteries positively coincided with unstable plaques and correlated with intra-plaque TNF-α levels [102]. Furthermore, coronary vessels from ischemic heart disease patients showed significant endothelial senescent cell burden, while the mostly plaque-free internal mammary arteries from the same donors had no evidence of senescence [130]. In human carotid artery atherosclerosis, senescent SMCs were associated with phenotypical features of plaque instability [100,134,135,136] and accounted for 18% of all plaque cells [100].



The senescence of ECs directly compromised the endothelial barrier through disruption of cellular proliferation, permeability, and motility [137,138,139], possibly contributing to endothelial erosion and intraplaque hemorrhage. Furthermore, senescent ECs show attenuated endothelial NO production [140,141]. NO produced by eNOS normally maintains vascular SMCs in a nondividing, contractile state and suppresses thrombogenic and inflammatory signaling in endothelium. Thus, EC senescence is associated with loss of EC function and a shift towards a pro-inflammatory state, predicted to enhance monocyte migration into the vessel wall [142].



Vascular SMCs in human plaques or derived from plaques show reduced proliferation, early senescence, and increased susceptibility to apoptosis [143]. These properties would reduce the ability to repair plaques that undergo rupture. Aged rodent aortas also show increased levels of IL-6 and aged aortic SMCs have a higher basal secretion of IL-6 than young SMCs as part of the SASP. Moreover, aged SMCs exhibit upregulation of chemokines (CCL2), adhesion molecules (e.g., ICAM-1), and innate immune receptors (e.g., Toll-like receptor 4) [144]. Gardner et al. [145] showed that senescent human vascular SMCs released multiple high-level pro-inflammatory proteins, which might upregulate inflammasome components and increase the metabolic burden of senescent SMCs. These properties generate a proinflammatory environment, further promoting migration of inflammatory cells. Vascular SMC senescence was associated with necrotic core enlargement [134] and plaque calcification [146] in human atherosclerosis. Plaque destabilization through fibrose cap thinning is promoted by various MMPs [147] as MMP-1, -2, -3, -7, -8, -9, -10, -12, -13, and -14 [145,147,148], which are secreted as part of the SASP of senescent SMCs, monocytes, macrophages, and foam cells. Chen Chi et al., recently addressed the relevance of senescent vascular SMCs to atherosclerosis, as well as the potential mechanisms responsible for SMC senescence in these age-related diseases [149].



Both innate and adaptive immune function declines with age [150,151,152], and this contributes to increased susceptibility to sepsis and inflammatory diseases [153]. Franceschi et al. proposed that macrophages play a central role in producing inflammaging, which ultimately impairs the immune response [122]. Senescent macrophages may influence the development of atherosclerosis by impairing cholesterol efflux and promoting inflammatory response. Foamed macrophages with senescence markers coexist with inflammatory cytokines, chemokines, and metalloproteinases during atherosclerosis [104]. In addition, recent studies have reported that a significant proportion of p16INK4a/SA-β-gal-positive cells accumulating in aging mice are macrophages [154], which have the same right as senescent cells to be considered a possible contributor to aging and his associated pathologies [155].



Additional studies are needed to characterize quantification of SCs, plaque features, and correlation to clinical data to strengthen the causal link between arterial wall cellular senescence and atherosclerosis. In summary, chronic SCs accumulate over time as a result of repeated tissue damage. Through the SASP, cellular senescence exerts many pro-atherogenic effects and it is possibly a key etiologic driver of pathological vascular remodeling, forming a perpetual loop that chronically amplifies the effects of risk factor exposure. Therefore, senescence appears to be a therapeutic target worth exploring for the prevention or treatment of atherosclerosis.





3. Thioredoxin as an Emerging Therapeutic Agent


3.1. Thioredoxin System


In 1964, thioredoxin (Trx) was first isolated from Escherichia coli by Laurent et al. reporting that E. coli also contained an enzyme, thioredoxin-reductase (TrxR), which catalyzes its reduction [156]. There are three distinct forms of human Trx, encoded by separate genes, cytosolic Trx (Trx-1), mitochondrial Trx (Trx-2), and a Trx variant that is highly expressed in spermatozoa (SpTrx/Trx-3) [157,158,159]. Trx-1, the most studied Trx protein, contains a conserved redox catalytic site Cys32-Gly-Pro-Cys35, which reduces disulfide bonds (-S-S-) of substrate proteins through thiol (SH)/disulfide exchange reaction [160]. The dithiol moieties of Trx-1 are reduced by receiving electrons from Nicotinamide Adenine Dinucleotide Phosphate (NADPH) in the presence of TrxR. Reduced Trx in turn reduces proteins with disulfide bonds by transferring electrons from its reactive cysteines through thiol disulfide exchange reactions (Figure 2). Trx-1 is negatively regulated by thioredoxin-interacting protein (TXNIP), which binds to the reduced form of Trx-1 and blocks its functions [161]. Thus, Trx-1, NADPH, TrxR, and TXNIP are collectively termed the Trx system [162,163].



In addition to the two cysteine residues in the active-site (Cys32, Cys35), human Trx-1, but not bacterial Trx, contain three other, critical structural cysteines residues; Cys62, Cys69, and Cys73, providing unique biological properties to Trx-1. These cystine residues can undergo post-translational modifications having a significant effect on Trx-1 function [164,165,166]. Both Cys62 and Cys69 are sites of S-nitrosylation, whereas Cys73 is a multimodification site, undergoing S-nitrosylation, glutathionylation, dimerization, or 4- hydroxy-2-nonenal (HNE) modification [157].



Among the main thiol compounds of biological interest, Trx-1 functions as an antioxidant through its facilitation of the reduction of other thiol-containing proteins via the cysteine thiol-disulfid exchange. Thiol is a highly active form of reduced sulphur in amino acids such as cysteine (Cys) in peptides (e.g., glutathione), and proteins (e.g., Trx), and is particularly sensitive to redox reactions, acts as a major redox sensor as well as a switch that modifies function and interactivity of proteins. As such, the dithiol Trx-1 plays a vital role in maintaining the cellular redox homeostasis. Depending on its subcellular localization, Trx-1 exerts different roles. It can be found in the extracellular environment, cytoplasm, and the nucleus [157]. In the extracellular environment, Trx-1 exhibits chemokine-like activity [158], while in the cytoplasm, it regulates the cellular redox environment and also the activity of certain proteins. In the nucleus, Trx-1 has been shown to interact with many transcription factors such as Ref-1, HIF-1α, NF-κB, p53, AP-1, Nrf-2, glucocorticoid receptor, estrogen receptor, and others [157,167,168,169,170], regulating a large range of gene expression. Intracellular Trx-1 localizes mainly in the cytoplasm. However, several factors induce nuclear translocation of Trx-1, despite the lack of a nuclear localization signal. This nuclear translocation, through karyopherin [168], suggests that Trx-1 may be associated with signaling molecules that bridge the cytoplasmic and nuclear compartments. By contrast, the translocation of Trx-1 to the plasma membrane requires binding of TXNIP. The Trx system is a crucial and essential system for the protection against oxidative stress, for the maintenance of the cellular redox balance, and for the regulation of cell fate [157,171,172].




3.2. Truncated Trx, Trx-80


The truncated form of Trx-1, Trx-80, was first termed eosinophil cytotoxicity-enhancing factor (ECEF) due to its eosinophil cytotoxicity, and it was first detected in the plasma of patients suffering from severe schistosomiasis [173,174,175]. Trx-80 (10 kDa) is the product of natural cleavage of Trx-1, sharing the 80 or 84 N-terminal amino acids with Trx-1 [176]. It has been suggested that the enzyme responsible for its cleavage would be an inducible protease [177]. In rheumatoid arthritis (RA), synoviocytes express the truncated form of Trx-80, and treatment with the proinflammatory cytokines IL-1β and/or TNF-α increases Trx-80 cell expression, playing an important role in the establishment and/or the development of RA autoimmunity [177].



Gil-Bea et al. have recently shown that the disintegrins and metalloproteinases ADAM-10 and -17, two α-secretases processing the amyloid β precursor protein, are responsible for Trx-80 generation in the brain [178]. Further work is needed to establish other possible candidates in different tissues and under different pathophysiological conditions. Macrophages are capable of cleaving full-length Trx-1 to yield Trx-80, which in contrast to the cytosolic localization of Trx-1, is present mainly at the surface of monocytes [176]. Human brain samples and human primary cultures were shown to produce Trx-80, which polymerizes it into very stable aggregates migrating at approximately 30 kDa in SDS– PAGE [178].




3.3. Trx-1 and Trx-80 in Cardiovascular Diseases


Trx-1 system represents an important antioxidant oxidoreductase system involved in a number of clinical conditions [179]. Variable Trx-1 plasma levels have been found in several diseases, such as acute myocardial infarction [180], chronic heart failure [181], carotid atherosclerosis [182], and sepsis [183]. Various studies have reported a protective effect of Trx-1 in CVD context. Trx-1 can improve endothelial function and is able to rescue ECs from age-induced disorders [184]. In addition, vascular Trx-1 prevents eNOS S-glutathionylation, thereby preventing uncoupling of eNOS resulting in improved NO release and decreased oxidative load, consequently maintaining coronary artery perfusion and endothelial function following ischemia-reperfusion injury in mice [185]. Acrolein and HNE are reactive aldehydes generated during active inflammation as a consequence of lipid peroxidation; both react with protein thiols, including Trx-1, which is critical to maintain normal endothelial function and protect against CVDs [186,187]. Acrolein and HNE modify Trx-1 (Cys72) in ECs and stimulate inflammatory signaling events, including ROS generation, elevated cell adhesion molecules expression, and increased monocyte adhesion [188]. Chemical modification of Trx-1 by common environmental and endogenously generated reactive aldehydes can contribute to atherosclerosis development by interfering with vasculo-protective functions of Trx1.



In vitro, human recombinant Trx-1 downregulates the expression of a number of inflammatory genes such as IL-1β, TNF-α, IL-6, and IL-8 in human macrophages [189]. Moreover, Trx-1 Induces M2 macrophage polarization through downregulation of p16INK4a and reduces M1 polarization through downregulation of AP-1 and Ref-1. As a consequence, LPS-induced atherosclerotic plaque, in ApoE2-Ki mice, became significantly smaller and more stable [190]. In addition, Trx-1 colocalizes with M2 macrophages in human atherosclerotic lesions [190]. Li W. et al. recently provided evidence that a flavonoid compound, puerarin, activates the Trx-1 redox system, leading to SR-A and Lox-1 reduction and lipid uptake inhibition in macrophages. These results suggest that Trx-1 may serve as target in preventing atherogenesis [191]. However, therapeutic use of Trx-1 is compromised by its in vivo cleavage into Trx-80, according to a not yet described mechanism.



The level of Trx-80 in plasma has been reported to vary from 2 to 175 ng/mL and is markedly increased under inflammatory conditions [192,193]. Trx-80 activates monocytes and induces upregulation of cell surface pathogen recognition receptors, molecules essential for T-cell activation and function [194] and for the release of the proinflammatory cytokines [195]. In contrast to the full-length Trx-1, which downregulates the expression of a number of inflammatory genes [189], Trx-80 promotes mouse peritoneal and human macrophages toward a proinflammatory M1 phenotype, and significantly increases aortic lesion surface area in mice [157]. Trx-80 induced the expression of murine M1 macrophage markers through Akt2/mechanistic target of rapamycin–C1 (mTOR)/70S6K pathway and activated the inflammasome NLRP3, leading to the release of IL-1β and IL-18, potent atherogenic cytokines [196]. Contrarily to Trx-80, Trx-1 activates Akt-1 but not mTOR pathway [196], and inhibits NLRP3 inflammasome [197]. In Apoe-−/− mice that overexpress human Trx-80, specifically in macrophages, a significant increase of aortic surface lesion has been described. In addition, in human atherosclerotic plaques, Trx-80 expressed by macrophages colocalized with the M1 macrophage markers [196].



Couchie et al. have shown that the circulating level of the Trx-80 increased in healthy old subjects (>65 years), whereas the level of full-length Trx-1 decreased in the same subjects compared to young individuals (<40 years) [196]. The loss of Trx-1 and the increase of Trx-80 with age appears to be a molecular switch from an anti-inflammatory to a proinflammatory molecule and may contribute, at least in part, to the occurrence of oxidative stress, inflammation, and atherosclerosis in old subjects. The plasma level of Trx-80 could be considered as a new biomarker for the evaluation of inflammaging and the risk of atherosclerotic lesion development in elderly.





4. Established and Emerging Therapeutical Strategies for Atherosclerosis


Due to the epidemiological characteristics and importance of atherosclerosis, a huge effort has been made to produce effective therapeutics. Classical therapies such as nutrition, exercise, and statins were first implemented to fight against hypercholesterolemia. The inflammatory nature of atherosclerosis was soon recognized for the development of anti-inflammatory therapeutic strategies targeting its classical risk factors such as dyslipidemia and hypertension. Physical exercise has been demonstrated to be a therapeutic tool for atherosclerosis, however, its beneficial effect is dosage-dependent, and improper over-exercise might also cause damage to the heart [198,199]. Nutraceuticals are natural nutritional compounds (e.g., Omega 3, Vitamin C… etc.) that are beneficial for the prevention or treatment of the disease and, therefore, represent a possible therapeutic avenue for the treatment of atherosclerosis with evidence from in vitro and in vivo studies. However, the main limitation for their use as therapeutics is the challenge of correctly attributing the therapeutic effects to a specific compound, or to a combination of elements [200].



Some current and ongoing strategies that focus on the three main targeted hallmarks (inflammation, oxidative stress and senescence) are exemplified below and summarized in Figure 3.



4.1. Anti-Inflammatory and Antioxidant Agents


As presented in preceding sections, inflammation and ROS are central players in the physiopathology of atherosclerosis, particularly modulating macrophage phenotypic plasticity. Drug development aiming to target inflammatory pathways and scavenging ROS or boosting antioxidant systems have been early considered as promising avenues for innovative therapies in atherosclerosis [201,202]. We provide a panoramic survey of established strategies but also give some insights on ongoing options.



The proof of concept that targeting inflammation reduces cardiovascular events in patients with a history of myocardial infarction has highlighted the urgent need to identify new immunotherapies to treat patients with atherosclerotic cardiovascular disease [203]. Immune monitoring in early phases of drug testing was early proposed to advance drug discovery and precision medicine in CVDs to reduce adverse cardiovascular outcomes and death [204]. Among these innovative therapeutics to treat inflammatory components of atherosclerosis, the effects of lipid-lowering drugs on inflammatory biomarkers such as proprotein convertase subtilisin kexin type 9 (PCSK9) inhibitors have been shown to substantially reduce LDL particles and cardiovascular event rates; however, their long-term safety and effects on cardiovascular risk are currently being investigated [205]. However, due to their high price, they remain underutilized and difficult to prescribe in clinical practice [206]. Antibodies that neutralize inflammatory cytokines (TNF-α, IL-1β, IL-6, IL-17, and IL-12/23) have shown promising but contradictory results and thus warrant further research [207,208]. Monoclonal antibodies against PCSK9 (alirocumab, evolocumab) were also developed and studied in large clinical programs. These PCSK9 inhibitors lowered plasma LDL levels by approximately 60% [209].



Immune checkpoint proteins have a critical role in facilitating immune cell interactions and play an essential role in the development of atherosclerosis. Immune checkpoints in CVDs have been considered to have the potential to successfully target the residual inflammatory risk that is still present after treatment of classical cardiovascular risk factors [210]. However, several studies report an increased incidence of atherosclerotic CVD after the administration of immune checkpoint inhibitors (ICI), with the occurrence of pathologies such as myocardial infarction, ischemic stroke, and coronary artery disease significantly higher after ICI use [211]. Hence, this is particularly alarming for cancer patients treated with ICI immunotherapies, and not in favor of the development of ICI as potential anti-atherosclerotic drugs.



As mentioned above, NLRP3 inflammasome is a key player in macrophages inflammation and pyroptosis, which is a type of proinflammatory cell-death and takes part in atherosclerotic plaques. The anti-atherosclerotic mechanisms of MCC950, a well-known specific NLRP3 inhibitor, on attenuating macrophages’ inflammation and pyroptosis were reported to be involved in inhibiting the assembly and activation of NLRP3 inflammasome, rather than interrupting its priming [212]. MCC950 was also shown to reduce plaque development, promote plaque stability, and improve vascular function in diabetes-associated vascular disease, thus suggesting that targeting NLRP3-mediated inflammation constitutes an interesting therapeutic strategy [213].



NF-kB is a major signaling pathway in inflammatory processes associated to atherosclerosis. Recently, the pharmacological properties of inosine, an endogenous nucleotide, as NF-kB modulator, administered sub-chronically in a hypercholesterolemic model, have been investigated. It was recently concluded that inosine may be considered as a potential drug for the treatment of cardiovascular disorders such as atherosclerosis [214].



Under oxidative conditions of atherosclerosis, monocytes/macrophages and vascular SMCs highly exposed to oxLDL tend to convert to foam cells due to the intracellular accumulation of lipids [215]. Various options have been proposed to counteract oxidative stress ranging from pharmacological approaches to innovative devices such as macrophage-mimetics [216]. We illustrate below this diversity. ROS from vascular endothelium are strongly related to various enzymes, such as xanthine oxidase, eNOS and Nox. Several pharmaceutical agents, including angiotensin-converting enzyme inhibitors, angiotensin receptors, blockers, and statins, have demonstrated additional antioxidant properties beyond their principal role [217,218].



Thioredoxin mimetic peptides (TxMPs) are considered as powerful bi-functional molecules, harboring both an antioxidant and anti-inflammatory activities [219,220]. We previously demonstrated that one TxMP, CB3, exerts vasculo-protective effects, by reducing inflammation, oxidative stress, NF-κB activation, M1 macrophage orientation, and surfaces of atherosclerotic lesions in ApoE2.Ki mice [221].



Moreover, AVE 0991 is a nonpeptide and orally active angiotensin-(1–7) receptor agonist with an IC50 of 21 nm that was also shown to exhibit anti-atherosclerotic and anti-inflammatory actions; affecting monocyte/macrophage differentiation and recruitment to perivascular space during early stages of atherosclerosis in ApoE−/− mice. The study of Skiba et al., also suggested that AVE0991 could serve as valuable alternative to typical immunosuppressants in vascular disease by acting simultaneously on the vasculature and on immune/inflammatory cells [222].



As indicated above, TXNIP is a natural inhibitor of Trx-1 and displays a pivotal for the pathophysiology of various diseases. TXNIP increases ROS production and oxidative stress and thereby contributes to apoptosis. Hence, TXNIP inhibitors also appear as a valuable therapeutic option in atherosclerosis [157,223]. A recent review from Domingues et al. provides a survey of the role of TXNIP in cardiovascular diseases and presents a census of the identified inhibitors of TXNIP [224].



Interestingly, Metformin, a well-known anti- type II diabetes drug, is able to regulate the function of macrophages in atherosclerosis, including reducing the differentiation of monocytes and inhibiting the inflammation, oxidative stress, M1 polarization, foam cell formation, and apoptosis, through for example AMPK, AMPK independent targets, NF-κB, ABCG5/8, Sirt1, FOXO1/FABP4, and HMGB1 [225]. In addition, Metformin was shown to inhibit NLRP3 inflammasome activation, and suppressed atherosclerosis in ApoE−/− mice, at least partially through activation of AMPK and regulation of Trx-1/TxNIP [226].



Many natural products were reported to positively modulate NF-κB pathways via ROS neutralization or by boosting antioxidant systems [202]. Improving antioxidant status through diet was also shown to potentially decrease the progression of atherosclerosis. In particular, anthocyanins, which are flavonoid polyphenols with antioxidant properties, have been associated with reduced risk of cardiovascular disease. Hence, consumption of anthocyanins increases total antioxidant capacity, antioxidant defense enzymes, and HDL antioxidant properties by several measures in preclinical and clinical populations. Anthocyanins were shown to impart antioxidant actions through direct antioxidant properties, as well as indirectly via inducing intracellular Nrf2 activation and antioxidant gene expression. These actions lower oxidative stress and inflammatory signaling in cell populations present in atherosclerotic plaques, including macrophages and ECs [227].



Polydatin, an active ingredient isolated from the natural medicine Polygonum cuspidatum, has been shown to have a prominent role in the treatment of CVDs. Polydatin treats atherosclerosis through three main aspects: anti-inflammatory, regulating lipid metabolism, and anti-oxidative stress [228].



Recently, Kansuinine A (KA), a natural product extracted from Euphorbia kansui, was reported as an inhibitor of H2O2-mediated upregulation of phosphorylated IKKβ, phosphorylated IκBα, and phosphorylated NF-κB. KA also reduced the Bax/Bcl-2 ratio and cleaved caspase-3 expression, preventing H2O2-induced vascular EC apoptosis, which is of great interest [229]. ROS-sensitive formulations have been widely used in atherosclerosis applications such as ROS scavenging, drug delivery, gene delivery, and imaging [230].



A new biomimetic drug delivery system consisting of nanoparticles that are coated with macrophage membrane and responsive to ROS enables targeted pharmacotherapy for atherosclerosis in mice while also suppressing local inflammation by sequestering inflammatory factors [231]. Hence, macrophage-biomimetic delivery system can achieve inflammation tropism without the need for specific targeting molecules; this strategy might hold promise for other inflammatory diseases [232].



The balance between ROS sensitivity and stability is paramount for enhancing the ultimate efficacy of therapy and imaging and reducing the undesirable side effects of ROS scavenging and antioxidant-enhancing drugs. Further development addressing the key challenges will therefore greatly enhance potential applications of this class of agents in atherosclerosis.




4.2. Senomodulating Agents


Targeting inflammation and oxidative stress is a very successful strategy to treat atherosclerosis and related complications. However due to variations in patient responsiveness to treatment owing to the multifactorial nature of atherosclerosis, which results in weak regenerative potential, continuous efforts are needed to provide anti-atherogenic agents with varied mechanisms of action. Targeting SC populations appeared as a valuable strategy since many studies have demonstrated that senescence contributes to the pathophysiology of several age-related including CVDs [233,234]. It was recently reported that senolysis reverses aging phenotype in cardiovascular disorders. Generating therapies targeting elimination of SCs or senoprotective pathways would inhibit the progression of undesirable features of aging, and become promising therapies for CVDs [234].



In line with the multifactorial nature of the disease, senomodulating agents either depleting SC (senolytics) or targeting SASP (senomorphics) appear to be excellent innovative candidates. Quercetin, a senolytic of reference was shown to inhibit the formation of foam cells induced by oxLDL and delay senescence. The mechanism may be related to the regulation of MST1-mediated (mammalian Ste20-like kinase 1) autophagy of RAW264.7 cells [235].



On the other hand, following treatment of ApoE−/− mice with fisetin, another well-known senolytic, and atorvastatin, both the atherosclerotic plaque and the lipid accumulation in the aortic sinus were significantly reduced, and the expressions of PCSK9, LOX-1, and aging markers, including p53, p21, and p16, were downregulated [236]. These treatments, resulting in a multi-pathway effect simultaneously targeting several hallmarks of atherosclerosis seem promising. However, genetic and pharmacological senolysis was shown to have variable effects on atherosclerosis, and may promote inflammation and non-specific effects respectively. In addition, traditional markers of cell senescence such as p16INK4A have significant limitations in identifying and removing SC in atherosclerosis, suggesting that senescence studies in atherosclerosis and new senolytic drugs require more specific and lineage-restricted markers before ascribing their effects entirely to senolysis [237].



Among the emerging targets of senescence in atherosclerosis, SIRT6 appears as an interesting candidate. Hence, SIRT6 protein expression is reduced in vascular SMC of human and mouse atherosclerotic plaque, and is positively regulated by the ubiquitin ligase CHIP (C terminus of HSC70-interacting protein). SIRT6 regulates telomere maintenance and vascular SMC lifespan, and inhibits atherogenesis, all of which is dependent on its deacetylase activity. Recent data from Bennett and coworkers have shown that endogenous SIRT6 deacetylase is an important and unrecognized inhibitor of SMC senescence and atherosclerosis. It is also worth to note, that this study also supported the possible selective removal of senescent SMCs by novel senolytic drugs, which may slow vascular aging and delay atherosclerosis. Thus, activators of SIRT6 may constitute valuable candidates to prevent pathological VSMC senescence [238].





5. Concluding Remarks


During aging, the human mortality rate rises exponentially as a result of a loss of normal organ functions, including tissue maintenance and repair capacity. Moreover, the accumulation of stressors plus the impairment of defense systems efficacy become insurmountable in the elderly, leading to age-related diseases. Age-related cardiovascular disease (CVD), primarily atherosclerosis, is of particular clinical concern as the global population ages, with one billion individuals projected to be over 65 years old by 2030. Aging promotes the development and progression of atherosclerosis through different mechanisms, which are mostly related to age-induced elevations in circulating and intracellular inflammation and oxidative stress as well as to the accumulation of SCs. Given the growing patient population and the inadequacy of current medical management, there is strong incentive to identify new therapeutic targets to treat CVD or, more optimally, prevent it.



Targeting SCs in atherosclerosis as a representative age-related disease is a very encouraging but challenging issue. Heterogeneity within senescent cells is a very critical point to overcome considering that sub-populations of senescent cells namely ECs, vascular SMCs, monocytes, foam cells, and T cells may contribute differentially to the phyisopathological process. Hence, identifying and specifically targeting certain population may represent a unique opportunity to derive new generations of senomodulators; either senolytics or SASP-targeted agents, through the identification of specific markers.



Macrophages are major players of atherosclerosis. Hence, a wide variety of macrophage subtypes with different functions is implicated in the development and progression of atherosclerotic lesions. Their cellular plasticity triggers a variety of phenotypes that play differential roles in the pathology. The best way to counteract the progression of the disease and avoid cardiovascular complications is to intervene at the early stages. Based on huge amounts of data resulting from multiscale and multisystem studies providing new biomarkers and pathways, the emergence of innovative therapeutic strategies is growing. Among them, agents that control cell fate have a high potential to regenerate cardiac tissues from injuries resulting from atherosclerotic plaque ruptures.



Atherosclerosis physiopathogy is based on a triad of processes including inflammation, oxidative stress, and senescence. These processes although considered individually for drug development are intimately linked and open opportunities to derive polypharmacological strategies that simultaneously target overall processes leading to a holistic action. In this context, we propose the thioredoxin system, one of the primordial systems mainly implicated in anti-inflammatory and anti-oxidative defenses. Translation to preclinical and clinical stages is needed to better evaluate their potential as disease modifiers.



In this review, we place particular emphasis on the thioredoxin system by providing updated information about its implication in atherosclerosis (Figure 4). Indeed, Trx-1 and TxMPs were shown to promote M2 macrophage phenotype and anti-inflammatory pathways by particularly modulating ROS levels, NFκ-B and NLRP3 inflammasome activity, lower lipid uptake by macrophages, and enhancing NO bioavailability. Increased levels of the truncated form of Trx-1, namely Trx-80, were observed in the plasma of aged patients. Moreover, Trx-80 was shown to drive M2 to M1 transition, contributing to an enhanced inflammatory environment particularly by activating NLRP3 inflammasome.
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Figure 1. Role of senescence mediated-processes on the physiopathological events of atherosclerosis. Focus on vascular wall senescent cell populations; namely endothelial cells (EC), macrophages (Mφ), and smooth muscle cells (SMC). 






Figure 1. Role of senescence mediated-processes on the physiopathological events of atherosclerosis. Focus on vascular wall senescent cell populations; namely endothelial cells (EC), macrophages (Mφ), and smooth muscle cells (SMC).



[image: Ijms 23 00077 g001]







[image: Ijms 23 00077 g002 550] 





Figure 2. The Redox-Cycling Reactions of the Thioredoxin System. The dithiol moieties of Trx-1 (S-S form) are reduced by receiving electrons from NADPH in the presence of thioredoxin reductase (TrxR). Reduced Trx-1 (SH form) in turn reduces oxidized proteins with disulfide bonds through thiol disulfide exchange reactions. Furthermore, Trx-1 can scavenge free radicals indirectly through peroxiredoxin [157]. Flavin Adenine Dinucleotide (FAD); Nicotinamide Adenine Dinucleotide Phosphate (NADPH2). 






Figure 2. The Redox-Cycling Reactions of the Thioredoxin System. The dithiol moieties of Trx-1 (S-S form) are reduced by receiving electrons from NADPH in the presence of thioredoxin reductase (TrxR). Reduced Trx-1 (SH form) in turn reduces oxidized proteins with disulfide bonds through thiol disulfide exchange reactions. Furthermore, Trx-1 can scavenge free radicals indirectly through peroxiredoxin [157]. Flavin Adenine Dinucleotide (FAD); Nicotinamide Adenine Dinucleotide Phosphate (NADPH2).



[image: Ijms 23 00077 g002]







[image: Ijms 23 00077 g003 550] 





Figure 3. Atherosclerosis triad: targeting inflammatory pathways, oxidative stress, and senescence to derive innovative therapeutic strategies. In atherosclerosis, inflammation, oxidative stress and senescence are interconnected processes (arrows). In this context, main deregulated factors are given for each process together with the principal classes of therapeutic options (green dashed frames), including anti-inflammatory agents (cytokine blockers, inflammasome inhibitors, NF-κB modulators); antioxidants (ROS scavengers, antioxidant system boosters); senolytics; and senormorphics. 
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Figure 4. Summary of the principal features of thioredoxin system in atherosclerosis. Truncated thioredoxin (Trx-80) acts as an inflammatory and atherosclerosis inducer while Trx-1 and TxMPs counteract key inflammatory pathways and exert an antiatherogenic effect. 
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