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Abstract

:

The atherosclerotic vascular disease is a cardiovascular continuum in which the main role is attributed to atherosclerosis, from its appearance to its associated complications. The increasing prevalence of cardiovascular risk factors, population ageing, and burden on both the economy and the healthcare system have led to the development of new diagnostic and therapeutic strategies in the field. The better understanding or discovery of new pathophysiological mechanisms and molecules modulating various signaling pathways involved in atherosclerosis have led to the development of potential new biomarkers, with key role in early, subclinical diagnosis. The evolution of technological processes in medicine has shifted the attention of researchers from the profiling of classical risk factors to the identification of new biomarkers such as midregional pro-adrenomedullin, midkine, stromelysin-2, pentraxin 3, inflammasomes, or endothelial cell-derived extracellular vesicles. These molecules are seen as future therapeutic targets associated with decreased morbidity and mortality through early diagnosis of atherosclerotic lesions and future research directions.
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1. Atherosclerotic Vascular Disease—A Cardiovascular Continuum


Atherosclerosis is a multifactorial process, in which genetic, environmental, and classical cardiovascular risk factors underlie complex pathophysiological processes that determine endothelial dysfunction and subsequent plaque formation in the vascular wall. Atherosclerosis is a chronic inflammatory disease with global economic and medical importance, with an increasing prevalence in the context of the continuing development of society [1,2]. Atherosclerosis is the basis of the cardiovascular continuum which includes a variety of cardiovascular diseases (CVDs) such as myocardial infarction (MI), aortic aneurysm, peripheral vascular disease, or stroke. Given that CVD is the leading cause of mortality and morbidity in industrialized countries and is increasing in developing regions of the world, the identification of new biological markers is a priority to enable the development of new therapeutic targets, as well as to facilitate the diagnostic algorithm for preclinical atherosclerosis [3,4] (Figure 1). Progression of atherosclerotic lesions occurs over time, and the removal of modifiable risk factors is essential for a favorable prognosis.



From 1856 until present, significant progress has been made in understanding the mechanisms underlying the development and progression of atherosclerotic processes. Therefore, the discovery of biomarkers that allow early detection, thus preventing progression to complications accompanied by a high morbidity and mortality rate, has therapeutic and prognostic value alike. Rudolf Virchow was the first scientist to demonstrate, in 1856, that atherosclerotic lesions have extremely high lipid content (especially cholesterol and triglycerides) [5], which was further demonstrated by Nikolai Anichkov in 1913 in a study on rabbits [6,7]. Endothelial dysfunction, vascular cell activation, hypercoagulability, oxidative stress, and inflammation [8,9] are the main pathophysiological processes underlying atherosclerotic lesions. Extracellular matrix metalloproteinases (MMPs), macrophages, monocytes, proinflammatory cytokines, and apoB100/apoE receptors modulate chronic complex processes that support the concept of systemic, multifactorial pathology [10]. Six types of atherosclerotic lesions have been identified so far (Figure 2), of variable consistency, predisposing to the initiation or amplification of various signaling pathways [11]. Identification of type I–III lesions is characteristic for the early phase of the atherosclerotic process (the reversible one) compared to types V and VI, suggesting the presence of irreversible lesions [12,13].




2. Biomarkers—Pathophysiological and Clinical Implications—An Arch in Time


The concept of biomarker was introduced in 1980 [14,15], representing a biological parameter with the role of objectively quantifying different indicators of normal biologic processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention [16,17]. High sensitivity, high repeatability of results, and an economically or logistically easy clinical applicability represent the ideal characteristics of a biomarker [18]. The use of classical biomarkers represented by LDL-cholesterol, HDL-cholesterol, or serum triglycerides is only useful in patients with a high or very high cardiovascular risk, which has led over time to the discovery of molecules specific to the stages of the atherosclerotic process [19,20] (Figure 3).



Atherosclerosis is known to be a chronic inflammatory process in which interleukin 6 (IL-6), myeloperoxidase (MPO), matrix metalloproteinase 9 (MMP-9), and intercellular and vascular cell adhesion molecules are used as biomarkers. IL-6 and tumor necrosis factor α (TNF-α) [21] are two proinflammatory cytokines associated with increased cardiovascular risk and atherosclerotic plaque formation [22,23,24]. In patients with Type 2 diabetes mellitus, increased serum levels of IL-6 are associated with a higher failure rate of interventional revascularization [25]. MPO participates in the oxidation of LDL lipoproteins (oxLDL) which are highly atherogenic components. In addition to mediating the inflammatory process and destabilizing atherosclerotic plaques, MPO is also involved in mediating antibacterial and antiviral processes, which supports the multifactorial etiology of peripheral vascular disease [26]. Intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion protein 1 (VCAM-1) are present in high concentrations in vessels prone to atherosclerotic processes, suggesting the presence of subclinical lesions [27,28]. C-reactive protein (CRP), fibrinogen, uric acid, and lipoprotein (a) (Lp <a>) are cardiovascular risk factors or biomarkers with multiple prognostic and therapeutic implications alike [12,29,30,31]. The role of malondialdehyde (MDA)-modified LDL-cholesterol as biomarker for atherosclerosis has been investigated in various studies so far [32]. Oxidized MDA-modified LDL are found in increased amounts in the blood as a result of the presence of active oxygen species and organic free radical generation [33]. Viigimaa et al. [33] demonstrated that MDA-modified LDL can be used as an independent biomarker for atherosclerosis, as it positively correlates with postinfarct cardiosclerosis (p < 0.05). In a similar study, the potential role of MDA in the progression of atherosclerotic lesions has been highlighted by Alghazeer et al. [34], who concluded that MDA levels indicate an increased production of oxygen free radicals. MDA correlates with the atherogenic index (p < 0.05) [32], the presence of oxidative stress being a risk factor associated with atherosclerosis which accentuates the need for antioxidant counterbalancing in dyslipidemic patients [35].




3. Midkine—A Biomarker for All Stages of Atherosclerosis


Midkine (MK) is a heparin-binding growth factor, part of the family of growth factors and cytokines. MK mediates various cellular processes, being involved in both inflammatory and reparative processes, as well as in oncogenesis [36,37]. MK is localized preferentially at the level of advanced atherosclerotic plaque in the thickened intima of fatty streaks, forming, with vascular smooth muscle cells, extracellular cells, and inflammatory agents, a dense and diverse cellular beach with a proinflammatory role that ensures the progression of the atherosclerotic process [38].



MK has a pro-atherogenic effect and is involved in multiple stages of the atherosclerotic process, such as lipid accumulation, inflammation, or neointima formation [37,38]. MK stimulates macrophage lipid accumulation and may be considered a promoter of dyslipidemia. MK is found in vascular smooth muscle cells (VSMC), endothelial cells, and inflammatory cells. Between MK and serum levels of total cholesterol or LDL-cholesterol, there is a directly proportional relationship, independent of the presence of hypertension [39]. Mutations of the ATP binding cassette transporter A1 (ABCA1), a transmembrane protein involved in the intracellular cholesterol efflux to lipid-poor apolipoprotein A-I, leads to premature atherosclerosis. Ou et al. [40] demonstrated that it downregulates ABCA1 expression by inhibiting the phosphorylation of AMP-activated protein kinase. This effect, also evidenced by other clinical studies, raises the hypothesis that blockade of cholesterol efflux via ABCA may lead to the arrest of the atherosclerotic process, being a future research direction in the pharmacological field of dyslipidemia. VSMC can turn into foam cells and can be found in large amounts in intimal plaques at all stages of the atherosclerotic process [41]. VSMC senescence promotes atherosclerosis [42] and increases the vulnerability of the plaques [43]. Independent of the stage, MK is assumed to have a modulatory role, related to the negative regulation of ABCA1 expression [44,45]. MK also plays an essential role in inflammatory processes in atherosclerotic plaques, promoting T cell activation and Th1 cell differentiation [46] and increasing mRNA levels of proinflammatory cytokines such as y interleukin-1β and interferon-γ [37]. Clinical studies have also shown that MK promotes monocyte attachment to the arterial wall for differentiation into macrophages. Kosugi et al. [47] previously concluded that MK downregulates monocyte chemoattractant protein-1 expression. Consistent with previous findings, Takemoto et al. [37] demonstrated in an vitro study that administration of MK is associated with increased serum levels and regulates monocyte chemoattractant protein-1 in aortic tissues which leads to the accumulation of macrophages in atherosclerotic lesions [48,49]. MK also plays an essential role in apoptosis by inhibiting it in cardiomyocytes. Macrophage apoptosis inhibits the progression of atherosclerotic processes, its prevention being one of the mechanisms by which MK exerts its atherogenic effect [50,51]. MK is an important factor in patients with advanced atherosclerosis and may be one of the missing links in the pathomechanism of this disease. Serum MK levels are elevated in the circulation of both adult and pediatric patients with heart failure and positively correlate with the severity of the clinical picture [52,53]. In patients with coronary artery disease, the administration of MK was associated with improved survival and decreased infarct size as a result of stimulation of angiogenesis and inhibition of myocyte apoptosis [54]. On the other hand, cardiac hypertrophy is associated with increased expression of MK in myocytes with a stimulatory effect on fibrosis [54,55,56].



Just as MK is expressed in cardiomyocytes under ischemic conditions and overexpressed after myocardial infarction, the same mechanism is probably involved in peripheral ischemia, with higher MK values in acute ischemia. Of particular interest is the inverse association with antibody-induced signaling against angiotensin 1 receptor (AT1R) and endothelin A receptor (ETAR) [57]. MK induces angiotensin-converting enzyme (ACE) expression in microvascular endothelial cells as a regulator of the renin–angiotensin system (RAS). Significantly lower serum MK levels were found in cardiac transplant patients treated with ACE-inhibitors or angiotensin-receptor blockers (ARB). The same mechanism could underlie for AT1R and ETAR antibodies, which are inversely correlated with MK levels. The corroborating data bring together the renin–angiotensin system and the endothelin system as hallmark effectors in atherosclerosis, and a mediator of angiogenesis. A possible explanation for this phenomenon would be the “inner balance” of the atherosclerotic process as a multifactorial disease. The more important the general state of inflammation, angiogenesis, and proliferation in the vascular wall, represented by high levels of MK, the lower the activation of the immune system involved in athero-progression, in this case represented by functional autoantibodies against well-known effectors of the atherogenic process. Guzel et al. demonstrated that MK serum levels correlate positively with hypertension and lipid profile [39]. Besides MK, clinical studies have also revealed other biomarkers associated with CVD, such as heart failure and atherosclerosis such as midregional pro-adrenomedullin or stromelysin2 studied in isolation or associated with MK [58].




4. Biomarkers of Destabilization of Atherosclerotic Plaque—microRNA


MicroRNAs (miRNAs) are small single-stranded RNA molecules that mediate multiple biological processes that contribute to the development and progression of atherosclerotic processes such as angiogenesis, apoptosis, or cell differentiation [59]. The structure of these molecules is complex, with coding genes located in genetically unstable regions in the introns or exons of protein-coding genes as well as in intergenic regions [60,61]. miRNA regulate up to 60% of the genes, and mutations or aberrant expression patterns are associated with the occurrence of various diseases such as CVD, infections, neurodegenerative diseases, or cancer (through tumor-induced suppression) [62,63]. Extracellular miRNAs have similar blood serum levels among healthy people. In addition to blood tests, they can be detected in the body by analyzing various fluids such as urine, bronchial lavage, synovial fluid, breast milk, saliva, and cerebrospinal fluid [64,65]. Their ease of dosing promotes them as potential biomarkers that allow early diagnosis and also as next-generation therapeutic targets.



miRNAs and pre-miRNAs are found in the extracellular environment in free (stable) form, either embedded in circulating microvesicles, exosomes, high-density lipoprotein (HDL), or protein complexes. Through their associated properties, these molecules mediate various cellular processes in atherosclerotic plaques, thus contributing to their progression [66]. The role of HDL in the transport of miRNAs has been previously demonstrated by Vickers et al. [67]. The molecular analysis of the HDL–miRNA complex revealed differences between apparently healthy subjects and those with familial hypercholesterolemia. In addition, in patients with atherosclerotic lesions, a distinct gene induction was observed, associated with the loss of conserved mRNA targets in cultured hepatocytes.



miRNAs regulate lipoprotein metabolism and ensure a balance between atherogenic low-density lipoproteins (LDL) and the atheroprotective ones [68]. miRNAs decrease cholesterol absorption in the liver by inhibiting the expression of cholesterol transporters and of the scavenger receptor BI (SR-BI), as well as the LDL receptor. By modulating cholesterol homeostasis, these biomarkers intervene in the early stages of the atherosclerotic process [69]. Among all the molecules included in the miRNA family, miR-122 is an essential building block through its demonstrated role in modulating cholesterol and fatty acid synthesis in the liver, highlighting it as a future target for the treatment of dyslipidemia [70].



miRNAs are involved in all stages of the atherosclerotic process, from its initiation to the mediation of processes involved in neoangiogenesis. Endothelial dysfunction might be considered as the starting point of the atherosclerotic process, leading to a proinflammatory status through the activation of proinflammatory cytokines and oxidative stress [66]. A number of molecules, such as tumor necrosis factor α (TNF-α), angiotensin II, or oxidized (ox) LDL, cause increased cellular expression of endothelial leukocyte adhesion molecules (such as E-selectin or VCAM-1) and intracellular adhesion molecule (ICAM)-1 [71,72]. The role of miRNAs in modulating inflammatory processes has been demonstrated in multiple clinical studies, the main representatives involved being miR-181b, miR-181a-5p, and miR-181a-3p [73]. miR-181a-5p and miR-181a-3p have an anti-inflammatory effect by inhibiting the expression of VCAM-1, ICAM-1, and E-selectin. The same effect was also observed in the case of miR-181b, which inhibits gene expression via the importin-3 protein, influenced by NFkB nuclear translocation [72].



The interaction between miRNAs and microvesicles has been demonstrated in various in vitro studies, in particular from the perspective of their active role in apoptosis, inflammation, and cell proliferation, central pathophysiological mechanisms of endothelial dysfunction [71,74,75]. The mechanism by which miRNAs are incorporated into microvesicles is not fully known so far, being presumed an ATP-dependent process influenced by the extracellular environment [76,77]. The prospective role of these molecules in the early diagnosis of atherosclerosis has also been demonstrated by Jansen et al. in a study in which 176 patients with coronary artery disease were enrolled. They demonstrated that miR-126 or miR-199a expression levels in circulating microvesicles were positively correlated with recurrence of an acute cardiovascular event, compared to plasma doses [71,78].



Oxidative stress and nitric oxide bioavailability are also mediated by various molecules in the miRNA family. Thus, oxidative stress increases gene expression of miR-200c and miR-199a-3p. miR-199a-5p and miR-199a-3p mediate nitric oxide bioavailability by increasing endothelial NO synthase (eNOS) activity. eNOS activity is also modulated by various enzymes, such as superoxide dismutase (SOD)1 and peroxiredoxin (PRDX)1, which indirectly determines the upregulation of phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) and calcineurin pathways [79,80,81]. Endothelial cell senescence contributes to the progression of atherosclerotic lesions; further study of the mechanisms and the role of miRNAs in this process are possible targets for reversing or diminishing the aging-associated effect. Clinical studies to date have demonstrated that miR-216a is involved in the process of premature aging of endothelial cells, its effect being exerted on the signaling pathway mediated by the transforming growth factor (TGF)-β1 [82,83].



In addition to endothelial dysfunction, miRNA family molecules are involved in other processes in atherosclerotic plaques such as monocyte recruitment, macrophage differentiation, or foam cell formation. Macrophages secrete extracellular vesicles containing various molecules of the miRNAs family, with the most highly expressed secondary to oxLDL exposure being miR-146a. This prevents macrophage migration from atherosclerotic plaques by inhibiting the insulin such as growth factor 2 mRNA binding protein 1 (IGF2BP1) and human antigen R (HuR) [74,84,85]. miR-21 exerts its effect in the early stages of atherosclerosis, acting in particular on vascular smooth muscle cells (VSMCs) by increasing the proliferative capacity and the synthesizing phenotype. In addition to miR-21, the modulatory role of miR-1 on contractile proteins in VSMCs has also been demonstrated, leading to suppression of α-smooth muscle actin [86,87,88].



miRNAs are also involved in atherosclerotic plaque rupture through acting on inflammatory cells and on the necrotic core covered by a thin fibrous cap [89]. Jin et al. demonstrated that miR-21 overexpression inhibits ROS-induced smooth muscular cell apoptosis in vitro [90]. In a similar study, Jin et al. concluded that local administration of miR-21 to carotid atherosclerotic plaques increases plaque stability secondary to smooth muscular cell proliferation [90,91]. Molecules from the miRNA family contribute to the formation and expansion of vasa vasorum in the atherosclerotic lesions [92,93,94]. miRNAs are regulators of the VSMC and induce their overgrowth and transformation [95].



The expression of the various molecules of the miRNA family differs according to the stage of atherosclerotic lesions, the main biomarkers correlated with the occurrence and progression of CVD being miR-21, miR-92a and miR-99a [96]. Several miRNAs have been found in different stages of atherosclerosis disease: miRNA-10a/b, miRNA-17-3p, miRNA-31, and miRNA 126 are found in endothelial cells, miRNA-33a/b and miRNA-122 are involved in cholesterol homeostasis, miRNA-21, miRNA-26a, miRNA-155, and miRNA-221 contribute to plaque development, miRNA-27a/b, miRNA-155, miRNA-210, miRNA-221, and miRNA-22 are markers of neoangiogenesis, and miRNA-100, 127, 133a/b, and 145 are suggestive of the presence of vulnerable plaque [97].



Clinical studies to date have demonstrated that miR-21 is accompanied by elevated serum levels in patients with clinical manifestations. Differences in gene expression of the molecules have also been targeted according to the location of atherosclerotic lesions. Thus, carotid atherosclerotic plaques are accompanied by elevated serum levels of miR-21 and miR-29 (Figure 4). The presence of atherosclerotic lesions in the lower limbs results in reduced gene expression of miR-27b, miR-130a, and miR-210 [98,99,100,101] (Figure 5). Patients with coronary artery disease (CAD) associate low serum levels of miRNAs secondary to their sequestration in atherosclerotic plaques, which mediate neoformation processes and maintain proinflammatory status [102]. Special attention has also been paid in recent studies to noncoding RNAs (ncRNAs) which are involved in several processes such as atherosclerosis, angiogenesis, neuroinflammation, or apoptosis, but their clinical applicability is currently limited [103,104,105]. Zhao et al. [103] concluded that ncRNAs are potential biomarkers for early diagnosis of ischemic stroke similar to miR-107 and miR-135b [106,107]. Type 2 diabetes mellitus is a risk factor for the development and progression of CAD, changes in serum levels of various miRNAs can be used for diagnosis and prognostic stratification [108,109,110]. Several miRNAs, such as miR-1, miR-122, miR-132, and miR-133, are associated with the development of subclinical atherosclerotic lesions in patients with metabolic syndrome [111]. There are a number of differences between the time of serum level change and clinical significance. Thus, while miR-1, miR-132, miR-133, and miR-373-3-p suggest the concomitant presence of CAD and Type 2 diabetes, the increase in serum miR-92a levels in diabetic patients occurs independently of coronary artery involvement [112,113]. Furthermore, miR-122-5p and miR-223-3p are upregulated in patients with unstable CAD and may be considered a marker of atherosclerotic plaque vulnerability [114,115]. Not all molecules in the miRNA family have elevated serum levels, with clinical studies showing a downregulation effect in miR-1273, miR-490, miR-24, and miR-1284 [116]. miR-32 is also a promising biomarker in CAD patients, with high levels of miR-32-5p identified in their exosomes [110,117,118]. MK is not the only biomarker that modulates ABCA1 activity; changes in its genetic structure are secondary to post-transcriptional regulation mediated by miRNAs [119].



Wang et al. demonstrated the existence of an inversely proportional relationship between serum levels of miRNAs and severity of coronary atherosclerotic damage [66,101]. miRNA-155 upregulation after the occurrence of a myocardial infarction has been demonstrated by Schumacher et al. The investigators conclude that miRNA-155 is associated with cardiac remodeling via inflammation and fibroblast recruitment in these patients [120]. In a dyslipidemic mouse model, the investigators concluded that although genetic depletion of miRNA-155 decreased myofibroblast density in the post-ischemic scar, it has no impact on the infarction size [120]. Li et al. demonstrated the cytoprotective role of miRNA-144 in an ischemia/reperfusion injury model on mice. At 28 days follow-up after intravenous administration of miRNA-144, the investigators observed that infarct size decreased and left ventricular contractile function improved compared to the control group. Reduction of fibrosis area, anti-inflammatory role, and reduction of apoptosis were some of the positive effects observed, which raised the hypothesis of the development of miRNA-144 targeted therapeutic agents and the need for further clinical trials to validate the data [121].




5. Pentraxin 3


Pentraxins are acute phase proteins that mediate various cellular processes or pathophysiological mechanisms such as inflammation, angiogenesis, cell adhesion, or neoplasia [122]. These molecules are well known for their role in humoral innate immunity. Depending on the length of the N-terminal region, they are divided into two categories: small ones, such as C-reactive protein (CRP) [123,124], which are synthesized in the liver secondary to the action of IL-6, and long constituents, such as pentraxin 3 (PTX3), which are produced by vascular and immune cells secondary to the proinflammatory status and through the involvement of toll-like receptors [125,126]. PTX mediates its effects by interacting with numerous ligands such as microorganisms, plasma proteins, extracellular matrix constituents, receptors, or growth factors. Their role in mediating inflammatory processes and interaction with serum complement and immune system components explains their role in the atherosclerotic process.



PTX3 is a representative of the class involved in the emergence and progression of CVD. PTX3 modulates inflammatory processes by inhibiting leukocyte recruitment [127,128]. PTX3 is highly expressed in smooth muscular cells through atherogenic lipoproteins, with clinical studies showing elevated levels in advanced stages of the atherosclerotic process. PTX3 determines upregulations of the tissue factor expression in endothelial cells and activated monocytes [129,130,131]. PTX3 modulates endothelial dysfunction by its direct effect on endothelial cells. Serum PTX3 levels are mediated by the action of excessively produced IL-1β and TNF-α in patients with a systemic inflammatory stress [132,133].



The role of PTX3 as a marker of inflammatory status and prognostic biomarker in CVD has been demonstrated in multiple clinical trials in patients with or without clinical CAD. Jenny et al. demonstrated that PTX3 is an independent prognostic factor reflecting the risk of CVD (odds ratio 1.11) and all-cause death (odds ratio 1.08), independent of serum CRP levels or the presence of cardiovascular risk factors [134]. Furthermore, patients with subclinical atherosclerotic lesions were associated with higher serum PTX3 levels compared to those without atherosclerotic lesions (p = 0.001). The same investigators demonstrated 5 years later that increased serum levels of PTX3 positively correlate with age, obesity, systolic blood pressure, serum CRP levels, or carotid intima-media thickness (p values below 0.045 for all parameters) [135]. The lack of correlation between serum levels of PTX3 and CRP raises the hypothesis of differential mediation of the inflammatory process in atherosclerotic plaques, but further studies are needed in this regard. There is conflicting evidence in the literature that PTX3 and CRP may have an antagonistic effect in the development of metabolic syndrome and obesity [136,137]. While CRP correlates with body weight, body mass index, waist circumference, fasting plasma glucose, or IL-6, PTX3 levels associate with adiponectin, but not with the molecules or constituents mentioned above. Ogawa et al. concluded that PTX3 levels were lower and CRP levels were higher in patients with more than one component of the metabolic syndrome compared to apparently healthy patients [136]. PTX3 is considered to be a valid biomarker candidate for atherosclerosis due to high plasma levels observed in patients with carotid stenosis or MI. In addition to lesion severity, PTX3 can also assess plaque vulnerability and is considered a marker of vascular injury and subsequent neoangiogenesis [138,139,140,141].



HDL stimulates gene expression of PTX3 in human umbilical vein and in the endothelial aortic cells, suggesting a link between decreased serum HDL levels and decreased PTX3 levels. Salio et al. suggest cardioprotective and anti-inflammatory effect of PTX3 in a mouse-model-induced acute myocardial infarction [142,143]. Nauta et al. [144] highlight that PTX3 can both activate and inhibit the complement-mediated signaling pathway, suggesting that decreased PTX3 levels in patients with metabolic syndrome cause progression of the atherosclerotic process by maintaining the chronic inflammatory status. Carrizzo et al. demonstrated that PTX3 administration in mice causes endothelial dysfunction and increased blood pressure via the P-selectin/MMP1, which then acts through nitric-oxide-mediated signaling pathways [145,146].



PTX3 is highly expressed in the heart, and in patients with acute MI, the maximum serum level is reached 7 h after the occurrence of the cardiac event. Latini et al. [147] demonstrated that in patients with MI with ST elevation, compared to CRP or NT-proBNP, TnT, or creatin kinase, PTX3 was the only biomarker able to predict mortality risk 3 months after the event. PTX3 has an inhibitory effect on neoangiogenesis, VSMC proliferation, parietal thickening, or restenosis, effects mediated mainly by the increased ability of this molecule to bind fibroblast growing-factor 2 (FGF2) [125,148,149]. Increased levels of PTX3 correlate with CAD severity and negatively influence the prognosis of elderly patients [150]. PTX3 is also a biomarker of the diabetic vasculopathy, with elevated serum levels being identified in carotid and coronary plaques in patients with acute myocardial infarction [25,137,151].



PTX3 has demonstrated its role as a biomarker in both CAD and heart failure [141]. Akgul et al. [152] concluded that high levels of PTX3 at admission lead to an increased mortality rate both in hospital and 2 years after the acute event, making PTX3 an independent predictor. In a prospective observational study on 75 patients with MI, Kimura et al. demonstrated that the presence of a high level of PTX3 (above 3.79 ng/mL) in atherosclerotic plaques prior to PCI is associated with a high rate of rupture or coronary artery bypass grafting. In a similar study [153], Guo et al. observed a correlation between PTX3 levels above 3 ng/mL and elevated serum high sensitivity CRP (hs-CRP), cTnT, NT-proBNP, and the coronary stenosis degree [154]. In patients with heart failure, PTX3 correlates with hospitalization rate, the occurrence of acute cardiovascular events, or cardiac death [155,156]. In conclusion, PTX3 has both a beneficial and a deleterious effect, the balance between atheroprotective and proinflammatory effects being a challenge for research in the development of a future therapeutic strategy focused on the action of this biomarker (Figure 6).




6. Endothelial-Cell-Derived Extracellular Vesicles


Extracellular vesicles (EVs) represent a heterogeneous family of vesicles secreted by various cells, and by which their diverse biological functions mediate multiple physiological and pathophysiological processes [157,158]. Their active role in the progression of atherosclerotic processes has been demonstrated in multiple studies, as these cell organelles are involved in various cell signaling pathways such as vascular remodeling, inflammation, or cell proliferation and migration [159,160]. The activation of extracellular cells can be seen as the starting point of the atherosclerotic process, endothelial dysfunction playing an essential role in the production of EVs in endothelial cells [161]. EVs have a transport role by incorporating various substances such as cholesterol or genetic material (RNA or small noncoding RNAs) [162,163]. Clinical studies have demonstrated the active role of EVs both in the early stages of the atherosclerotic process and in complicated lesions [164,165]. EV levels correlate with the presence of risk factors, high levels being identified among patients who smoke, have dyslipidemia, or have high blood pressure [166,167,168,169,170].



EVs can be seen as both liquid biomarkers and potential therapeutic vectors in CVD [171,172]. Clinical studies show a positive correlation between elevated blood, saliva, or urine levels and the risk of a cardiovascular event in patients with stable CAD [173,174,175].



EVs located in highly thrombogenic atherosclerotic plaques originate from various cells, the most common being leukocytes, macrophages, and erythrocytes [176,177]. EVs mediate the lipid streak formation process by increasing gene expression of endothelial molecule and suppression of NO synthesis, as well as macrophage migration. EVs derived from monocytes promote inflammatory processes and upregulation of ICAM-1, VCAM-1, and E-selectin, as well as vascular cell death. EVs contribute to the destabilization of atherosclerotic plaques by degradation of the extracellular matrix, which leads to the slimming of the fibrous cap and secondly to plaque rupture [178,179,180,181]. EVs derived from endothelial and platelet cells are the main organelles found in the blood [78,173]. Nozaki et al. [173] demonstrated that measuring plasma levels of endothelium-derived microparticles can be seen as an indirect way of assessing endothelial dysfunction, as well as being a statistically significant prognostic factor (odds ratio 1.042, p = 0.02) in the prediction of acute cardiovascular events in high-risk patients (assessed on the basis of the Framingham risk score). The EVs secreted by foam cells, endothelial cells, or platelets modulate macrophage activity, having an active role in the progression of atherosclerotic lesions by inhibiting vasorelaxation and maintaining vascular inflammatory status [182].



Cellular senescence is associated with a change in the secretory profile with activation of immune cells and the appearance of a chronic systemic inflammatory status [183]. The release of an increased amount of EVs alters paracrine signaling pathways while also influencing the metabolism of neighboring cells, leading to endothelial dysfunction [184]. The senescence-associated secretory phenotype is characterized by increased levels of growth factors, decreased DNA replication, and increased concentrations of proinflammatory markers and matrix metalloproteinases [185]. Senescent endothelial cells have an increased concentration of vasoconstrictor molecules (reduction of nitric oxide, increase of ROS), thrombotic factors (tissue factor and plasminogen activator inhibitor-1), and adhesion molecules [183,186].



EVs are involved in the calcification process of atherosclerotic lesions by increasing calcium and bone morphogenetic protein 2 (BMP-2) levels, thereby promoting the osteogenic phenotype of the smooth muscle cells [187]. Reduced collagen percentage at the fibrous cap level weakens the structure and makes it prone to rupture [188]. EVs’ role in plaque destabilization and thrombus formation has been highlighted in multiple clinical studies. EVs at the level of vulnerable plaques have a high content of thrombogenic microvesicles capable of generating tissue factor and thrombin, which justifies the associated procoagulant potential [165,176].



Based on the idea that EVs mainly carry miRNAs, the validation of a risk score based on the association of the two biomarkers is a topic of interest in the field. Jansen et al. demonstrated that elevated levels of EV miR-126 and miR-199a correlate with a lower adverse rate of cardiovascular events in patients with stable CAD, an aspect that is not evident in the case of the solitary evaluation of soluble miRNAs [78,157]. In a similar study, Goetzl et al. concluded that protein content analysis of EVs correlates with progression of atherosclerotic lesions [189]. As mentioned before, several biomarkers are involved in the diagnosis, management, and treatment of diabetic vasculopathy, including exosomes [190]. Exosomes induce changes in cellular metabolism both locally and remotely by mediators released into the blood, urine, or tears, thus being useful biomarkers [191]. Increasing attention is being paid to stem cells exosomes as a promising therapeutic target in the treatment of diabetic vascular complications. Although they were initially considered as cell replacement therapy, subsequent clinical studies have demonstrated that their action is mainly based on the release of mediators that stimulate tissue repair [190,192,193].



The role of exosomes as potential therapeutic targets has been demonstrated in various mouse models based on their ability to incorporate various molecules with therapeutic value such as miRNAs or mRNA vectors. Exosomes have multiple benefits in terms of carrier role and associated biocompatibility, but they also have a number of associated limitations due to their quantitative efficiency [177,194]. These clinical studies highlight the potential role of biomarkers in the assessment of atherosclerotic lesions, but further studies are needed to validate the associated prognostic risk.




7. Role of NLRP3 Inflammasome in Atherosclerosis


Atherosclerosis is a complex process, mediated in part by and through the innate immune system. Inflammasomes are an essential component involved in the development, progression, and rupture of atherosclerotic plaques [195]. These constituents were first described in 2002 by Schroder and Tschopp [196] by highlighting their role in caspase-1 activation and interleukin-1β processing. The inflammasome containing the nucleotide-binding oligomerization domain, leucine-rich repeat-containing receptor (NLR) family, and pyrin domain-containing 3 (NLRP3) has been the best studied to date and plays an essential role in the initiation and progression of atherosclerotic processes and the mediation of vascular inflammation [197]. NLRP3 inflammasomes are mainly involved in inflammatory processes in atherosclerotic lesions [198]. Recent studies have focused attention on the potential therapeutic role of NLRP3. Components of NLPR3 have been identified in macrophages and fat cells of carotid atherosclerotic plaques [199]. Extracellular cells also contain NLPR3 [200]. Zheng et al. demonstrated the existence of high levels of NLPR3 inflammasome constituents in atherosclerotic plaques [201]. Activation of NLPR3 generates a trigger signal for activation of caspase-1 which in turn induces the production of interleukin-1β (IL-1β) and interleukin-18 [202]. IL-1β plays an essential role in neoangiogenesis, mediating both cellular processes in circulating cells and in the arterial wall [203]. Menu et al. [204] demonstrated that genetic depletion of interleukin-1β or interleukin-1 receptor inhibits the progression of atherosclerotic lesions in hypercholesterolemic mice [205].



Hypoxia, oxLDL, atheroprone flow, neutrophil extracellular traps, or somatic mutations are the main factors that activate NLRP3 inflammasome [206]. Murine plaques contain multiple hypoxic regions which cause angiogenesis, stimulating foam cell or plaque necrotic core formation [202,207]. Consistent with the above, Folco et al. [208] demonstrated that hypoxia increases NLRP3 expression and stimulates caspase-1 activation in cultured human macrophages which subsequently secrete large amounts of IL-1β contributing to the maintenance of the proinflammatory status associated with atherosclerosis. Shear stress contributes as a trigger for NLRP3 inflammasome activation in atherosclerotic lesions [200]. NLRP3 inflammasome activation interferes with lipid metabolism, stimulating macrophage migration capacity and lipid particle uptake into lysosomes in macrophages [209]. Accumulation of macrophages in the arterial wall stimulates formation of foam cells that contribute to the progression of atherosclerosis. Activation of the NLRP3 inflammasome triggers pyroptosis and release of inflammatory substances factors contributing to the maintenance of proinflammatory status [210]. The therapeutic role of IL-1β was demonstrated in the CANTOS (Canakinumab Anti-inflammatory Thrombosis Outcomes Study) clinical trial [211] in which patients were treated with canakinumab (a human monoclonal antibody which binds IL-1β) associated with decreases in serum levels of inflammatory markers (CRP) and were associated with a reduced risk of acute cardiovascular events compared to the placebo-treated group of patients. NLRP3 inflammasome modulates the IL-1 and IL-6 family cytokine production [212,213]. These results support the concept that NLRP3 inflammasome may be a therapeutic target, antagonizing its proinflammatory effect, contributing to the prevention of atherosclerosis. Arglabin inhibits the activation of NLRP3 inflammasome in macrophages, thus having an anti-inflammatory effect on atherosclerosis-prone mice by lowering serum levels of IL-1β [214]. NLRP3 inflammasomes are involved in cigarette-smoke-induced atherosclerosis [215]. Cigarette smoke activates NLRP3 inflammasome in monocytes, macrophages, and foam cells [216,217] Embolization of cholesterol crystals from atherosclerotic lesions of the major arteries causes the appearance of cholesterol-embolization syndrome, known as a systemic disease [218,219]. Its etiology is iatrogenic, mainly secondary to interventional or surgical procedures. The presence of cholesterol crystals leads to activation of pathophysiological pathways mediated by NLRP3 and IL1 [218].



NLRP3 inflammasome is a valuable constituent with both prognostic and therapeutic value and its targeting could be the basis for new therapeutic classes in the treatment of atherosclerosis [202,220].




8. Biomarkers of Thrombocyte Activation—Midregional Proadrenomedullin


Adrenomedullin (ADM) is a vasoactive peptide involved in multiple cardiovascular pathophysiological processes such as vasodilatation, natriuresis, increasing cardiac output, or modulation of vascular calcification [58]. Moreover, ADM inhibits VSMC proliferation and neoangiogenesis and promotes the re-epithelialization process [221]. The diagnostic and prognostic value of this molecule in patients with CAD or heart failure has been demonstrated in multiple clinical trials. The evolution of molecular diagnostic methods has allowed the identification and characterization of WMD precursors such as midregional pro-adrenomedullin (MR-proADM). MR-proADM is a more stable molecule whose serum levels allow prognostic assessment of patients with sepsis, systemic inflammation, or cardiac dysfunction [222,223].



MR-proADM midkine and stromelysin2 (ST2) are biomarkers associated with various CVDs such as heart failure or atherosclerosis. MR-proADM can also be used as a biomarker for arterial stiffness in patients with metabolic syndrome, its predictive value being superior to that of CRP [224].



The prognostic role of MR-proADM in patients with MI has been studied in several clinical trials so far. The identification of new biomarkers to allow early, preclinical diagnosis of atherosclerosis is an ongoing concern of the scientific society. The development and clinical validation of risk scores based on a range of biomarkers allow the development of diagnostic and treatment algorithms that, if applied promptly, can improve long-term prognosis. Melander et al. [225] evaluated the prognostic role of five biomarkers (CRP, midregional-pro-atrial natriuretic peptide, N-BNP, MR-proADM, Lp-PLA2, and cystatin C) in assessing cardiovascular risk. The investigators demonstrated, using regression analysis, the predictive value of N-BNP and CRP for cardiovascular events, while N-BNP and MR-proADM have proven effective in assessing the risk of acute coronary events. In a similar study, Ross et al. demonstrated that MR-proADM levels can predict the presence of a coronary artery stenosis (p = 0.026) or soft atherosclerotic plaques (p = 0.026) in patients without known CVD [226]. Yoshihara et al. evaluated the role of MR-proADM as a biomarker of cardiac dysfunction in hemodialysis patients and concluded that increased plasma levels correlate positively with cardiac dysfunction, inflammatory status, and with volemia in patients with concomitant renal and cardiovascular disease [227]. Clinical studies have demonstrated a positive relationship between elevated serum levels of MR-proADM and the occurrence of cardiovascular morbidity and mortality, raising the hypothesis of the usefulness of this marker, especially in young subjects [228]. Neumann et al. also pointed out the association of this molecule with classic cardiovascular risk factors and atherosclerotic disease. MR-proADM levels vary depending on age, the presence of hypertension or diabetes mellitus, dyslipidemia, atrial fibrillation, or presence of systemic atherosclerosis damage [229]. A number of gender-dependent differences were also observed, pointing to a statistically significant association between MR-proADM, hypertension, and echocardiographic parameters of diastolic dysfunction in men.



Besides MR-proADM, cystatin C and lipoprotein-associated phospholipase A2 are biomarkers involved in thrombocyte activation. Cystatin C is a cysteine protease inhibitor found in all tissues and body fluids [230]. It plays an important role in the atherosclerotic process, acting mainly at the level of the vascular wall by inhibiting the cathepsin-dependent proteolytic activity. Atherosclerotic plaques are associated with decreased cystatin C levels [231]. Nishimura et al. [232] recently demonstrated that preoperative serum levels of cystatin C can be used as a biomarker for aortic plaque in the descending aorta as it positively correlates with the total aortic plaque volume ratio. In a similar study, it was shown that cystatin C is associated with carotid thickening and plaque [233]. Cystatin C is also a useful tool for cardiovascular risk stratification. Correa et al. [234] demonstrated that cystatin C is a useful biomarker for risk assessment of adverse cardiovascular events after an acute coronary syndrome.



Lipoprotein-associated phospholipase A2 (Lp-PLA2) plays an essential role in cardiovascular risk stratification [235,236]. Although accompanied by low blood bioavailability, high serum levels are associated with increased risk of acute cardiovascular events [237,238]. Lp-PLA2 reflects intravascular inflammations and the presence of unstable plaques [239]. Therapeutic efficacy of Lp-PLA2 inhibitors has been investigated, proving its beneficial role on necrotic core volume of coronary plaque. Still, administration of darapladib, an Lp-PLA2-inhibitor, did not reduce the rate of acute coronary events in several clinical trials [240,241,242]. Lp-PLA2 is not present in incipient atherosclerotic lesions, being identified in increased amounts in the thin fibrous cap of rupture-prone plaques [243,244,245]. Lp-PLA2 serum levels are independently correlated with CAD and it has a 53.0% sensitivity and 80.3% specificity for recognizing severe CAD lesions [246].




9. Stromelysin-2


Matrix metalloproteinases (MMPs) are a family of endopeptidases involved in various cellular processes in atherosclerotic plaques, being responsible for their progression or complications (mainly rupture) [247]. Destabilization and rupture of atheroma plaques occurs secondary to an imbalance between MMPs and their inhibitors [248]. In addition to modulating atherosclerotic plaque processes, MMPs ensure the integrity and functionality of vessels as well as cardiovascular remodeling [249]. These molecules are synthesized by a variety of cells, the most commonly cited in the literature being endothelial cells, VSMC, fibroblasts, or macrophages [250,251].



Stromelysins are a subfamily of MMPs, the main representative being stromelysin-2, also known as MMP-10. MMP-10 has a proinflammatory role, being secreted by macrophages secondary to the presence of injury or inflammatory stimuli. Several studies have concluded so far that increased serum levels of proMMP-10 are associated with both clinical and subclinical atherosclerosis. MMP-10 are expressed and secreted by human atherosclerotic plaques. Purroy et al. [252] demonstrated that higher levels of MMP-10 correlate with coronary calcifications in subjects with subclinical atherosclerosis. In addition, the investigators observed in Apoe−/−Mmp10−/− mice a low rate of atherosclerosis occurrence correlated with reduced systemic and local inflammatory status.



The role of MMP-10 in vascular calcification in atherosclerosis was also highlighted by Matilla et al. [253]. Calcific aortic valve disease (CAVD) is based on the same pathophysiological changes as in atherosclerosis, lipid infiltration, inflammation, neoangiogenesis, and endothelial dysfunction, representing the central mechanisms underlying the progression of this pathology [254,255]. Jung et al. [256] demonstrated, using MMP-targeted molecular imaging, that MMPs are increased in a murine model of aortic valve disease, but further studies are needed to validate this promising imaging tool to assess the prognosis of these patients. In addition to the proinflammatory role, the active form of MMP-10 also has a fibrotic and osteogenic role, leading to increased expression of TNF-α and IL-1β in valvular interstitial cells derived from human calcified stenotic aortic valves [253].




10. Assessing Atherosclerosis through Artificial Intelligence


Artificial intelligence (AI) is a branch of computational science that aims to equal human intellectual processes [257]. From the first concept 60 years ago to the present day, the technology has improved and can now be used in many fields, including medicine [258]. Machine learning (ML) is one the most popular technologies of AI and its role is to find regular patterns behind datasets and to build and test different models in order to predict future data [259]. Medical AI is a growing field with multiple benefits for both the medical industry and healthcare professionals [260]. Recognition of medical images, providing on their basis more reliable imaging diagnostic information and analyzing large datasets that are difficult to analyze by traditional data-processing methods are some of the basic applications of AI [260]. Traditional biostatistics methods provide a limited overview through the information provided by correlations between a single variable and disease. Analysis of biological metrics and analytes sampled from bigger datasets across not only patients but across scales are available through AI, as machine learning can convert raw data into deployable models [261]. In the atherosclerosis research field, ML applications focus on event prediction, risk stratification, diagnostic classification, or biomarker discovery [262,263]. To date, multiple clinical studies have shown applications of ML in image processing associated with atherosclerosis. Data regarding the characterization of plaque components, plaque morphology, or arterial wall measurements were extracted by ML from the analysis of images [264,265]. ML also has practical applications in risk stratification by identifying relevant biomarkers within datasets based on multivariate interacting variables [262]. Munger et al. [266] used ML to determine significant biomarkers for non-calcified coronary burden in patients with psoriasis and concluded that factors such as apolipoprotein A1, HDL-cholesterol, LDL-cholesterol, total cholesterol, apolipoprotein B, and (hs-CRP) correlate positively with obesity, dyslipidemia, and inflammation, thereby contributing to the progression of atherosclerosis. In a similar study, Forné et al. [267] used ML analysis to determine biomarkers for atherosclerosis in patients with chronic kidney disease by using random forest algorithms and concluded that matrix metalloproteinase-9 and vascular endothelial growth factor increase the cardiovascular risk in this population. Ross et al. [268,269] used ML to identify prediction models for assessing the mortality risk and produced a classification with increased clinical applicability in peripheral artery disease. ML can identify changes in gene expression associated with the production of biomarkers associated with atherosclerotic processes, thus contributing to biological diagnostic screening [270]. AI can be applied in genetic screening programs in patients with familial hypercholesterolemia. Correia et al. [271] used AI to identify new biomarkers and develop new models to improve the identification of individuals carrying monogenic causative variants of familial hypercholesterolemia. In their study, the best predicting models included apoB/apoA-I, TG/apoB, and LDL1, biomolecules excluded from classical biomarker panel analysis, and concluded that these parameters are associated with an improved identification of monogenic individuals. AI is a field in continuous development, with multiple applications in cardiovascular diseases, of maximum utility for patient and doctor alike.




11. Conclusions—Atherosclerosis as a “Moving Target”


Atherosclerosis is a dynamic, multifactorial process which, through the prism of complex pathophysiological mechanisms, can be seen as a constantly moving target. Identifying it in its early stages, correcting the associated risk factors, and identifying new molecules with both diagnostic and therapeutic roles is a challenge for the scientific community.
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Figure 1. Risk factors associated with the occurrence of atherosclerotic vascular disease (EC: endothelial cell; MR-proADM: midregional pro-adrenomedullin; NLRP3: NOD-like receptor protein 3). 
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Figure 2. Atherosclerotic lesions: histopathological classification, role of lipid accumulation, involved cells, and matrix components in the progression of the atherosclerotic process. 
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Figure 3. Biomarkers involved in the development and progression of atherosclerotic process (adapted after [12]) (CRP: C reactive protein; TNF: tumor necrosis factor; GDF-15: growth/differentiation factor-15; MPO: myeloperoxidase; oxLDL: oxidized low-density lipoprotein; Lp-PLA2: lipoprotein-associated phospholipase A2; Spla2: phospholipase A2; sCD40L: soluble CD40-ligand; MR-proADM: midregional pro-adrenomedullin). 
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Figure 4. miRNAs as biomarkers in coronary artery disease (adapted from [116]). 
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Figure 5. miRNAs as biomarkers in peripheral artery disease (adapted from [116]). 
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Figure 6. Effects of pentraxin 3 (adapted after [150]). 
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