

  antioxidants-13-00583




antioxidants-13-00583







Antioxidants 2024, 13(5), 583; doi:10.3390/antiox13050583




Review



Radical Oxygen Species, Oxidized Low-Density Lipoproteins, and Lectin-like Oxidized Low-Density Lipoprotein Receptor 1: A Vicious Circle in Atherosclerotic Process



Marco Munno 1, Alice Mallia 1,2, Arianna Greco 1, Gloria Modafferi 1, Cristina Banfi 1,* and Sonia Eligini 1





1



Unit of Functional Proteomics, Metabolomics and Network Analysis, Centro Cardiologico Monzino, 20138 Milan, Italy






2



Dipartimento di Biologia e Biotecnologie “Lazzaro Spallanzani”, Università di Pavia, 27100 Pavia, Italy









*



Correspondence: cristina.banfi@cardiologicomonzino.it







Citation: Munno, M.; Mallia, A.; Greco, A.; Modafferi, G.; Banfi, C.; Eligini, S. Radical Oxygen Species, Oxidized Low-Density Lipoproteins, and Lectin-like Oxidized Low-Density Lipoprotein Receptor 1: A Vicious Circle in Atherosclerotic Process. Antioxidants 2024, 13, 583. https://doi.org/10.3390/antiox13050583



Academic Editors: Alessandra Napolitano and Mario Allegra



Received: 16 April 2024 / Revised: 6 May 2024 / Accepted: 7 May 2024 / Published: 9 May 2024



Abstract

:

Atherosclerosis is a complex condition that involves the accumulation of lipids and subsequent plaque formation in the arterial intima. There are various stimuli, cellular receptors, and pathways involved in this process, but oxidative modifications of low-density lipoprotein (ox-LDL) are particularly important in the onset and progression of atherosclerosis. Ox-LDLs promote foam-cell formation, activate proinflammatory pathways, and induce smooth-muscle-cell migration, apoptosis, and cell death. One of the major receptors for ox-LDL is LOX-1, which is upregulated in several cardiovascular diseases, including atherosclerosis. LOX-1 activation in endothelial cells promotes endothelial dysfunction and induces pro-atherogenic signaling, leading to plaque formation. The binding of ox-LDLs to LOX-1 increases the generation of reactive oxygen species (ROS), which can induce LOX-1 expression and oxidize LDLs, contributing to ox-LDL generation and further upregulating LOX-1 expression. This creates a vicious circle that is amplified in pathological conditions characterized by high plasma levels of LDLs. Although LOX-1 has harmful effects, the clinical significance of inhibiting this protein remains unclear. Further studies both in vitro and in vivo are needed to determine whether LOX-1 inhibition could be a potential therapeutic target to counteract the atherosclerotic process.
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1. Introduction


Atherosclerosis is a disease of the arteries that is chronic and inflammatory in nature. It occurs when lipids are deposited on the vessel wall, leading to the thickening of the intima and the formation of a fatty streak. This accumulation of lipids and recruitment of inflammatory cells at the lesion site result in the development of an atherosclerotic plaque that grows inside the arteries, impairing their function [1].



This process occurs through a sequence of cellular and molecular events characterized by the deposition of low-density lipoproteins (LDLs) into the intima of atheroprone sites of arteries, expression of adhesion molecules [2], recruitment of circulating mononuclear cells to the endothelium with local activation of leukocytes [3,4], infiltration of monocytes, and subsequent differentiation into macrophages. Macrophages, through scavenger receptors (SRs), internalize native and modified lipoproteins [5], becoming cholesterol-rich foam cells [6] that, with lipids and inflammatory cells, contribute to atheroma development [7].



The subendothelial retention of LDLs represents the Initial event in the formation of the atherosclerotic plaque, as the LDLs trapped within the vessel wall can undergo several modifications in their size, density, and chemical properties. In particular, oxidation is the major process involved in the atherosclerotic process [8], and although the formation of oxidized low-density lipoproteins (ox-LDLs) in vivo is poorly understood, several studies have demonstrated the link between ox-LDLs and atherosclerosis onset [9]. The internalization of ox-LDLs leads to an increase in the generation of reactive oxygen species (ROS), such as superoxide anion (O2−) and hydrogen peroxide (H2O2) [10], which cause inflammation and endothelial dysfunction. Indeed, following the generation of ROS, oxidative activation promotes and contributes to the endothelial cells’ (ECs) phenotypical changes that determine the initiation of the atherosclerotic lesion [11,12,13].



The internalization of ox-LDLs by macrophages involves binding to several SRs, including SR-A, SR-BI, CD36, and the lectin-like oxidized low-density lipoprotein receptor 1 (LOX-1) [14].




2. Oxidative Stress and ROS Generation in Cardiovascular Diseases


Oxidative stress refers to an imbalance between the body’s production of ROS and its antioxidant defense system. ROS production occurs mainly in mitochondria during normal aerobic metabolism as well as by various enzymes like NADPH oxidase [15]. ROSs play an important role in many biological processes and can either contribute to normal processes or trigger pathological responses, depending on the cell type and source of generation. ROSs are crucial for maintaining vascular function and play a critical role in modulating the growth, proliferation, and migration of endothelial and smooth muscle cells, permeability, angiogenesis, and host defense [16]. However, excessive levels of ROSs can lead to structural changes in DNA, lipids, and proteins, altering their function. While physiological levels of ROSs are necessary for maintaining cellular signaling and homeostatic function, high levels of ROSs can trigger inflammatory signaling, metabolic dysfunction, and oxidative damage. Several diseases, such as diabetes mellitus, atherosclerosis, and stroke, are linked to an altered redox balance and oxidative stress [17].



In situations where there is oxidative stress, ROS can have a negative impact on endothelial function. Elevated ROS levels can decrease the amount of bioavailable NO, leading to a reduction in vasoprotective NO-mediated signaling. This can result in the production of peroxynitrite, a powerful oxidant that can cause the uncoupling of endothelial NO synthase (eNOS), which becomes a dysfunctional pro-oxidant enzyme [18]. Additionally, ROSs can contribute to changes in the thickness of the vasculature’s wall and lumen diameter, which increases systemic vascular resistance and can contribute to the onset and progression of atherosclerosis [19,20,21]. ROS-induced oxidative damage also activates inflammasome sensor nod-like receptor protein (NLRP) 3. This multiprotein complex triggers the secretion of the inflammatory cytokines interleukin (IL)-1β and IL-18 through the activation of the CLOCK gene and caspase-1, leading to the activation of the inflammatory cascade and ultimately resulting in pyroptosis and cellular death [22]. Although further studies are needed to determine the precise role of the NLR3 inflammasome in the atherosclerotic process, in vitro studies suggest that cholesterol crystals activate the NLRP3 inflammasome and induce lysosomal damage [23,24]. Moreover, the atherosclerotic area in the aortas of mice that lack NLRP3 components in their bone marrow was significantly smaller compared to wild-type bone-marrow mice [23].



ROSs are also integral to the proper functioning of the heart, aiding in its development, differentiation, and proliferation of cardiomyocytes, as well as in excitation–contraction coupling. However, in certain cardiac conditions, such as cardiac hypertrophy, heart failure, and ischemia–reperfusion injury, the ROS production in cardiomyocytes can become dysregulated [25]. Cardiac hypertrophy is a complex adaptative response of the heart to the increased workload, and ROSs can activate several signaling pathways involved in this disease [26]. Furthermore, ROSs can oxidize the myofibrillar proteins, leading to cardiac contractility dysfunction, observed in heart failure [27]. ROSs also play a crucial role in the setting of acute myocardial infarction and reperfusion injury. During ischemia–reperfusion injury, cell death is characterized by an accumulation of oxidized lipids and proteins resulting from an excessive ROS generation derived from an increase in NADPH oxidase activity and activation of the redox-sensitive kinases ERK and JNK [28]. The activation of these signaling pathways contributes to inducing mitochondrial oxidase dysfunction, leading to additional ROS production and Ca2+ overload, which are key contributors to cardiomyocyte death and myocardial injury after ischemia and reperfusion [26].




3. Oxidized Low-Density Lipoproteins


Lipoproteins are small particles composed of both lipids and proteins that are responsible for lipid transport in the bloodstream and their delivery to tissues.



LDLs are the primary carriers of cholesterol, containing cholesterol ester as their primary lipid component, along with some free cholesterol. ApoB-100 is the primary apolipoprotein found in LDLs. LDLs have a spherical structure with a diameter of approximately 22 nm and a density that ranges from 1.019 to 1.063 g/mL [29]. These particles are heterogeneous in size, density, and composition, and depending on the methodology used, from 2 to 38 subfractions have been identified [30]. The composition of LDL subfractions, as well as their distribution, differs between individuals and is determined by both genetic and environmental factors [31]. In particular, it has been shown that the prevalence of small, dense LDLs was associated with an increased risk for cardiovascular diseases [30,32]. In accordance, patients with cardiovascular diseases showed higher levels of small, dense LDLs compared to control subjects [32]. There are several mechanisms that have been proposed to explain how small dense LDLs may promote atherosclerosis, with the susceptibility to oxidation playing an important role [33].



In physiological conditions, our body maintains redox homeostasis. However, as a result of an increase in ROS production, several constituents of LDLs, including phospholipids, cholesterol esters, and polyunsaturated fatty acids are susceptible to oxidation, resulting in the formation of ox-LDLs [34,35]. Moreover, small, dense LDLs, due to reduced levels of antioxidants, such as vitamin E and ubiquinol-10, and increased levels of polyunsaturated fatty acids including arachidonic acid, are more susceptible to oxidation than large LDLs [31].



Numerous studies have utilized ox-LDLs in vitro prepared as a model of circulating ox-LDLs in atherosclerosis research. To induce LDL oxidation, metallic ions like copper or iron, as well as radical initiators, have been employed. However, copper-induced ox-LDLs are severely modified and highly oxidized and are not found in circulation despite being easily reproducible and prepared. Hence, minimally modified LDLs (MM-LDLs) have been developed through mild oxidation conditions and dialysis [36]. Although these LDLs display only a weak increase in thiobarbituric acid reactive substances (TBARS), they can still activate several responses in vascular cells [37]. MM-LDLs do not bind well with macrophage SRs, yet they can boost the expression of SRs, like CD36, SR-A, and macrosialin, leading to the generation of foam cells and the progression of atherosclerosis [38]. MM-LDLs result from the oxidative modification of only the lipid moiety of LDL, mainly phospholipids, without affecting the apolipoprotein ApoB-100. The oxidation of ApoB-100 occurs later, with the generation of highly ox-LDLs [39]. In particular, it has been shown that oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine (ox-PAPC), a crucial component of MM-LDL, is able to mimic many of the biological effects induced by MM-LDL and mildly oxidized LDL [40,41,42].



Both highly oxidized LDLs and MM-LDLs have been detected in atherosclerotic lesions, as well as in plasma [43,44]. While the levels of ox-LDLs in the plaque are significantly higher than those in circulation, circulating ox-LDL levels are very low. As ox-LDLs have a short half life in the plasma compartment and are quickly cleared by the reticuloendothelial system, the small amounts detectable in plasma are mainly MM-LDLs that show a longer half-life and can accumulate in the circulatory stream [44].



The oxidation of LDLs primarily occurs within the vessel wall, and multiple factors can contribute to the creation of ox-LDLs. These factors include the number and size of LDLs, their composition and susceptibility to oxidation, the presence of oxidative stress factors, and endothelial dysfunction [43]. Moreover, it has also been suggested that ox-LDL can move from atherosclerotic plaque to circulation, as temporal changes in ox-LDL levels have been observed in certain conditions [44]. Studies have shown a transient increase in ox-LDL plasma levels after myocardial infarction and percutaneous transluminal coronary angioplasty [45,46,47,48], indicating that ox-LDLs generated in the vascular wall can be released into the circulation when the plaque ruptures [49].



Although many aspects of the role of ox-LDLs in vivo are still unclear, and it is still unknown how and when LDLs are oxidized, increasing evidence suggests that ox-LDLs are a useful marker of cardiovascular disease. Several in vivo studies have reported high levels of ox-LDLs in patients with cardiovascular diseases, diabetes mellitus, and subjects receiving hemodialysis compared to control subjects [50,51,52,53]. Additionally, several studies have shown the association between ox-LDL levels and subclinical atherosclerosis by measuring the intima-media thickness of the carotid or femoral arteries [54,55,56,57] and coronary calcification [58].



Levels of ox-LDLs have been found to be a predictor of acute ischemic events in both seemingly healthy [59] and coronary syndrome patients [60]. Research has shown a positive correlation between ox-LDL levels and the severity of coronary disease, indicating that high levels of ox-LDL may contribute to destabilizing the atherosclerotic plaque. This destabilization can have an impact on the plaque’s composition, increasing the inflammatory process and leading to surface thrombosis [60].



Furthermore, high plasma levels of ox-LDLs have been linked to mortality and morbidity in patients with chronic congestive heart failure [61]. An in vivo study has found that plasma levels of ox-LDL are associated with a decrease in cardiac function, independent of vascular impairment [62].




4. Oxidized High-Density Lipoproteins


It is widely known that high-density lipoproteins (HDL) play a protective role in preventing various cardiovascular diseases, such as coronary artery disease and atherosclerosis [63,64]. However, recent studies have shown that HDLs can also undergo oxidative modifications, just like LDLs do, which can modify their anti-atherogenic properties. [65,66]. In accordance, it has been shown that the in vitro oxidation of HDLs with copper or acrolein reduced their cholesterol transport activity [67,68] and diminished the capacity to induce cellular cholesterol efflux by the membrane-associated ATP-binding cassette transporter A1 (ABCA1) [66]. The oxidation of HDLs is mainly due to the oxidation of ApoA-I, which is the major protein component of HDLs. Malondialdehyde and myeloperoxidase target ApoA-I, leading to the oxidation of the Met112 residue [69]. This oxidation reduces the lipid hydroperoxides inactivating capacity and the covalent modifications induced by reactive carbonyl, resulting in a significant impairment of the cholesterol efflux. [66,70]. Indeed, increased levels of ox-HDLs have been measured in several cardiovascular diseases, and a correlation between ox-HDL levels and coronary artery calcification progression has been observed [71]. In addition, a marked association has been shown between high-risk coronary plaque features and progression and oxidized lipoproteins including ox-LDL and ox-HDL [72].



The presence of ox-HDLs has been detected both in circulation and atherosclerotic lesions, although the structural and functional properties of circulating and plaque-resident ox-HDLs may be different. Indeed, site-specific modifications of ApoA-I have been identified in ox-HDLs present in plaque, but not in circulating ox-HDLs, resulting in distinct biological functions [73].



However, unlike HDLs isolated from healthy subjects, ox-HDLs obtained from patients with both stable coronary artery disease or acute coronary syndrome show reduced anti-inflammatory properties and lack the ability to induce endothelial repair. Indeed, these HDLs activate endothelial protein kinase C beta II (PKCβII) through interaction with LOX-1, leading to the inhibition of endothelial nitric oxide synthase (eNOS)-dependent nitric oxide (NO) production [74].



The detrimental effects of ox-HDLs are multiple. In addition to losing the antiatherogenic properties of HDLs, ox-HDLs induce proliferation and migration of smooth-muscle cells (SMCs), promote endothelial dysfunction and platelet activation, reduce migration of macrophages, and induce apoptosis [75,76,77,78,79]. Although the mechanisms underlying these effects are poorly understood, it has been shown that ox-HDL can bind LOX-1, and this interaction results in the harmful action on ECs [80]. In particular, it has been observed that ox-HDLs, but not HDLs, bind the LOX-1 receptor, inducing an increase in ROS production, and inducing the expression of LOX-1 in ECs by promoting its localization on the plasma membrane. Regarding the potential mechanisms involved, Perez et al. demonstrated the activation of NOX-2 and NF-ķB molecular pathways, suggesting a positive feedback mechanism in oxidative stress conditions [81].



In a complex environment such as an atherosclerotic lesion, various oxidative agents can oxidize HDLs. Indeed, HOCl-modified lipoproteins, which are present in human atherosclerotic plaque, can be generated by hypochlorous acid (HOCl) produced in vivo from the myeloperoxidase/H2O2/halide pathway, which is a potent oxidizing agent [82]. Consequently, HOCl-HDL can bind LOX-1, leading to endothelial internalization and degradation of modified lipoproteins [83].



Modified HDL can also derive from a point mutation in the human APOA-I gene, resulting in altered HDL-cholesterol levels and/or increased risk of cardiovascular disease [84,85,86]. It has been demonstrated that the generation of three natural mutations (ApoA-I) in HDLs alters the structure of the native lipoproteins, leading to an impairment of their functions. However, only one of these mutations (Apo-A-I[A164S]) was found to be an accurate predictor of an increased risk of myocardial infarction and mortality. One of the proposed mechanisms for the effect of this mutation is the activation of LOX-1 by apo-A-I[A164S] [87].




5. LOX-1 Receptor


The LOX-1 is a type II membrane protein with a molecular weight of approximately 50 kDa, belonging to the C-type lectin family. It was first described in 1997 when its role as the SR responsible for the up-taking of ox-LDLs by ECs was uncovered by Sawamura et al. [88]. However, LOX-1 is present also in other cell types, including SMCs, macrophages, lymphocytes, neutrophils, fibroblasts, dendritic cells, and cardiomyocytes [89]. In addition, it is present in atherosclerotic lesions and is involved in cell dysfunction and plaque formation [90,91]. Several in vivo studies have shown that, while basal expression of LOX-1 is very limited in physiological conditions, its levels are elevated in damaged endothelium during atherosclerosis [10,92,93], hypertension [94], and myocardial ischemia [95]. Furthermore, it is induced by several stimuli involved in the atherosclerotic process, including ox-LDLs, inflammatory cytokines, oxidative stress, vasoconstrictive peptides, and stress [96,97]. Moreover, the activation of LOX-1 modulates several pathological processes, especially proatherogenic pathways, resulting in endothelial dysfunction, SMC migration, monocyte recruitment, foam-cell formation, and platelet activation [98]. All this evidence suggests that LOX-1 may be an attractive therapeutic target to counteract atherosclerosis [99].




6. LOX-1 Gene


In humans, the LOX-1 protein is encoded by a single-copy gene known as ox-LDL receptor 1 (OLR1, OMIM No. 602601), which is localized on the short arm of chromosome 12, in the distal portion of the 12p13.2-p12.3 region. The OLR1 gene presents a structure similar to the natural killer (NK) cell receptor and is located in the NK gene complex, suggesting that both of these genes have derived from a common ancestor gene, and during evolution, LOX-1 has acquired a unique transcriptional profile [100].



The gene extends more than 7000 bp and comprehends six exons separated by five introns, with a length spanning approximately 15 kb [101]. Exons 1 to 5 are relatively small in length, ranging from 102 to 246 bp. Exon 6 is significantly longer, with a length of 1722 bp, while the inducible promoter and enhancer regions of this gene cover a length of approximately 2500 bp. The TATA and CAAT boxes of this gene are located in the proximal portion of the 5′ flanking region, respectively, at −29 bp and −99 bp [102].



Exon 1 encodes for the 5′-untranslated region (UTR) and the cytoplasmic portion of the receptor, exon 2 encodes for the remaining part of the cytoplasmic domain and the transmembrane domain, exon 3 encodes for the NECK domain, and exons from 4 to 6 encode for the 3′UTR and the C-terminal domain CTLD.



The 5′-flanking region has a functional promoter activity containing binding sites for transcription factors, such as the STAT family and NF-IL6, and some potential transcription factors binding sites, including the GATA-2 binding site, c-ets-1 binding element, 12-O-tetradecanoylphorbol 13-acetate-responsive element, and shear-stress-responsive elements, can contribute regulating the expression of LOX-1 in the endothelium [101]. Moreover, Metha et al. have identified that the region between nt-1494 and -1599 is necessary for the activation of the LOX-1 promoter induced by ox-LDLs [96].



Several studies have shown different polymorphisms in the ORL1 gene that were associated with coronary artery disease and acute myocardial infarction [103,104,105,106].



The combined effects of alternative splicing and single nucleotide polymorphism determine the production of different LOX-1 protein isoforms. Numerous factors can modulate the expression of specific LOX-1 isoforms, such as environmental factors, ILs, chromatin modulators, and transcription factors [107]. Alternative splicing of the ORL1 gene leads to the production of three Lox-1 mRNA variants: transcript variant 1 (NM_002543), transcript variant 2 (NM_001172632), and transcript variant 3 (NM_001172633). The first transcript variant corresponds to the full-length OLR1, and it is characterized by the presence of all six exons, with an overall length of 2462 bp, which is responsible for the transcription of a complete LOX-1 isoform with an active ox-LDLs binding function. Transcript variant 2 is the shortest in length (950 bp), and it is characterized by the absence of exon 4, resulting in a shorter protein. Moreover, the C-terminal region of this protein lacks the ligand-binding and recognition domains. Transcript variant 3 is deprived of exon 5, and it encodes for a protein with a truncated CTLD, known as LOXIN [107]. The integrity of the CTLD domain is fundamental for ox-LDLs binding [108,109]; therefore, LOXIN shows the incapability to bind ox-LDLs. Also, the LOXIN can dimerize with the functional LOX-1 isoform, resulting in the inhibition of its activity [110].




7. LOX-1 Protein Structure


The functional isoform of LOX-1 is a homodimer consisting of four distinct domains: the N-terminal cytoplasmic domain, the transmembrane domain, the NECK domain, and the C-terminal domain CTLD, which is also called the C-type lectin-like domain.



In particular, the small intracellular N-terminal domain is linked to a hydrophobic transmembrane domain [111], and the extracellular region is constituted by the NECK domain, a coiled-coil structure of 80 amino acids, connected to the CTLD, a coiled structure of 130 amino acids. Antiparallel β-sheets flanked by α-helices compose the structure of this domain, which is further stabilized by three intrachain disulfide bridges. Notably, six conserved cysteine residues link CTLD monomers [112], forming an interchain disulfide bridge that favors the constitution of a central hydrophobic tunnel spanning the entire protein. Nonpolar amino acids cover the walls of this structure, determining the efficient transfer of lipids [111].



In LOX-1, ligand recognition is determined by the CTLD region [108]. The ability of CTLD to bind negatively charged ligands, such as ox-LDLs, is attributed to a positively charged amino acid terminal cluster (called the basic spine) [109]. CTLD domain deletion completely abolishes ox-LDLs’ binding activity, demonstrating this domain’s importance for LOX-1 function [108]. Additionally, ox-LDL binding is abolished by the deletion or sequential substitution of CTLD basic spine residues with alanine residues, indicating that this terminal chain is required for ligand binding [108,113]. It is noteworthy that point mutations replacing charged terminal residues with uncharged residues completely abrogate ox-LDLs binding activity [113]. Positively charged residues in CTLD are necessary for ox-LDLs binding. Indeed, as demonstrated by Falconi et al. using structural modeling of the CTLD domain, it has shown that the alteration of its conformation when arginine residues are replaced with alanine strongly affects the ox-LDL binding [114]. Overall, these findings suggest that CTLD binds a variety of negatively charged ligands, including ox-LDLs, through positively charged C-terminal residues.



The NECK domain is another important domain of LOX-1 for its activity. In its earliest identification, NECK has been described as an 80-residue coiled coil that is connected to transmembrane domains, while the C-terminal portion is connected to CTLD through an interchain disulfide bond [115]. NECK’s proximal third is structurally less stable than the remaining domains, which has been identified as the target of proteases responsible for releasing 34 kDa soluble forms (sLOX-1) into the bloodstream after LOX-1 juxta membrane cleavage between Arg88 and Gln89 residues [116]. There is evidence that IL-18 plays a role in NECK domain cleavage and sLOX-1 release in a disintegrin and metalloproteinase domain-containing protein-10 (ADAM10)-dependent manner [117]. Furthermore, mutation of the C140 residue in CTLD abrogates the stability of the C-terminal NECK domain, indicating that CTLD integrity is required to maintain coiled-coil NECK structures [115]. Deletion of the NECK domain does not impair ox-LDL binding affinity, suggesting that NECK is not involved in ligand-binding activity [108]. Altogether, this evidence indicates that the NECK domain possesses a proximal N-terminal portion that is involved in the secretion of sLOX-1, and a distal portion that interfaces with the CTLD domain to increase its stability.




8. LOX-1 Ligands


Although LOX-1 was initially discovered as a receptor for ox-LDLs, subsequent studies have demonstrated that it recognizes and binds with high affinity also other classes of compounds, including modified lipoproteins such as acetyl-LDL, hypochlorite-modified high-density lipoproteins, carbamylated-LDL, remnant-like lipoprotein particle, and electronegative LDL, but also erythrocytes, leukocytes, activated platelets, aged and apoptotic cells, bacterial products, advanced glycation end products, free fatty acids, and C-reactive protein [118,119,120,121,122].



LOX-1 exists on the cell surface as a covalent homodimer resulting from the formation of an intermolecular disulfide bond of Cys140 in the NECK domain. The dimer is the minimal structural unit of LOX-1. By crosslinking studies, it has been shown that these homodimers can form high-order oligomeric complexes, such as tetramers, and hexamers, that can contribute to the recognition and internalization of the ligands [112]. Receptor oligomerization is a process by which cell surface receptors increase their capability to bind ligands and depend on the density of the receptors on the plasma membrane. It is crucial for the ligand-binding function; indeed, it is proposed as a potential mechanism for the high-affinity binding of LOX-1 with the ligands [123].




9. LOX-1 and ROS Generation


Several chemical and biological stimuli induce ROS generation in vascular tissue as well as in circulating cells [121,124]. ROSs are important intracellular messengers able to affect numerous signaling pathways including LOX-1 expression [125]. In addition, LOX-1 activation per se can induce ROS generation, suggesting a positive feedback mechanism between LOX-1 and ROS [126].



It is known that the binding of ox-LDLs to LOX-1 results in a marked increase in intracellular ROS generation, including O2−, H2O2, peroxynitrite, nitric oxide (NO), and hydroxyl radicals [127]. Among them, O2− is responsible for the inactivation of NO by a chemical reaction that leads to the generation of peroxynitrite [128]. In addition, the O2− generated induces LOX-1 expression, creating a vicious circle with a further increase in ROS generation. This interaction may result in a benefit, especially in a condition of low levels of oxidative stress; indeed low levels of ox-LDLs induce capillary tube formation through the activation of NADPH oxidase LOX-1-mediated [129].



However, if the ROS generation becomes excessive, the ROS-LOX-1 axis results in cell damage.



The activation of the NADPH oxidase complex is a key step in the generation of ROS induced by LOX-1 stimulation, and the increased ROS generated from NADPH oxidase contributes to the onset and progression of atherosclerosis through the activation of several molecular pathways [130]. So, the activation of NADPH oxidase triggers a redox signal involving p38 MAPK and the transcription factor nuclear factor-kB (NF-ķB), resulting in an increased expression of pro-inflammatory mediators and adhesion molecules [131].



The interplay between LOX-1 and NADPH oxidase has been shown also in an animal model of atherosclerosis. The upregulation of the four subunits of NADPH (p47phox, p22phox, gp91phox, and Nox-4 subunits) detected in LDLR−/− mice compared to wild-type mice was indeed reduced in LOX-1−/−/LDLR−/− mice, with a consequent decrease of the redox-sensitive signals [132]. Furthermore, the deletion of LOX-1 reduced the increase of both the p22phox and p47phox subunits during ischemia–reperfusion injury in LOX-1−/− mice [133].



Although additional studies are required to better clarify the role of NADPH oxidase in modulating LOX-1 expression, these data highlight the important link between LOX-1 and NADPH oxidase.



The production of ROS induced by the binding of ox-LDL to LOX-1 activates pathways involved in important cellular functions, such as phagocytosis [134] and apoptosis [135], functions that are mediated by the activation of the redox-sensitive transcription factor NF-kB [136] that contributes to plaque destabilization. In this scenario, it has been demonstrated that the anti-LOX-1 antibody significantly reduced the ROS production, NF-ķB activation, and apoptosis induced by the uptake of ox-LDL [125,137].




10. LOX-1 Signalling Pathways and Their Targets


The various biological effects induced by the activation of LOX-1 have been mainly studied using ox-LDLs as ligands [138], and although several transcription factors are involved in the downstream pathways, most of the studies focused on the important role of NF-kB.



Furthermore, in the 5′-regulatory regions of the LOX-1 gene, an NF-kB binding element [101] is present. Thus, the binding of ox-LDLs to LOX-1 activates NF-kB, which, in turn, binds to the shear-stress-responsive element binding site GAGACC in the 5′-regulatory regions, inducing the expression of LOX-1. In addition, the binding of ox-LDLs to LOX-1 leads to the activation of inflammatory pathways with the expression of adhesion molecules and the synthesis of proinflammatory cytokines, giving rise to a vicious cycle of ox-LDLs uptake by LOX-1, increased ROS generation, and increased LOX-1 expression [135].



The promoter region of LOX-1 also contains the recognition sequences for the activator protein 1 (AP1) transcription factor. Therefore, the binding of LOX-1 ligand to the receptor triggers a plethora of signaling pathways involved in several pathological conditions, including oxidative stress, inflammation, apoptosis, lipid metabolism, and angiogenesis, which collectively promote atherosclerotic plaque formation and progression [98].



The activation of LOX-1 may activate intracellular protein kinases, such as ERK1 and ERK2, and p38MAPK kinases [138,139,140,141,142]. As a result, it has been shown that an increased expression of monocyte chemoattractant protein-1 (MCP-1) and adhesion molecules resulted in the enhanced adhesion of monocytes to the endothelium. Moreover, LOX-1 activation inhibits the phosphorylation and activity of Akt kinase, which is associated with a reduction of eNOS activity [142].



After ox-LDLs activation, a LOX-1-membrane type 1 metalloproteinase (MT1-MMP) axis has been shown to play a crucial role in the activation of the signaling pathways mediated by RhoA and Rac1 GTPases [143]. RhoA activation inhibits the eNOS synthesis, while that of Rac1 increases the NADPH oxidase activity, leading to ROS production and oxidative stress induction. Inhibiting LOX-1 or MT1-MMP has been shown to prevent eNOS downregulation induced by RhoA activation, NADPH Rac-1-mediated activity, and ROS generation [143].



The dimerization of LOX-1 plays a critical role in the subsequent MAP kinase activation. Indeed, the heterodimerization with a dominant-negative receptor carrying mutations in the extracellular domain significantly reduced the signaling response to ox-LDLs [126] without affecting the binding of ox-LDLs to the receptor complex. The dimerization process is essential for the recruitment of cytosolic adaptor proteins, with ARHGEF1 (rho guanine nucleotide exchange factor 1) and ROCK2 (rho associated coiled-coil containing protein kinase 2) identified as potential interaction partners [144]. While ARHGEF1 is constitutively bound to LOX-1, ROCK2 is detected in receptor complexes only after ox-LDLs stimulation. The inhibition of ROCK2 results in the lack of NF-kB activation and its downstream effects, such as cytokine production, demonstrating the critical role of ROCK2 in LOX-1 signaling [144].



LOX-1 downstream targets have been more extensively characterized than their signaling mechanism. LOX-1 activation reduces the production of NO by the endothelium, which promotes vasodilation and reduces platelet activation [143,145]. Further, LOX-1 activation significantly promotes the expression of different target genes. Indeed, in HAECT (human aortic endothelial cells transformed-1) cells, the activation of LOX-1 by ox-LDLs significantly promotes the expression of different target genes related to inflammation, such as cell adhesion and upregulation of cytokines including IL-8, CXCL2 (C-X-C Motif Chemokine Ligand 2), CXCL3 (C-X-C Motif Chemokine Ligand 3) and CSF3 (Colony Stimulating Factor 3) [135]. Furthermore, the overexpression of the LOX-1 receptor in fibroblasts increases the expression of ICAM-1 (intercellular adhesion molecule 1) and VCAM-1 (vascular cell adhesion protein 1), mediating the firm adhesion of leukocytes to ECs as detected in different inflammatory diseases [146].




11. LOX-1 Inhibitors: Natural and Synthetic Compounds


The evidence provided above suggests that LOX-1 could be an important therapeutic target for atherosclerosis and associated diseases [147]. Below is an overview of the different compounds, natural or synthetic, that can modulate LOX-1 expression.



Many natural bioactive compounds can modulate LOX-1 expression and its downstream signaling pathways, exerting anti-atherosclerotic effects [148]. One of these compounds is curcumin, a natural polyphenolic compound extracted from the rhizomes of Curcuma longa L. It possesses antioxidant and anti-atherosclerotic properties, as confirmed by multiple clinical studies showing that treatment with curcumin ameliorated dyslipidemia, increased NO levels, and improved endothelial function [149,150,151,152]. Several molecular mechanisms are involved in the anti-atherosclerotic effects of curcumin, including a reduction in PPAR-γ and CD36 expression, as detected in macrophages; an increase of cholesterol efflux through ABCA1; and the blockage of superoxide production shown in cultured porcine artery rings [153]. In vitro studies in HUVECs have also shown that curcumin inhibits LOX-1 expression in a concentration-dependent manner [154], suggesting that the anti-atherosclerotic properties of this natural compound are due, at least in part, to the inhibition of LOX-1.



Tanshinone II-A is a pharmacologically active compound extracted from the rhizome of the Chinese herb Salvia miltiorrhiza Bunge, used in traditional Chinese medicine for the prevention and management of cardiovascular diseases. In the murine macrophage cell line RAW264.7, it has been shown to inhibit the LOX-1 expression induced by ox-LDLs and ROS production. The molecular mechanism involved includes the suppression of the nuclear translocation of the NF-kB p65 subunit and the phosphorylation of IkB-α induced by the internalization of ox-LDLs via LOX-1 [155]. The anti-atherosclerotic property of Tanshinone II-A has been demonstrated in an in vivo study in ApoE−/− mice, in which it has been shown that the oral administration of this compound reduces LOX-1 expression with a marked decrease in atherosclerotic lesion size [155]. In addition, in this animal model, transhinone II-A markedly reduced NLRP3 inflammasome activation [156].



Many experimental and epidemiological studies have demonstrated that dietary polyphenols show an anti-atherosclerotic effect due to an anti-inflammatory and anti-oxidant action [157]. Accordingly, several studies have demonstrated the beneficial effects of resveratrol in the treatment of cardiovascular diseases [158]. Resveratrol is mainly present in grapes and red wine, and resveratrol supplementation prevents oxidative stress by modulating several proteins involved in the oxidation processes. Moreover, it lowers blood pressure, improves endothelial function, increases NO production, inhibits platelet aggregation, and the synthesis of inflammatory prostaglandins [157]. Although the mechanisms behind these effects are not fully understood, one of the metabolic pathways affected by resveratrol is the suppression of LOX-1 expression induced by ox-LDLs [159].



Furthermore, research has also shown that bergamot-derived polyphenolic fraction (BPF) can affect LOX-1. In particular, it has been found that BPF can decrease LOX-1 expression in polymorphonuclear leukocytes of hyperlipidemic patients, as demonstrated by Gliozzi et al. [160]. In addition, the combination of BPF polyphenolic fraction with rosuvastatin has been shown to enhance rosuvastatin’s antioxidant activity and normalize the serum lipemic profile of hyperlipidemic patients. This combination also leads to an increase in the expression and phosphorylation of protein kinase B, which results in vasoprotective and anti-proliferative effects, contributing to reduced vascular damage [160].



Feng et al. conducted a study wherein they discovered that Ginkolide B from Ginkgo Biloba has protective effects in endothelial dysfunction. In vitro experiments, performed on HUVECs and RAW267.7 macrophages, have shown that the expression of LOX-1 was inhibited after treatment with Ginkgolide B, resulting in the reduction of lipid and cholesterol accumulation in the treated cells [161].



To identify molecules that can block LOX-1, a cellular high-throughput screening assay was conducted by Schnapp et al. [162]. More than one million small compounds were tested for their capacity to bind LOX-1 and block the AlexaFluor594 (AF594)-labeled human ox-LDL uptake into a CHO-K1 cell line expressing the human LOX-1. The resulting hits underwent a counter screening, similar to the first assay, but using a counter target, the scavenger SR-BI. This receptor plays a key role in the HDL-C uptake mainly in the liver and has a structural homology to human LOX-1. All the small molecules that blocked both receptors via an unspecific mechanism were excluded from the analysis. Among the molecules that showed selective inhibition of LOX-1, the compound BI-0115 was the most active compound, with a marked capacity to inhibit the ox-LDL internalization without activity on the SR-BI receptor. The compound BI-0115 was tested on various pharmacological targets, including nuclear receptors, ion channels, G protein-coupled receptors, drug transporters, kinases, and non-kinase enzymes, to ensure that it does not have any off-target actions. The tests showed that BI-0115 did not affect any of these targets. Although the compound has low solubility, it is still sufficient to produce a saturable dose response in both cellular and biophysical assays. Based on these findings, BI-0115 is being proposed as a tool for in vitro studies. Recently, in a rat thromboembolic stroke model, it has been demonstrated that LOX-1 inhibition with BI-0115 markedly improved several neurological functions and the global outcomes following ischemic stroke and recombinant tissue-type plasminogen activator (rt-PA) therapy. In detail, BI-0115 significantly reduced the edema formation and the infarcted area and improved neurological function [163]. In addition, a marked increase of the barrier integrity was observed after treatment with BI-0115 of brain microvascular endothelial cells exposed to hypoxia plus glucose deprivation and reperfusion [163]. However, further studies are needed to confirm whether it can be used as a selective inhibitor of LOX-1 [162].



Statins are widely used in the treatment of cardiovascular disease due to their cholesterol-lowering effects. The mechanism of action involves the inhibition of the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, which is the major rate-limiting enzyme in cholesterol biosynthesis. Moreover, statins may also affect the function of LOX-1 by other mechanisms. LOX-1 is mainly localized in caveolae and lipid rafts in the plasma membranes, and the levels of cholesterol in the membrane modulate its activity. Accordingly, the chronic exposure of primary ECs to lovastatin by a reduction of the cholesterol levels in the membrane led to a disruption of the lipid raft and spatial disorganization of LOX-1, with a consequent significant reduction of ox-LDL uptake via this receptor. Lovastatin also prevented the ox-LDL-induced apoptotic phenotype, suggesting that the disruption of LOX-1 by statins protects the vascular endothelium and counteracts the effects of ox-LDL [164].



It is known that statins exert many anti-atherosclerotic effects that are not mediated by cholesterol. Among these pleiotropic effects, Biocca et al. have provided evidence that statins, in addition to their indirect action on LOX-1 activity dependent on the reduction of the intracellular levels of cholesterol, can inhibit the binding of ox-LDLs to LOX-1 by direct interaction with the C-type lectin-like recognition domain of LOX-1 [165].



Another class of drugs affecting LOX-1 activity is the angiotensin-converting enzyme (ACE) inhibitors and AT1 receptor blockers, drugs that are commonly used in the treatment of primary hypertension [166]. In particular, it has been shown that the AT1 blocker Losartan reduces the upregulation of LOX-1 and the subsequent internalization of ox-LDLs induced by Angiotensin II [167,168]. Similarly, the ACE inhibitor Quinapril decreases the levels of LOX-1, p22phox, p47phox, and gp91phox in the left ventricle of Dahl salt-sensitive hypertensive rats fed a high-salt diet, suggesting a protective role due to the inhibition of oxidative stress mediated by LOX-1 [169].



The use of anti-LOX-1 antibodies has been shown to have numerous positive effects on atherosclerotic disease. For instance, in vitro studies have shown that anti-LOX-1 monoclonal antibodies reduce the formation of ROS induced by ox-LDL [125] and increase the production of intracellular NO in HUVEC [126].



In addition, an in vivo study has demonstrated that an anti-LOX-1 monoclonal antibody protects against myocardial ischemia–reperfusion injury in a murine model. In particular, this study has shown that the treatment of Sprague–Dawley rats with the LOX-1 blocking antibody prevented the ischemia–reperfusion-induced upregulation of LOX-1 and significantly reduced MMP-1 and adhesion molecule expression. It also reduced leukocyte recruitment in the damaged area, leading to a significant reduction in myocardial infarct size [170]. In another study by Nakano and colleagues, it was found that treatment with an anti-LOX-1 antibody reduced lipid deposits in the mesenteric arteries of stroke-prone spontaneously hypertensive rats [171]. Furthermore, the treatment with the neutralizing antibody LOX-1 prevented coronary endothelial dysfunction, reduced superoxide production, and the expression of LOX-1 in ApoE−/− mice. It also increased eNOS expression and restored coronary arteriolar dilatation in ApoE−/− mice without affecting these parameters in wild-type control mice [172].



Below a summarized table of LOX-1 inhibitors and their role in cardiovascular diseases (Table 1).




12. Regulation of LOX-1 Expression: In Vitro and In Vivo Studies


Numerous studies have been conducted to comprehend the molecular mechanisms that regulate LOX-1 activity and explore the correlation between LOX-1 and atherosclerosis, owing to the crucial role of LOX-1 in the pathophysiology of cardiovascular diseases. These studies have led to the development of various strategies aimed at modulating or inhibiting LOX-1 gene and/or protein expression.



12.1. RNA Silencing


One of the methods used to regulate gene expression is RNA silencing. Understanding the specific molecular mechanisms underlying the involvement of LOX-1 in atherosclerosis is essential for developing targeted approaches, and by cell silencing techniques, it has been possible to better understand the functions of LOX-1 [98]. This process involves the suppression of the gene regulatory mechanism, either suppressing transcription or activating RNA degradation. The mechanism involves (i) cleavage of the double-stranded RNA by an RNase III-like activity into small interfering RNA (siRNA), (ii) loading of one strand of siRNA onto an Argonaute protein possessing nucleolytic activity, and (iii) guidance of siRNA to the cognate RNA and its slicing with subsequent repression or degradation [173].



RNA silencing can be performed with both a sense and an antisense transgene, which act by a similar mechanism [174]. The use of antisense oligonucleotides to inhibit the expression of LOX-1 mRNA was first reported by Li and Mehta [139]. They found that this approach effectively suppressed LOX-1 upregulation caused by ox-LDLs and prevented MCP-1 and oxLDLs-induced LOX-1 monocyte adhesion to human coronary artery endothelial cells (HCAECs). Additionally, the authors also showed that specific antisense to LOX-1, as well as the chemical inhibitors polyinosinic acid and carrageenan, reduced the proapoptotic effect of ox-LDLs. In this scenario, it has been demonstrated that the inhibition of NF-kB-mediated signal transduction is a mechanism involved in LOX-1-mediated apoptosis [175].



Research studies investigating the role of LOX-1 in activating macrophages have shown that, when the LOX-1 gene is silenced through siRNA transfection, there is a reduction in ROS production, autophagy, mitochondrial DNA damage, and decreased expression of the NLRP3 inflammasome in THP-1 and primary peritoneal macrophages of mice. This confirms the key role of LOX-1 in the inflammatory molecular pathway [176]. Similarly, the silencing of the LOX-1 gene in mouse RAW264.7 macrophages using siRNA resulted in an attenuation of the oxidative stress induced by ox-LDLs.



According to a study by Ishino et al., the expression of LOX-1 is related also to atherosclerotic plaque instability and fibrous cap rupture in hyperlipidemic rabbits [177]. Similarly, in a mouse model (ApoE−/−) of high-fat diet-induced atherosclerosis, the delivery of adenovirus LOX-1 siRNA was found to increase the fibrous cap thickness and reduce the number of macrophages recruited in the atherosclerotic lesion. This suggests that LOX-1 silencing may protect against atherosclerosis by preventing oxidative stress, reducing macrophage accumulation, and downregulating NOX enzymes [178]. In addition, silencing the LOX-1 gene in mouse RAW264.7 macrophages using siRNA resulted in an attenuation of the oxidative stress induced by ox-LDLs. Overall, these findings indicate that antisense oligonucleotides, short single-strand DNA, or RNA molecules that target LOX-1 can be a valuable strategy for reducing LOX-1 expression and counteracting the development and progression of atherosclerotic plaque.




12.2. miRNA


MicroRNAs (miRNAs) are small, single-stranded non-coding RNAs that are approximately 18–24 bp nucleotides long. They regulate gene expression at the post-transcriptional level by binding to the 3′ untranslated region (UTR) of target mRNA sequences. This binding blocks the mRNA translation and leads to its degradation [179]. It is estimated that miRNAs regulate more than 60% of protein-coding genes, and a single miRNA can interact and modulate several targets involved in different or the same molecular pathways [180]. Several studies have highlighted the significant roles that miRNAs play in cardiovascular diseases, including atherosclerosis. For instance, miRNAs can decrease lipid synthesis and preserve the vascular endothelium [181,182], regulate lipoprotein homeostasis, control cholesterol and fatty-acid metabolism [183,184,185], modulate macrophage activation, and inhibit their transformation into foam cells [186].



It has been recently discovered in cellular and animal models that miRNAs can modulate the expression of LOX-1 mRNA, leading to a reduction in atherosclerosis [187]. In this regard, it has been demonstrated that the 3′ UTR region of LOX-1 mRNA contains a binding site for the let-7g, which is an miRNA involved in maintaining endothelial function and vascular homeostasis, as well as regulating the proliferation and apoptosis of ECs and vascular SMCs [188]. The anti-atherosclerotic activity of let-7g depends, at least in part, on its direct inhibition of LOX-1 [189]. In an in vivo study conducted on ApoE knock-out mice fed a high-fat diet for 6 weeks, an increase of circulating ox-LDL and LOX-1 gene expression was observed, which was associated with a decreased expression of miRNA let-7g [187].



It has been demonstrated that LOX-1 plays a role in atherosclerosis, even in a cellular model of transfected human aortic smooth-muscle cells (ASMC). Overexpression of LOX-1 in this model resulted in cell migration and proliferation. However, these effects were nullified when co-transfected with miRNA let-7g [189]. Additionally, administering miRNA let-7g in ApoE knockout mice that were fed a high-fat diet for 12 weeks led to a substantial reduction in LOX-1 mRNA and protein levels, and also decreased neointimal hyperplasia compared to scramble-treated aortas. Morphometric analyses revealed significant improvements in key atherosclerosis severity parameters, such as the lumen area and intima area, after miR-let-7g mimic delivery [189].



Dai et al. used bioinformatic prediction to identify the direct target of miR-98 as the 3′-UTR regions of the LOX-1 gene. They found that treatment of macrophages with ox-LDL resulted in an increase in LOX-1 expression and a decrease in miR-98 levels [190]. The authors also investigated the relationship between miR-98 and LOX-1 in foam-cell formation. Their results showed that the transfection of macrophages with an miR-98 mimic led to a decrease in LOX-1 mRNA and protein levels, while inhibition of this small RNA was associated with an increase in both LOX-1 mRNA and protein levels. Interestingly, the reduction of miR-98 and the concomitant increase of LOX-1 were associated with a transformation of macrophages into foam cells, suggesting that LOX-1 can be a mediator also in miR-98-regulated atherogenesis [190]. In addition, miR-98 has been found to exhibit protective properties against the ox-LDL-induced apoptosis that is mediated by LOX-1 activation in HUVECs. This is achieved through the reduction of the ox-LDL receptor expression and the preservation of cell proliferation and epithelial functions. These findings suggest that LOX-1 may have a significant role in the molecular mechanisms that regulate endothelial injury that contribute to the pathogenesis of atherosclerosis through the regulation of multiple pathways [191].



Based on the data available in the literature, LOX-1 has been identified as a potential new contributor to the atherosclerotic process. It has been found that LOX-1 expression can be modulated by various miRNAs, such as miR590-5p and miR-9. By targeting LOX-1 and suppressing redox-sensitive signals, miR590-5p reduces angiogenesis in HUVEC. On the other hand, miR-9 negatively regulates the LOX-1-mediated p38 MAPK pathway, thereby reducing the formation of vulnerable atherosclerotic plaque in ACS mice [192,193].




12.3. Modulation of LOX-1 in Transgenic Animal Models


The impact of reducing LOX-1 was studied in multiple animal models, including transgenic ones. Mehta et al. found that this approach significantly reduces the formation of atherosclerosis not only in LOX-1-deficient mice that were fed with a high-fat diet compared to regular mice but also in LDLR-KO/LOX-1-KO compared to LDLR-KO. Additionally, by deleting LOX-1 in LDLR-KO mice, there was a decrease in cell migration and the blocking of macrophage trafficking in the aorta, which highlights the role of LOX-1 in the progression of atherosclerotic plaque. Furthermore, double-knock-out animals showed a reduction in markers of oxidative stress and inflammation, such as superoxide dismutase (SOD) and IL-10, and preservation of endothelial integrity [194,195].



The role of LOX-1 in promoting atherosclerosis was also investigated in mice that were genetically modified to have endothelial-specific LOX-1 overexpression with an ApoE deficiency background. These mice exhibited an increase in lipid deposition and inflammation in the aorta, along with increased endothelial dysfunction and the formation of atherosclerotic plaque [196]. Of note, as a marked increase of LOX-1 was also detected in human atherosclerotic plaque [197], its endothelial-specific inhibition could represent a potential target for the prevention and treatment of atherosclerosis.



Furthermore, LOX-1 is also known to play a crucial role in myocardial infarction and associated damage due to ischemia. In this scenario, Lu et al. [198] have demonstrated that LOX-1-deficient mice had a higher survival rate than wild-type C57BL/6 mice over three weeks follow up from total ligation of the left coronary artery. This finding provides evidence that LOX-1 expression plays a crucial role in the cardiac remodeling process that occurs after chronic myocardial ischemia. Additionally, it has been observed that the removal of LOX-1 preserves the systolic thickness of the left ventricle anterior wall and ejection fraction in animals with chronic ischemia compared to corresponding sham ischemia animals. Furthermore, the deletion of LOX-1 also results in a lower deterioration of overall cardiac functions, collagen deposition reduction, and reduction in myocardial oxidative stress. Moreover, it has been demonstrated by Hu et al. that LOX-1 deficiency protects against ischemia–reperfusion damage [199]. LOX-1 KO mice, exposed for 60 min to coronary artery occlusion followed by 60 min of reperfusion, showed a reduction in the extent of infarction, a decrease in inflammatory cell infiltration, and reduced lipid peroxidation. Additionally, the reduction in the necrotic area was associated with the preservation of cardiac function.



Overall, these findings suggest that LOX-1 abrogation might be of help in treating both acute and long-term ischemia [198].





13. LOX-1 in Atherosclerosis


Atherosclerosis is a chronic inflammatory disease with a complex pathophysiology. The onset of this disorder is triggered by the activation of pro-inflammatory signaling pathways, the expression of cytokines and chemokines, and an increase in oxidative stress [200]. In a condition of oxidative stress, LDLs undergo modifications and become ox-LDLs, which are potent atherosclerotic mediators [124]. Ox-LDLs activate the inflammatory and immune response, induce the adhesion of monocytes to ECs, and promote the release of growth factors that favor the development and progression of atherosclerotic plaque. Many of the effects induced by ox-LDLs are mediated by the activation of the receptor LOX-1, including endothelial dysfunction, monocyte adhesion, foam-cell transformation, smooth-muscle-cell proliferation, and migration [133,201,202], as described above.



The interaction between OxLDLs and LOX-1 causes an increase in intracellular ROS generation, including O2−, H2O2, peroxynitrite (ONOO−), NO, and hydroxyl radicals (OH−) [203]. In particular, O2− is involved in a chemical reaction that leads to the inactivation of NO and the formation of cytotoxic ONOO− [203]. This reaction also upregulates LOX-1 expression, resulting in further ROS generation [137].



In the microenvironment of the atherosclerotic plaque, ROSs are generated during the initial steps of its formation, together with the cytokines and chemokines released by T-lymphocytes, mast cells, and foam cells recruited in the lesion area. Importantly, ROS stimulates SMC migration and collagen deposition, contributing to affecting the composition of the atherosclerotic plaque. They also induce the release of metalloproteinases that degrade the fibrous wall of the plaque cap, inducing its rupture, and the expression of SRs on the SMC surface, including LOX-1, facilitating the uptake of ox-LDLs and guiding them to become foam cells [204].



In summary, as represented in Figure 1, a vicious cycle of LOX-1, ox-LDLs, and ROS is established. This cycle involves increased levels of Ang II and ET-1, enhanced oxidative stress by higher ROS species formation, and Nox activity that leads to increased oxidation of LDL and further enhanced oxidative stress in response to ox-LDLs. Overall, this process favors endothelial dysfunction and atherosclerosis progression in the vessel wall [205,206].




14. Role of LOX-1 in Endothelial Dysfunction


Ox-LDLs are mainly internalized by LOX-1 in ECs, contributing to the development of endothelial dysfunction through different mechanisms [88]. Ox-LDLs and other atherogenic stimuli, such as proinflammatory cytokines, can induce LOX-1 expression, which is generally low in normal conditions [135], increasing both mRNA and protein expression in a dose-dependent manner [146]. The treatment of cells with an antisense LOX-1 mRNA significantly suppresses ox-LDL-induced upregulation of LOX-1, which confirms that ox-LDLs induce the expression of LOX-1 through interaction with its receptor [175]. Furthermore, ox-LDLs increase the expression of MCP-1, a chemotactic protein for circulating monocytes. This results in a significant increase in their adhesion to ECs, effects that can be suppressed by treating ECs with antisense LOX-1 mRNA [139]. Ox-LDL-mediated LOX-1 activation also determines the upregulation of endothelial adhesion molecules, such as E-selectin, P-selectin, VCAM-1, and ICAM-1, further contributing to leucocyte recruitment and adhesion. The treatment of ECs with antisense LOX-1 mRNA completely abolished these effects [207]. Moreover, it has been shown that the increased expression of CD40/CD40L in human coronary artery endothelial cells (HCAECs) induced by ox-LDLs was reduced after incubation with a LOX-1 blocking antibody and resulted in an inhibition of this proatherogenic pathways and ECs activation [208].



In vitro studies have shown that high levels of ox-LDLs can lead to cell death. Indeed, ox-LDLs can induce both necrosis and apoptosis, with the latter involving multiple pathways, such as ROS production, caspase and protein kinase activation, altered calcium homeostasis, and changes in proapoptotic/antiapoptotic gene expression [209]. The apoptosis of ECs results in an increased vascular permeability to cells and lipids, proliferation of smooth-muscle cells, and activation of the coagulation cascade, all of which contribute to the development of atherosclerosis. LOX-1 activation mediates the apoptotic effect of ox-LDLs that can be reduced by inhibiting LOX-1 using antisense mRNA or chemical inhibitors [175]. Moreover, apoptosis induced by ox-LDLs is mediated by activation of NF-kB, and the antisense mRNA of LOX-1 significantly inhibited ox-LDL-induced NF-kB activation [175].



Ox-LDLs bind to ECs and activate caspase-9 and caspase-3, as well as mitochondrial caspase activators, while simultaneously reducing B-cell lymphoma 2 (Bcl-2) and c-IAP-1 (cellular inhibitor of apoptosis protein 1), leading to the downregulation of antiapoptotic signaling and activation of proapoptotic pathways [210]. These effects are significantly reduced when cells are treated with antisense LOX-1 mRNA before ox-LDL exposure, supporting the observation that ox-LDLs modulate the expression and activity of relevant apoptosis players through the LOX-1 receptor [210]. Ox-LDL-induced apoptosis involves Fas activation, a death receptor that triggers apoptosis when it binds to its ligand FasL. In this regard, it has been shown that ox-LDLs increase the expression of both Fas and FasL in vascular cells inducing apoptosis. Accordingly, FasL-neutralizing antibodies reduce ox-LDL-induced apoptosis [209]. LOX-1 activation likely explains these effects since treatment with neutralizing LOX-1 antibody inhibits ox-LDL-induced activation of Fas-mediated apoptosis in ECs and Fas expression [211].




15. Role of LOX-1 in Smooth-Muscle-Cells Proliferation and Apoptosis


Smooth-muscle cells express LOX-1, which can be upregulated by stimuli like ox-LDLs and angiotensin II (Ang II) [187,212,213]. It has been shown that higher levels of ox-LDLs induce apoptosis of vascular smooth-muscle cells by LOX-1 upregulation, an effect that is counteracted by the treatment with anti-LOX-1 antibodies [214]. Ox-LDLs can also promote the expression of the proapoptotic Bcl-2-associated X protein (Bax) and suppress the antiapoptotic Bcl-2 [214]. Interestingly, LOX-1 has been observed to colocalize with Bax in human atherosclerotic plaques, especially in the rupture-prone shoulder region, indicating its role in plaque destabilization [214].



LOX-1 also plays a pivotal role in the transformation of smooth-muscle cells into foam cells. In this scenario, it has been demonstrated that treatment with anti-LOX-1 antibodies markedly inhibited the ox-LDL uptake induced by lysophosphatidylcholine (LPC) [215]. In accordance, the treatment with anti-LOX-1 antibodies significantly reduces the ox-LDL uptake and the lipid droplet accumulation in smooth-muscle-like cells, thus preventing the transdifferentiation into foam cells [216].




16. Role of LOX-1 in Macrophage and Foam-Cell Formation


Monocytes do not express appreciable levels of LOX-1. However, during their differentiation into macrophages, its expression increases [217]. Macrophages can take in ox-LDL and become lipid-rich foam cells through three different mechanisms, including LDLR, receptor-independent fluid-phase endocytosis, and scavenger receptors, such as SR-A, SR-B, CD68, CD36, and LOX-1. Under normal conditions, macrophages express low levels of LOX-1, and the contribution to the uptake is minimal (about 5%). However, several stimuli, such as ox-LDLs, LPC, inflammatory cytokines, and high-glucose levels, can induce its expression [135]. In an atherosclerotic environment, LOX-1 internalizes ox-LDLs by up to 40% [218]. Indeed, it has been shown that macrophages stimulated with LPC show a marked increase of LOX-1 expression with a concomitant increase in ox-LDL internalization and degradation, effects that were not observed in LOX-1-deficient cells [218]. As proinflammatory cytokines induce LOX-1 expression and inhibit other SRs, including SR-AI/II and CD36, it has been proposed that, in the atherosclerotic microenvironment, where the levels of these cytokines are high, the role of LOX-1 in macrophage ox-LDLs uptake may become prominent. These results highlight the relevance of LOX-1 in macrophage lipid accumulation and suggest its role in foam-cell generation and atherogenesis [218].




17. Role of LOX-1 in Platelets Activation


In contrast to CD36, a member of the SRs family that is constitutively expressed in resting platelets, LOX-1 is only present on the platelet surface after activation [219]. Accordingly, it has been demonstrated that, in comparison with resting platelets, activated platelets internalize substantial amounts of ox-LDLs, which contribute to their activation [220]. This leads to platelet aggregation and the release of serotonin [221]. Furthermore, ox-LDLs-activated platelets show an increased ability to adhere to ECs, induce an inflammatory response, and accumulate at the site of vascular lesions. In addition, ox-LDL-positive platelets can also contribute to inflammation in vascular tissues by inducing adhesion molecule expression on EC surfaces, reducing their regeneration and promoting foam-cell formation [220]. As a result of endothelial dysfunction, ECs exhibit procoagulant and adhesion properties, and LOX-1 plays a key role in platelet–endothelium interaction. LOX-1 recognizes and binds activated platelets, which promote the release of endothelin-1 (ET-1), a potent vasoconstrictor agent with atherogenic properties [222]. When activated platelets bind to endothelial LOX-1, they induce ROS production and a consequent reduction of NO bioavailability [127]. Finally, the cross-linking of activated platelets by LOX-1 may stabilize thrombi and promote the thrombotic process [223].




18. Soluble LOX-1


In recent years, LOX-1 has emerged as a promising novel biomarker in cardiovascular disease. Several studies have shown that circulating levels of soluble LOX-1 (sLOX-1) can be used as a diagnostic biomarker for an early diagnosis [224,225]. sLOX-1 is generated by ectodomain shedding and is released into the bloodstream, a process triggered by several stimuli, including ox-LDLs, C-reactive protein, tumor necrosis factor (TNF)α, and ILs such as IL-8 and IL-18, and is mediated by the activation of matrix-degrading enzymes ADAMs and metalloproteinases, as shown in Figure 2 [91]. The extent of the cleavage of the extracellular domain of LOX-1 reflects the endothelial dysfunction and oxidative stress status, both conditions associated with the onset and progression of atherosclerosis [226], as well as the destabilization of the atherosclerotic plaque in advanced atherosclerosis [227]. Studies have shown that sLOX-1 levels are increased in patients with acute coronary syndrome (ACS) [228,229]. The onset of ACS presumably depends on the perturbation of the balance between plaque instability and healing [230]. The activation of LOX-1 in this scenario contributes to the development of ACS. To determine the role of sLOX-1 and its implications in atherosclerosis development, Kraler et al. have demonstrated a positive correlation between sLOX-1 levels and plaque progression and/or fatal events in patients with ACS [229]. Specifically, they measured the levels of sLOX-1 in ACS patients compared with patients affected by chronic coronary syndrome and healthy subjects as controls. The results show that ACS patients presented elevated levels of circulating sLOX-1 in comparison with the other two groups of subjects [median 35.08 (15.75–73.44) vs. 2.00 (2.00–13.01) and 2.00 (2.00–6.93) pg/mL in ACS patients vs. chronic coronary syndrome and healthy subjects, respectively].



Comparing the levels of sLOX-1 with other specific biomarkers, such as troponin T (TnT) and heart-type fatty acid binding protein (H-FABP), which are high in ACS patients, has shown that sLOX-1 has higher sensitivity and specificity than both TnT and H-FABP [227]. Additionally, sLOX-1 has an advantage over other soluble biomarkers in that its peak is detectable at the early stage of ACS when TnT levels are not significantly elevated yet [227]. sLOX-1 levels may help predict prognosis after ACS as well. It has been observed that ACS patients who underwent percutaneous coronary intervention (PCI) and subsequently developed ACS recurrence and/or death had significantly higher levels of sLOX-1 than ACS patients who did not experience such events during the follow-up period [229]. Although PCI is a common approach for the revascularization of coronary arteries in ACS, this procedure can be associated with periprocedural complications such as PCI-related periprocedural myocardial infarction (RPMI). Studies have shown that high levels of sLOX-1 in the bloodstream can increase the risk of RPMI in patients undergoing PCI. This suggests that measuring sLOX-1 levels before the procedure can help identify patients at risk [91].



Additionally, it has been shown that sLOX-1 levels are critically associated with metabolic disorders like obesity, type 2 diabetes mellitus, and hypertension [231]. Patients with metabolic syndrome and coronary artery disease have been found to have higher levels of sLOX-1 compared to those without artery disease [232]. The upregulation of LOX-1 in metabolic diseases can contribute to the onset of cardiovascular complications [233,234]. Overall, sLOX-1 may serve as a potent early biomarker for predicting future cardiovascular events [91,228,235,236,237].




19. Clinical Use of LOX-1 Antibody


According to previous in vitro and in vivo studies, blocking the LOX-1 receptor could be an interesting mechanism to reduce inflammation and lipid-related risks in patients with cardiovascular disease [238]. Currently, human clinical studies on this topic are still in the developmental phase, with only one (NCT03654313) being in a more advanced stage. In this first-in-human, placebo-controlled study, 88 patients with type 2 diabetes were randomized to receive single ascending doses (10, 30, 90, 250, or 500 mg) or multiple ascending doses (90, 150, or 250 mg once monthly for 3 months) of MEDI6570, compared to placebo [239].



MEDI6570, a high-affinity human immunoglobulin G1 antibody targeting LOX-1, is designed to inhibit the binding of various lipid and inflammatory ligands to the LOX-1 receptor. The study aimed to evaluate the safety, efficacy, tolerability, immunogenicity, and pharmacokinetics of MEDI6570. The results have shown that MEDI6570 was well-tolerated, with no serious adverse events reported. The antibody also demonstrated high selectivity and low immunogenicity, and a reduction of the free sLOX-1 levels in a dose-dependent manner. Further, the pharmacokinetic analysis showed that the antibody effectively engaged with both soluble and membrane-bound LOX-1 targets, particularly at doses of 250 mg or higher. After administering three monthly doses of the antibody, the study found some regression of noncalcified plaque volume and a reduction of total plaque volume. However, the changes were not statistically significant. In conclusion, the study supports a monthly dosing administration of MEDI6570. Further research involving patients with coronary heart disease is necessary to confirm whether the antibody can reduce atherosclerosis and inflammation and eventually lead to long-term survival benefits [239].




20. Conclusions


In the intricate environment of atherosclerotic plaque, the generation of ROS plays a crucial role in both the initiation and progression of atherosclerosis. ROS can oxidize LDLs and increase the expression of LOX-1, the receptor primarily involved in the binding and uptake of ox-LDL. The binding of ox-LDL to LOX-1 induces ROS generation, creating a vicious circle that amplifies the atherosclerotic process. While many studies have demonstrated the role of ROSs and ox-LDLs in atherosclerosis over time, the critical role of LOX-1 has only recently emerged. LOX-1 activation leads to several molecular pathways responsible for the atherosclerotic process, resulting in changes in the function of various cell types. This can cause endothelial dysfunction, muscle-cell proliferation, apoptosis, monocyte recruitment, and foam-cell formation (Figure 3). High levels of sLOX-1 have been found in various pathological conditions associated with cardiovascular diseases, suggesting that sLOX-1 may serve as a potential biomarker for cardiovascular disease [133,197,240,241,242]. From a therapeutic perspective, blocking LOX-1 with natural or synthetic compounds may represent an attractive approach to counteracting the atherosclerotic process and its associated conditions.







Author Contributions


Conceptualization, C.B. and S.E.; writing—original draft preparation, M.M., A.M., A.G., G.M., S.E. and C.B.; writing—review and editing, M.M., A.M., A.G., G.M., S.E. and C.B.; visualization, M.M., A.M. and A.G.; supervision, C.B. and S.E.; funding acquisition, C.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Italian Ministry of Health, Rome, Italy (Ricerca Corrente 2023).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Libby, P.; Ridker, P.M.; Maseri, A. Inflammation and atherosclerosis. Circulation 2002, 105, 1135–1143. [Google Scholar] [CrossRef] [PubMed]

	



Blankenberg, S.; Barbaux, S.; Tiret, L. Adhesion molecules and atherosclerosis. Atherosclerosis 2003, 170, 191–203. [Google Scholar] [CrossRef]

	



Osterud, B.; Bjorklid, E. Role of monocytes in atherogenesis. Physiol. Rev. 2003, 83, 1069–1112. [Google Scholar] [CrossRef] [PubMed]

	



Galkina, E.; Ley, K. Immune and inflammatory mechanisms of atherosclerosis. Annu. Rev. Immunol. 2009, 27, 165–197. [Google Scholar] [CrossRef] [PubMed]

	



McLaren, J.E.; Michael, D.R.; Ashlin, T.G.; Ramji, D.P. Cytokines, macrophage lipid metabolism and foam cells: Implications for cardiovascular disease therapy. Prog. Lipid Res. 2011, 50, 331–347. [Google Scholar] [CrossRef] [PubMed]

	



Angelovich, T.A.; Hearps, A.C.; Jaworowski, A. Inflammation-induced foam cell formation in chronic inflammatory disease. Immunol. Cell Biol. 2015, 93, 683–693. [Google Scholar] [CrossRef] [PubMed]

	



Bobryshev, Y.V. Monocyte recruitment and foam cell formation in atherosclerosis. Micron 2006, 37, 208–222. [Google Scholar] [CrossRef] [PubMed]

	



Maiolino, G.; Rossitto, G.; Caielli, P.; Bisogni, V.; Rossi, G.P.; Calo, L.A. The role of oxidized low-density lipoproteins in atherosclerosis: The myths and the facts. Mediat. Inflamm. 2013, 2013, 714653. [Google Scholar] [CrossRef]

	



Poznyak, A.V.; Nikiforov, N.G.; Markin, A.M.; Kashirskikh, D.A.; Myasoedova, V.A.; Gerasimova, E.V.; Orekhov, A.N. Overview of OxLDL and Its Impact on Cardiovascular Health: Focus on Atherosclerosis. Front. Pharmacol. 2020, 11, 613780. [Google Scholar] [CrossRef]

	



Kataoka, H.; Kume, N.; Minami, M.; Moriwaki, H.; Sawamura, T.; Masaki, T.; Kita, T. Expression of lectin-like oxidized LDL receptor-1 in human atherosclerotic lesions. Ann. N. Y. Acad. Sci. 2000, 902, 328–335. [Google Scholar] [CrossRef]

	



Moncada, S.; Higgs, A. The L-arginine-nitric oxide pathway. N. Engl. J. Med. 1993, 329, 2002–2012. [Google Scholar] [CrossRef] [PubMed]

	



Khaidakov, M.; Mitra, S.; Kang, B.Y.; Wang, X.; Kadlubar, S.; Novelli, G.; Raj, V.; Winters, M.; Carter, W.C.; Mehta, J.L. Oxidized LDL receptor 1 (OLR1) as a possible link between obesity, dyslipidemia and cancer. PLoS ONE 2011, 6, e20277. [Google Scholar] [CrossRef] [PubMed]

	



Maziere, C.; Auclair, M.; Djavaheri-Mergny, M.; Packer, L.; Maziere, J.C. Oxidized low density lipoprotein induces activation of the transcription factor NF kappa B in fibroblasts, endothelial and smooth muscle cells. Biochem. Mol. Biol. Int. 1996, 39, 1201–1207. [Google Scholar] [CrossRef] [PubMed]

	



Levitan, I.; Volkov, S.; Subbaiah, P.V. Oxidized LDL: Diversity, patterns of recognition, and pathophysiology. Antioxid. Redox Signal 2010, 13, 39–75. [Google Scholar] [CrossRef]

	



Rodriguez, R.; Redman, R. Balancing the generation and elimination of reactive oxygen species. Proc. Natl. Acad. Sci. USA 2005, 102, 3175–3176. [Google Scholar] [CrossRef] [PubMed]

	



Freed, J.K.; Gutterman, D.D. Mitochondrial reactive oxygen species and vascular function: Less is more. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 673–675. [Google Scholar] [CrossRef]

	



Akhigbe, R.; Ajayi, A. The impact of reactive oxygen species in the development of cardiometabolic disorders: A review. Lipids Health Dis. 2021, 20, 23. [Google Scholar] [CrossRef] [PubMed]

	



Forstermann, U. Nitric oxide and oxidative stress in vascular disease. Pflug. Arch. 2010, 459, 923–939. [Google Scholar] [CrossRef]

	



Schiffrin, E.L. Remodeling of resistance arteries in essential hypertension and effects of antihypertensive treatment. Am. J. Hypertens. 2004, 17, 1192–1200. [Google Scholar] [CrossRef]

	



Laude, K.; Cai, H.; Fink, B.; Hoch, N.; Weber, D.S.; McCann, L.; Kojda, G.; Fukai, T.; Schmidt, H.H.; Dikalov, S.; et al. Hemodynamic and biochemical adaptations to vascular smooth muscle overexpression of p22phox in mice. Am. J. Physiol. Heart Circ. Physiol. 2005, 288, H7–H12. [Google Scholar] [CrossRef]

	



Zhang, Y.; Griendling, K.K.; Dikalova, A.; Owens, G.K.; Taylor, W.R. Vascular hypertrophy in angiotensin II-induced hypertension is mediated by vascular smooth muscle cell-derived H2O2. Hypertension 2005, 46, 732–737. [Google Scholar] [CrossRef] [PubMed]

	



Harijith, A.; Ebenezer, D.L.; Natarajan, V. Reactive oxygen species at the crossroads of inflammasome and inflammation. Front. Physiol. 2014, 5, 352. [Google Scholar] [CrossRef] [PubMed]

	



Duewell, P.; Kono, H.; Rayner, K.J.; Sirois, C.M.; Vladimer, G.; Bauernfeind, F.G.; Abela, G.S.; Franchi, L.; Nunez, G.; Schnurr, M.; et al. NLRP3 inflammasomes are required for atherogenesis and activated by cholesterol crystals. Nature 2010, 464, 1357–1361. [Google Scholar] [CrossRef] [PubMed]

	



Rajamaki, K.; Lappalainen, J.; Oorni, K.; Valimaki, E.; Matikainen, S.; Kovanen, P.T.; Eklund, K.K. Cholesterol crystals activate the NLRP3 inflammasome in human macrophages: A novel link between cholesterol metabolism and inflammation. PLoS ONE 2010, 5, e11765. [Google Scholar] [CrossRef] [PubMed]

	



D’Oria, R.; Schipani, R.; Leonardini, A.; Natalicchio, A.; Perrini, S.; Cignarelli, A.; Laviola, L.; Giorgino, F. The Role of Oxidative Stress in Cardiac Disease: From Physiological Response to Injury Factor. Oxid. Med. Cell. Longev. 2020, 2020, 5732956. [Google Scholar] [CrossRef] [PubMed]

	



Moris, D.; Spartalis, M.; Spartalis, E.; Karachaliou, G.S.; Karaolanis, G.I.; Tsourouflis, G.; Tsilimigras, D.I.; Tzatzaki, E.; Theocharis, S. The role of reactive oxygen species in the pathophysiology of cardiovascular diseases and the clinical significance of myocardial redox. Ann. Transl. Med. 2017, 5, 326. [Google Scholar] [CrossRef] [PubMed]

	



Schenkel, P.C.; Tavares, A.M.; Fernandes, R.O.; Diniz, G.P.; Bertagnolli, M.; da Rosa Araujo, A.S.; Barreto-Chaves, M.L.; Ribeiro, M.F.; Clausell, N.; Bello-Klein, A. Redox-sensitive prosurvival and proapoptotic protein expression in the myocardial remodeling post-infarction in rats. Mol. Cell. Biochem. 2010, 341, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Borchi, E.; Parri, M.; Papucci, L.; Becatti, M.; Nassi, N.; Nassi, P.; Nediani, C. Role of NADPH oxidase in H9c2 cardiac muscle cells exposed to simulated ischaemia-reperfusion. J. Cell. Mol. Med. 2009, 13, 2724–2735. [Google Scholar] [CrossRef] [PubMed]

	



Van Antwerpen, R.; Gilkey, J.C. Cryo-electron microscopy reveals human low density lipoprotein substructure. J. Lipid Res. 1994, 35, 2223–2231. [Google Scholar] [CrossRef] [PubMed]

	



Austin, M.A.; Hokanson, J.E.; Brunzell, J.D. Characterization of low-density lipoprotein subclasses: Methodologic approaches and clinical relevance. Curr. Opin. Lipidol. 1994, 5, 395–403. [Google Scholar] [CrossRef]

	



Rajman, I.; Eacho, P.I.; Chowienczyk, P.J.; Ritter, J.M. LDL particle size: An important drug target? Br. J. Clin. Pharmacol. 1999, 48, 125–133. [Google Scholar] [CrossRef] [PubMed]

	



Austin, M.A.; Breslow, J.L.; Hennekens, C.H.; Buring, J.E.; Willett, W.C.; Krauss, R.M. Low-density lipoprotein subclass patterns and risk of myocardial infarction. JAMA 1988, 260, 1917–1921. [Google Scholar] [CrossRef] [PubMed]

	



Itabe, H. Oxidative modification of LDL: Its pathological role in atherosclerosis. Clin. Rev. Allergy Immunol. 2009, 37, 4–11. [Google Scholar] [CrossRef] [PubMed]

	



Winterbourn, C.C. Reconciling the chemistry and biology of reactive oxygen species. Nat. Chem. Biol. 2008, 4, 278–286. [Google Scholar] [CrossRef] [PubMed]

	



Altomare, A.; Baron, G.; Gianazza, E.; Banfi, C.; Carini, M.; Aldini, G. Lipid peroxidation derived reactive carbonyl species in free and conjugated forms as an index of lipid peroxidation: Limits and perspectives. Redox Biol. 2021, 42, 101899. [Google Scholar] [CrossRef] [PubMed]

	



Berliner, J.A.; Territo, M.C.; Sevanian, A.; Ramin, S.; Kim, J.A.; Bamshad, B.; Esterson, M.; Fogelman, A.M. Minimally modified low density lipoprotein stimulates monocyte endothelial interactions. J. Clin. Investig. 1990, 85, 1260–1266. [Google Scholar] [CrossRef] [PubMed]

	



Subbanagounder, G.; Watson, A.D.; Berliner, J.A. Bioactive products of phospholipid oxidation: Isolation, identification, measurement and activities. Free Radic. Biol. Med. 2000, 28, 1751–1761. [Google Scholar] [CrossRef]

	



Yoshida, H.; Quehenberger, O.; Kondratenko, N.; Green, S.; Steinberg, D. Minimally oxidized low-density lipoprotein increases expression of scavenger receptor A, CD36, and macrosialin in resident mouse peritoneal macrophages. Arterioscler. Thromb. Vasc. Biol. 1998, 18, 794–802. [Google Scholar] [CrossRef] [PubMed]

	



Gianazza, E.; Brioschi, M.; Martinez Fernandez, A.; Casalnuovo, F.; Altomare, A.; Aldini, G.; Banfi, C. Lipid Peroxidation in Atherosclerotic Cardiovascular Diseases. Antioxid. Redox Signal 2021, 34, 49–98. [Google Scholar] [CrossRef]

	



Watson, A.D.; Leitinger, N.; Navab, M.; Faull, K.F.; Horkko, S.; Witztum, J.L.; Palinski, W.; Schwenke, D.; Salomon, R.G.; Sha, W.; et al. Structural identification by mass spectrometry of oxidized phospholipids in minimally oxidized low density lipoprotein that induce monocyte/endothelial interactions and evidence for their presence in vivo. J. Biol. Chem. 1997, 272, 13597–13607. [Google Scholar] [CrossRef]

	



Reddy, S.T.; Grijalva, V.; Ng, C.; Hassan, K.; Hama, S.; Mottahedeh, R.; Wadleigh, D.J.; Navab, M.; Fogelman, A.M. Identification of genes induced by oxidized phospholipids in human aortic endothelial cells. Vasc. Pharmacol. 2002, 38, 211–218. [Google Scholar] [CrossRef] [PubMed]

	



Eligini, S.; Brambilla, M.; Banfi, C.; Camera, M.; Sironi, L.; Barbieri, S.S.; Auwerx, J.; Tremoli, E.; Colli, S. Oxidized phospholipids inhibit cyclooxygenase-2 in human macrophages via nuclear factor-kappaB/IkappaB- and ERK2-dependent mechanisms. Cardiovasc. Res. 2002, 55, 406–415. [Google Scholar] [CrossRef]

	



Steinberg, D. Low density lipoprotein oxidation and its pathobiological significance. J. Biol. Chem. 1997, 272, 20963–20966. [Google Scholar] [CrossRef]

	



Itabe, H.; Obama, T.; Kato, R. The Dynamics of Oxidized LDL during Atherogenesis. J. Lipids 2011, 2011, 418313. [Google Scholar] [CrossRef] [PubMed]

	



Naruko, T.; Ueda, M.; Ehara, S.; Itoh, A.; Haze, K.; Shirai, N.; Ikura, Y.; Ohsawa, M.; Itabe, H.; Kobayashi, Y.; et al. Persistent high levels of plasma oxidized low-density lipoprotein after acute myocardial infarction predict stent restenosis. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 877–883. [Google Scholar] [CrossRef] [PubMed]

	



Tsimikas, S.; Bergmark, C.; Beyer, R.W.; Patel, R.; Pattison, J.; Miller, E.; Juliano, J.; Witztum, J.L. Temporal increases in plasma markers of oxidized low-density lipoprotein strongly reflect the presence of acute coronary syndromes. J. Am. Coll. Cardiol. 2003, 41, 360–370. [Google Scholar] [CrossRef]

	



Imazu, M.; Ono, K.; Tadehara, F.; Kajiwara, K.; Yamamoto, H.; Sumii, K.; Tasaki, N.; Oiwa, J.; Shimohara, Y.; Gomyo, Y.; et al. Plasma levels of oxidized low density lipoprotein are associated with stable angina pectoris and modalities of acute coronary syndrome. Int. Heart J. 2008, 49, 515–524. [Google Scholar] [CrossRef]

	



Uno, M.; Kitazato, K.T.; Suzue, A.; Itabe, H.; Hao, L.; Nagahiro, S. Contribution of an imbalance between oxidant-antioxidant systems to plaque vulnerability in patients with carotid artery stenosis. J. Neurosurg. 2005, 103, 518–525. [Google Scholar] [CrossRef]

	



Itabe, H. Oxidized low-density lipoproteins: What is understood and what remains to be clarified. Biol. Pharm. Bull. 2003, 26, 1–9. [Google Scholar] [CrossRef]

	



Fraley, A.E.; Tsimikas, S. Clinical applications of circulating oxidized low-density lipoprotein biomarkers in cardiovascular disease. Curr. Opin. Lipidol. 2006, 17, 502–509. [Google Scholar] [CrossRef]

	



Itabe, H.; Ueda, M. Measurement of plasma oxidized low-density lipoprotein and its clinical implications. J. Atheroscler. Thromb. 2007, 14, 1–11. [Google Scholar] [CrossRef]

	



Itabe, H.; Kato, R.; Sawada, N.; Obama, T.; Yamamoto, M. The Significance of Oxidized Low-Density Lipoprotein in Body Fluids as a Marker Related to Diseased Conditions. Curr. Med. Chem. 2019, 26, 1576–1593. [Google Scholar] [CrossRef]

	



Sawamura, T.; Wakabayashi, I.; Okamura, T. LOX-1 in atherosclerotic disease. Clin. Chim. Acta 2015, 440, 157–163. [Google Scholar] [CrossRef]

	



Hulthe, J.; Fagerberg, B. Circulating oxidized LDL is associated with subclinical atherosclerosis development and inflammatory cytokines (AIR Study). Arterioscler. Thromb. Vasc. Biol. 2002, 22, 1162–1167. [Google Scholar] [CrossRef]

	



Wallenfeldt, K.; Fagerberg, B.; Wikstrand, J.; Hulthe, J. Oxidized low-density lipoprotein in plasma is a prognostic marker of subclinical atherosclerosis development in clinically healthy men. J. Intern. Med. 2004, 256, 413–420. [Google Scholar] [CrossRef]

	



Gomez, M.; Vila, J.; Elosua, R.; Molina, L.; Bruguera, J.; Sala, J.; Masia, R.; Covas, M.I.; Marrugat, J.; Fito, M. Relationship of lipid oxidation with subclinical atherosclerosis and 10-year coronary events in general population. Atherosclerosis 2014, 232, 134–140. [Google Scholar] [CrossRef]

	



Tsimikas, S.; Kiechl, S.; Willeit, J.; Mayr, M.; Miller, E.R.; Kronenberg, F.; Xu, Q.; Bergmark, C.; Weger, S.; Oberhollenzer, F.; et al. Oxidized phospholipids predict the presence and progression of carotid and femoral atherosclerosis and symptomatic cardiovascular disease: Five-year prospective results from the Bruneck study. J. Am. Coll. Cardiol. 2006, 47, 2219–2228. [Google Scholar] [CrossRef]

	



Holvoet, P.; Jenny, N.S.; Schreiner, P.J.; Tracy, R.P.; Jacobs, D.R.; Multi-Ethnic Study of Atherosclerosis. The relationship between oxidized LDL and other cardiovascular risk factors and subclinical CVD in different ethnic groups: The Multi-Ethnic Study of Atherosclerosis (MESA). Atherosclerosis 2007, 194, 245–252. [Google Scholar] [CrossRef]

	



Meisinger, C.; Baumert, J.; Khuseyinova, N.; Loewel, H.; Koenig, W. Plasma oxidized low-density lipoprotein, a strong predictor for acute coronary heart disease events in apparently healthy, middle-aged men from the general population. Circulation 2005, 112, 651–657. [Google Scholar] [CrossRef]

	



Ehara, S.; Ueda, M.; Naruko, T.; Haze, K.; Itoh, A.; Otsuka, M.; Komatsu, R.; Matsuo, T.; Itabe, H.; Takano, T.; et al. Elevated levels of oxidized low density lipoprotein show a positive relationship with the severity of acute coronary syndromes. Circulation 2001, 103, 1955–1960. [Google Scholar] [CrossRef]

	



Tsutsui, T.; Tsutamoto, T.; Wada, A.; Maeda, K.; Mabuchi, N.; Hayashi, M.; Ohnishi, M.; Kinoshita, M. Plasma oxidized low-density lipoprotein as a prognostic predictor in patients with chronic congestive heart failure. J. Am. Coll. Cardiol. 2002, 39, 957–962. [Google Scholar] [CrossRef]

	



Rietzschel, E.R.; Langlois, M.; De Buyzere, M.L.; Segers, P.; De Bacquer, D.; Bekaert, S.; Cooman, L.; Van Oostveldt, P.; Verdonck, P.; De Backer, G.G.; et al. Oxidized low-density lipoprotein cholesterol is associated with decreases in cardiac function independent of vascular alterations. Hypertension 2008, 52, 535–541. [Google Scholar] [CrossRef]

	



Hamer, M.; O’Donovan, G.; Stamatakis, E. High-Density Lipoprotein Cholesterol and Mortality: Too Much of a Good Thing? Arterioscler. Thromb. Vasc. Biol. 2018, 38, 669–672. [Google Scholar] [CrossRef]

	



Miller, G.J. High-density lipoprotein, low-density lipoprotein, and coronary heart disease. Thorax 1978, 33, 137–139. [Google Scholar] [CrossRef]

	



Smith, J.D. Myeloperoxidase, inflammation, and dysfunctional high-density lipoprotein. J. Clin. Lipidol. 2010, 4, 382–388. [Google Scholar] [CrossRef]

	



Shao, B. Site-specific oxidation of apolipoprotein A-I impairs cholesterol export by ABCA1, a key cardioprotective function of HDL. Biochim. Biophys. Acta 2012, 1821, 490–501. [Google Scholar] [CrossRef]

	



Chadwick, A.C.; Holme, R.L.; Chen, Y.; Thomas, M.J.; Sorci-Thomas, M.G.; Silverstein, R.L.; Pritchard, K.A., Jr.; Sahoo, D. Acrolein impairs the cholesterol transport functions of high density lipoproteins. PLoS ONE 2015, 10, e0123138. [Google Scholar] [CrossRef]

	



Chen, Y.; Arnal-Levron, M.; Hullin-Matsuda, F.; Knibbe, C.; Moulin, P.; Luquain-Costaz, C.; Delton, I. In vitro oxidized HDL and HDL from type 2 diabetes patients have reduced ability to efflux oxysterols from THP-1 macrophages. Biochimie 2018, 153, 232–237. [Google Scholar] [CrossRef]

	



Sawada, N.; Obama, T.; Koba, S.; Takaki, T.; Iwamoto, S.; Aiuchi, T.; Kato, R.; Kikuchi, M.; Hamazaki, Y.; Itabe, H. Circulating oxidized LDL, increased in patients with acute myocardial infarction, is accompanied by heavily modified HDL. J. Lipid Res. 2020, 61, 816–829. [Google Scholar] [CrossRef]

	



Cukier, A.M.O.; Therond, P.; Didichenko, S.A.; Guillas, I.; Chapman, M.J.; Wright, S.D.; Kontush, A. Structure-function relationships in reconstituted HDL: Focus on antioxidative activity and cholesterol efflux capacity. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2017, 1862, 890–900. [Google Scholar] [CrossRef]

	



Miki, T.; Miyoshi, T.; Kotani, K.; Kohno, K.; Asonuma, H.; Sakuragi, S.; Koyama, Y.; Nakamura, K.; Ito, H. Decrease in oxidized high-density lipoprotein is associated with slowed progression of coronary artery calcification: Subanalysis of a prospective multicenter study. Atherosclerosis 2019, 283, 1–6. [Google Scholar] [CrossRef]

	



Sorokin, A.V.; Patel, N.; Li, H.; Hong, C.G.; Sampson, M.; O’Hagan, R.; Florida, E.M.; Teague, H.L.; Playford, M.P.; Chen, M.Y.; et al. Estimated sdLDL-C for predicting high-risk coronary plaque features in psoriasis: A prospective observational study. Lipids Health Dis. 2023, 22, 55. [Google Scholar] [CrossRef]

	



Itabe, H.; Sawada, N.; Makiyama, T.; Obama, T. Structure and Dynamics of Oxidized Lipoproteins In Vivo: Roles of High-Density Lipoprotein. Biomedicines 2021, 9, 655. [Google Scholar] [CrossRef]

	



Besler, C.; Heinrich, K.; Rohrer, L.; Doerries, C.; Riwanto, M.; Shih, D.M.; Chroni, A.; Yonekawa, K.; Stein, S.; Schaefer, N.; et al. Mechanisms underlying adverse effects of HDL on eNOS-activating pathways in patients with coronary artery disease. J. Clin. Investig. 2011, 121, 2693–2708. [Google Scholar] [CrossRef]

	



Wang, Y.; Ji, L.; Jiang, R.; Zheng, L.; Liu, D. Oxidized high-density lipoprotein induces the proliferation and migration of vascular smooth muscle cells by promoting the production of ROS. J. Atheroscler. Thromb. 2014, 21, 204–216. [Google Scholar] [CrossRef]

	



Speer, T.; Rohrer, L.; Blyszczuk, P.; Shroff, R.; Kuschnerus, K.; Krankel, N.; Kania, G.; Zewinger, S.; Akhmedov, A.; Shi, Y.; et al. Abnormal high-density lipoprotein induces endothelial dysfunction via activation of Toll-like receptor-2. Immunity 2013, 38, 754–768. [Google Scholar] [CrossRef]

	



Assinger, A.; Buchberger, E.; Laky, M.; Esfandeyari, A.; Brostjan, C.; Volf, I. Periodontopathogens induce soluble P-selectin release by endothelial cells and platelets. Thromb. Res. 2011, 127, e20–e26. [Google Scholar] [CrossRef]

	



Schill, R.L.; Knaack, D.A.; Powers, H.R.; Chen, Y.; Yang, M.; Schill, D.J.; Silverstein, R.L.; Sahoo, D. Modification of HDL by reactive aldehydes alters select cardioprotective functions of HDL in macrophages. FEBS J. 2020, 287, 695–707. [Google Scholar] [CrossRef]

	



Matsunaga, T.; Hokari, S.; Koyama, I.; Harada, T.; Komoda, T. NF-kappa B activation in endothelial cells treated with oxidized high-density lipoprotein. Biochem. Biophys. Res. Commun. 2003, 303, 313–319. [Google Scholar] [CrossRef]

	



Pirillo, A.; Uboldi, P.; Ferri, N.; Corsini, A.; Kuhn, H.; Catapano, A.L. Upregulation of lectin-like oxidized low density lipoprotein receptor 1 (LOX-1) expression in human endothelial cells by modified high density lipoproteins. Biochem. Biophys. Res. Commun. 2012, 428, 230–233. [Google Scholar] [CrossRef]

	



Perez, L.; Vallejos, A.; Echeverria, C.; Varela, D.; Cabello-Verrugio, C.; Simon, F. OxHDL controls LOX-1 expression and plasma membrane localization through a mechanism dependent on NOX/ROS/NF-kappaB pathway on endothelial cells. Lab. Investig. 2019, 99, 421–437. [Google Scholar] [CrossRef]

	



Hazell, L.J.; Arnold, L.; Flowers, D.; Waeg, G.; Malle, E.; Stocker, R. Presence of hypochlorite-modified proteins in human atherosclerotic lesions. J. Clin. Investig. 1996, 97, 1535–1544. [Google Scholar] [CrossRef]

	



Marsche, G.; Levak-Frank, S.; Quehenberger, O.; Heller, R.; Sattler, W.; Malle, E. Identification of the human analog of SR-BI and LOX-1 as receptors for hypochlorite-modified high density lipoprotein on human umbilical venous endothelial cells. FASEB J. 2001, 15, 1095–1097. [Google Scholar] [CrossRef]

	



Sorci-Thomas, M.G.; Thomas, M.J. The effects of altered apolipoprotein A-I structure on plasma HDL concentration. Trends Cardiovasc. Med. 2002, 12, 121–128. [Google Scholar] [CrossRef]

	



Chroni, A.; Kardassis, D. HDL Dysfunction Caused by Mutations in apoA-I and Other Genes that are Critical for HDL Biogenesis and Remodeling. Curr. Med. Chem. 2019, 26, 1544–1575. [Google Scholar] [CrossRef]

	



Haase, C.L.; Frikke-Schmidt, R.; Nordestgaard, B.G.; Kateifides, A.K.; Kardassis, D.; Nielsen, L.B.; Andersen, C.B.; Kober, L.; Johnsen, A.H.; Grande, P.; et al. Mutation in APOA1 predicts increased risk of ischaemic heart disease and total mortality without low HDL cholesterol levels. J. Intern. Med. 2011, 270, 136–146. [Google Scholar] [CrossRef]

	



Gkolfinopoulou, C.; Soukou, F.; Dafnis, I.; Kellici, T.F.; Sanoudou, D.; Mavromoustakos, T.; Stratikos, E.; Chroni, A. Structure-function analysis of naturally occurring apolipoprotein A-I L144R, A164S and L178P mutants provides insight on their role on HDL levels and cardiovascular risk. Cell. Mol. Life Sci. 2021, 78, 1523–1544. [Google Scholar] [CrossRef]

	



Sawamura, T.; Kume, N.; Aoyama, T.; Moriwaki, H.; Hoshikawa, H.; Aiba, Y.; Tanaka, T.; Miwa, S.; Katsura, Y.; Kita, T.; et al. An endothelial receptor for oxidized low-density lipoprotein. Nature 1997, 386, 73–77. [Google Scholar] [CrossRef]

	



Kattoor, A.J.; Kanuri, S.H.; Mehta, J.L. Role of Ox-LDL and LOX-1 in Atherogenesis. Curr. Med. Chem. 2019, 26, 1693–1700. [Google Scholar] [CrossRef]

	



Pirillo, A.; Norata, G.D.; Catapano, A.L. LOX-1, OxLDL, and atherosclerosis. Mediat. Inflamm. 2013, 2013, 152786. [Google Scholar] [CrossRef]

	



Hofmann, A.; Brunssen, C.; Wolk, S.; Reeps, C.; Morawietz, H. Soluble LOX-1: A Novel Biomarker in Patients With Coronary Artery Disease, Stroke, and Acute Aortic Dissection? J. Am. Heart Assoc. 2020, 9, e013803. [Google Scholar] [CrossRef]

	



Kume, N.; Kita, T. Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) in atherogenesis. Trends Cardiovasc. Med. 2001, 11, 22–25. [Google Scholar] [CrossRef]

	



Mitra, S.; Goyal, T.; Mehta, J.L. Oxidized LDL, LOX-1 and atherosclerosis. Cardiovasc. Drugs Ther. 2011, 25, 419–429. [Google Scholar] [CrossRef]

	



Nagase, M.; Kaname, S.; Nagase, T.; Wang, G.; Ando, K.; Sawamura, T.; Fujita, T. Expression of LOX-1, an oxidized low-density lipoprotein receptor, in experimental hypertensive glomerulosclerosis. J. Am. Soc. Nephrol. 2000, 11, 1826–1836. [Google Scholar] [CrossRef]

	



Kataoka, K.; Hasegawa, K.; Sawamura, T.; Fujita, M.; Yanazume, T.; Iwai-Kanai, E.; Kawamura, T.; Hirai, T.; Kita, T.; Nohara, R. LOX-1 pathway affects the extent of myocardial ischemia-reperfusion injury. Biochem. Biophys. Res. Commun. 2003, 300, 656–660. [Google Scholar] [CrossRef]

	



Mehta, J.L.; Chen, J.; Hermonat, P.L.; Romeo, F.; Novelli, G. Lectin-like, oxidized low-density lipoprotein receptor-1 (LOX-1): A critical player in the development of atherosclerosis and related disorders. Cardiovasc. Res. 2006, 69, 36–45. [Google Scholar] [CrossRef]

	



Morawietz, H.; Duerrschmidt, N.; Niemann, B.; Galle, J.; Sawamura, T.; Holtz, J. Augmented endothelial uptake of oxidized low-density lipoprotein in response to endothelin-1. Clin. Sci. 2002, 103 (Suppl. S48), 9S–12S. [Google Scholar] [CrossRef]

	



Pothineni, N.V.K.; Karathanasis, S.K.; Ding, Z.; Arulandu, A.; Varughese, K.I.; Mehta, J.L. LOX-1 in Atherosclerosis and Myocardial Ischemia: Biology, Genetics, and Modulation. J. Am. Coll. Cardiol. 2017, 69, 2759–2768. [Google Scholar] [CrossRef]

	



Pyrpyris, N.; Dimitriadis, K.; Beneki, E.; Iliakis, P.; Soulaidopoulos, S.; Tsioufis, P.; Adamopoulou, E.; Kasiakogias, A.; Sakalidis, A.; Koutsopoulos, G.; et al. LOX-1 Receptor: A Diagnostic Tool and Therapeutic Target in Atherogenesis. Curr. Probl. Cardiol. 2024, 49, 102117. [Google Scholar] [CrossRef]

	



Yamanaka, S.; Zhang, X.Y.; Miura, K.; Kim, S.; Iwao, H. The human gene encoding the lectin-type oxidized LDL receptor (OLR1) is a novel member of the natural killer gene complex with a unique expression profile. Genomics 1998, 54, 191–199. [Google Scholar] [CrossRef]

	



Aoyama, T.; Sawamura, T.; Furutani, Y.; Matsuoka, R.; Yoshida, M.C.; Fujiwara, H.; Masaki, T. Structure and chromosomal assignment of the human lectin-like oxidized low-density-lipoprotein receptor-1 (LOX-1) gene. Biochem. J. 1999, 339 Pt 1, 177–184. [Google Scholar] [CrossRef]

	



Chen, M.; Inoue, K.; Narumiya, S.; Masaki, T.; Sawamura, T. Requirements of basic amino acid residues within the lectin-like domain of LOX-1 for the binding of oxidized low-density lipoprotein. FEBS Lett. 2001, 499, 215–219. [Google Scholar] [CrossRef]

	



Chen, Q.; Reis, S.E.; Kammerer, C.; Craig, W.Y.; LaPierre, S.E.; Zimmer, E.L.; McNamara, D.M.; Pauly, D.F.; Sharaf, B.; Holubkov, R.; et al. Genetic variation in lectin-like oxidized low-density lipoprotein receptor 1 (LOX1) gene and the risk of coronary artery disease. Circulation 2003, 107, 3146–3151. [Google Scholar] [CrossRef]

	



Novelli, G.; Borgiani, P.; Mango, R.; Romeo, F.; Mehta, J.L. OLR1 gene and coronary artery disease/acute myocardial infarction: Replication in an independently collected sample. Eur. J. Hum. Genet. 2006, 14, 894–895. [Google Scholar] [CrossRef]

	



Salehipour, P.; Rezagholizadeh, F.; Mahdiannasser, M.; Kazerani, R.; Modarressi, M.H. Association of OLR1 gene polymorphisms with the risk of coronary artery disease: A systematic review and meta-analysis. Heart Lung 2021, 50, 334–343. [Google Scholar] [CrossRef]

	



Lubrano, V.; Balzan, S.; Papa, A. LOX-1 variants modulate the severity of cardiovascular disease: State of the art and future directions. Mol. Cell. Biochem. 2023, 1–10. [Google Scholar] [CrossRef]

	



Rizzacasa, B.; Morini, E.; Pucci, S.; Murdocca, M.; Novelli, G.; Amati, F. LOX-1 and Its Splice Variants: A New Challenge for Atherosclerosis and Cancer-Targeted Therapies. Int. J. Mol. Sci. 2017, 18, 290. [Google Scholar] [CrossRef]

	



Chen, M.; Narumiya, S.; Masaki, T.; Sawamura, T. Conserved C-terminal residues within the lectin-like domain of LOX-1 are essential for oxidized low-density-lipoprotein binding. Biochem. J. 2001, 355, 289–296. [Google Scholar] [CrossRef]

	



Ohki, I.; Ishigaki, T.; Oyama, T.; Matsunaga, S.; Xie, Q.; Ohnishi-Kameyama, M.; Murata, T.; Tsuchiya, D.; Machida, S.; Morikawa, K.; et al. Crystal structure of human lectin-like, oxidized low-density lipoprotein receptor 1 ligand binding domain and its ligand recognition mode to OxLDL. Structure 2005, 13, 905–917. [Google Scholar] [CrossRef]

	



Biocca, S.; Filesi, I.; Mango, R.; Maggiore, L.; Baldini, F.; Vecchione, L.; Viola, A.; Citro, G.; Federici, G.; Romeo, F.; et al. The splice variant LOXIN inhibits LOX-1 receptor function through hetero-oligomerization. J. Mol. Cell. Cardiol. 2008, 44, 561–570. [Google Scholar] [CrossRef]

	



Park, H.; Adsit, F.G.; Boyington, J.C. The 1.4 angstrom crystal structure of the human oxidized low density lipoprotein receptor lox-1. J. Biol. Chem. 2005, 280, 13593–13599. [Google Scholar] [CrossRef] [PubMed]

	



Xie, Q.; Matsunaga, S.; Niimi, S.; Ogawa, S.; Tokuyasu, K.; Sakakibara, Y.; Machida, S. Human lectin-like oxidized low-density lipoprotein receptor-1 functions as a dimer in living cells. DNA Cell Biol. 2004, 23, 111–117. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.; Niimi, S.; Ohtani, T.; Machida, S. Characterization of residues and sequences of the carbohydrate recognition domain required for cell surface localization and ligand binding of human lectin-like oxidized LDL receptor. J. Cell Sci. 2001, 114, 1273–1282. [Google Scholar] [CrossRef] [PubMed]

	



Falconi, M.; Biocca, S.; Novelli, G.; Desideri, A. Molecular dynamics simulation of human LOX-1 provides an explanation for the lack of OxLDL binding to the Trp150Ala mutant. BMC Struct. Biol. 2007, 7, 73. [Google Scholar] [CrossRef] [PubMed]

	



Ishigaki, T.; Ohki, I.; Utsunomiya-Tate, N.; Tate, S.I. Chimeric structural stabilities in the coiled-coil structure of the NECK domain in human lectin-like oxidized low-density lipoprotein receptor 1 (LOX-1). J. Biochem. 2007, 141, 855–866. [Google Scholar] [CrossRef]

	



Biocca, S.; Arcangeli, T.; Tagliaferri, E.; Testa, B.; Vindigni, G.; Oteri, F.; Giorgi, A.; Iacovelli, F.; Novelli, G.; Desideri, A.; et al. Simulative and experimental investigation on the cleavage site that generates the soluble human LOX-1. Arch. Biochem. Biophys. 2013, 540, 9–18. [Google Scholar] [CrossRef]

	



Mitsuoka, H.; Kume, N.; Hayashida, K.; Inui-Hayashiada, A.; Aramaki, Y.; Toyohara, M.; Jinnai, T.; Nishi, E.; Kita, T. Interleukin 18 stimulates release of soluble lectin-like oxidized LDL receptor-1 (sLOX-1). Atherosclerosis 2009, 202, 176–182. [Google Scholar] [CrossRef] [PubMed]

	



Yoshimoto, R.; Fujita, Y.; Kakino, A.; Iwamoto, S.; Takaya, T.; Sawamura, T. The discovery of LOX-1, its ligands and clinical significance. Cardiovasc. Drugs Ther. 2011, 25, 379–391. [Google Scholar] [CrossRef]

	



Shiu, S.W.; Tan, K.C.; Wong, Y.; Leng, L.; Bucala, R. Glycoxidized LDL increases lectin-like oxidized low density lipoprotein receptor-1 in diabetes mellitus. Atherosclerosis 2009, 203, 522–527. [Google Scholar] [CrossRef]

	



Cheng, C.I.; Lee, Y.H.; Chen, P.H.; Lin, Y.C.; Chou, M.H.; Kao, Y.H. Free Fatty Acids Induce Autophagy and LOX-1 Upregulation in Cultured Aortic Vascular Smooth Muscle Cells. J. Cell. Biochem. 2017, 118, 1249–1261. [Google Scholar] [CrossRef]

	



Dunn, S.; Vohra, R.S.; Murphy, J.E.; Homer-Vanniasinkam, S.; Walker, J.H.; Ponnambalam, S. The lectin-like oxidized low-density-lipoprotein receptor: A pro-inflammatory factor in vascular disease. Biochem. J. 2008, 409, 349–355. [Google Scholar] [CrossRef] [PubMed]

	



Fujita, Y.; Kakino, A.; Nishimichi, N.; Yamaguchi, S.; Sato, Y.; Machida, S.; Cominacini, L.; Delneste, Y.; Matsuda, H.; Sawamura, T. Oxidized LDL receptor LOX-1 binds to C-reactive protein and mediates its vascular effects. Clin. Chem. 2009, 55, 285–294. [Google Scholar] [CrossRef]

	



Matsunaga, S.; Xie, Q.; Kumano, M.; Niimi, S.; Sekizawa, K.; Sakakibara, Y.; Komba, S.; Machida, S. Lectin-like oxidized low-density lipoprotein receptor (LOX-1) functions as an oligomer and oligomerization is dependent on receptor density. Exp. Cell Res. 2007, 313, 1203–1214. [Google Scholar] [CrossRef]

	



Mehta, J.L. Oxidized or native low-density lipoprotein cholesterol: Which is more important in atherogenesis? J. Am. Coll. Cardiol. 2006, 48, 980–982. [Google Scholar] [CrossRef]

	



Cominacini, L.; Pasini, A.F.; Garbin, U.; Davoli, A.; Tosetti, M.L.; Campagnola, M.; Rigoni, A.; Pastorino, A.M.; Lo Cascio, V.; Sawamura, T. Oxidized low density lipoprotein (ox-LDL) binding to ox-LDL receptor-1 in endothelial cells induces the activation of NF-kappaB through an increased production of intracellular reactive oxygen species. J. Biol. Chem. 2000, 275, 12633–12638. [Google Scholar] [CrossRef] [PubMed]

	



Cominacini, L.; Rigoni, A.; Pasini, A.F.; Garbin, U.; Davoli, A.; Campagnola, M.; Pastorino, A.M.; Lo Cascio, V.; Sawamura, T. The binding of oxidized low density lipoprotein (ox-LDL) to ox-LDL receptor-1 reduces the intracellular concentration of nitric oxide in endothelial cells through an increased production of superoxide. J. Biol. Chem. 2001, 276, 13750–13755. [Google Scholar] [CrossRef]

	



Cominacini, L.; Fratta Pasini, A.; Garbin, U.; Pastorino, A.; Rigoni, A.; Nava, C.; Davoli, A.; Lo Cascio, V.; Sawamura, T. The platelet-endothelium interaction mediated by lectin-like oxidized low-density lipoprotein receptor-1 reduces the intracellular concentration of nitric oxide in endothelial cells. J. Am. Coll. Cardiol. 2003, 41, 499–507. [Google Scholar] [CrossRef]

	



Huie, R.E.; Padmaja, S. The reaction of no with superoxide. Free Radic. Res. Commun. 1993, 18, 195–199. [Google Scholar] [CrossRef]

	



Dandapat, A.; Hu, C.; Sun, L.; Mehta, J.L. Small concentrations of oxLDL induce capillary tube formation from endothelial cells via LOX-1-dependent redox-sensitive pathway. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 2435–2442. [Google Scholar] [CrossRef]

	



Li, J.M.; Shah, A.M. Endothelial cell superoxide generation: Regulation and relevance for cardiovascular pathophysiology. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2004, 287, R1014–R1030. [Google Scholar] [CrossRef]

	



Mehta, J.L.; Chen, J.; Yu, F.; Li, D.Y. Aspirin inhibits ox-LDL-mediated LOX-1 expression and metalloproteinase-1 in human coronary endothelial cells. Cardiovasc. Res. 2004, 64, 243–249. [Google Scholar] [CrossRef]

	



Hu, C.; Dandapat, A.; Sun, L.; Chen, J.; Marwali, M.R.; Romeo, F.; Sawamura, T.; Mehta, J.L. LOX-1 deletion decreases collagen accumulation in atherosclerotic plaque in low-density lipoprotein receptor knockout mice fed a high-cholesterol diet. Cardiovasc. Res. 2008, 79, 287–293. [Google Scholar] [CrossRef]

	



Lu, J.; Mitra, S.; Wang, X.; Khaidakov, M.; Mehta, J.L. Oxidative stress and lectin-like ox-LDL-receptor LOX-1 in atherogenesis and tumorigenesis. Antioxid. Redox Signal 2011, 15, 2301–2333. [Google Scholar] [CrossRef]

	



Chistiakov, D.A.; Melnichenko, A.A.; Myasoedova, V.A.; Grechko, A.V.; Orekhov, A.N. Mechanisms of foam cell formation in atherosclerosis. J. Mol. Med. 2017, 95, 1153–1165. [Google Scholar] [CrossRef]

	



Xu, S.; Ogura, S.; Chen, J.; Little, P.J.; Moss, J.; Liu, P. LOX-1 in atherosclerosis: Biological functions and pharmacological modifiers. Cell. Mol. Life Sci. 2013, 70, 2859–2872. [Google Scholar] [CrossRef]

	



Kita, T.; Kume, N.; Minami, M.; Hayashida, K.; Murayama, T.; Sano, H.; Moriwaki, H.; Kataoka, H.; Nishi, E.; Horiuchi, H.; et al. Role of oxidized LDL in atherosclerosis. Ann. N. Y. Acad. Sci. 2001, 947, 199–205; discussion 205–206. [Google Scholar] [CrossRef]

	



Chen, X.P.; Xun, K.L.; Wu, Q.; Zhang, T.T.; Shi, J.S.; Du, G.H. Oxidized low density lipoprotein receptor-1 mediates oxidized low density lipoprotein-induced apoptosis in human umbilical vein endothelial cells: Role of reactive oxygen species. Vasc. Pharmacol. 2007, 47, 1–9. [Google Scholar] [CrossRef]

	



Tanigawa, H.; Miura, S.; Zhang, B.; Uehara, Y.; Matsuo, Y.; Fujino, M.; Sawamura, T.; Saku, K. Low-density lipoprotein oxidized to various degrees activates ERK1/2 through Lox-1. Atherosclerosis 2006, 188, 245–250. [Google Scholar] [CrossRef]

	



Li, D.; Mehta, J.L. Antisense to LOX-1 inhibits oxidized LDL-mediated upregulation of monocyte chemoattractant protein-1 and monocyte adhesion to human coronary artery endothelial cells. Circulation 2000, 101, 2889–2895. [Google Scholar] [CrossRef]

	



Zhou, J.; Abid, M.D.; Xiong, Y.; Chen, Q.; Chen, J. ox-LDL downregulates eNOS activity via LOX-1-mediated endoplasmic reticulum stress. Int. J. Mol. Med. 2013, 32, 1442–1450. [Google Scholar] [CrossRef]

	



Sugimoto, K.; Ishibashi, T.; Sawamura, T.; Inoue, N.; Kamioka, M.; Uekita, H.; Ohkawara, H.; Sakamoto, T.; Sakamoto, N.; Okamoto, Y.; et al. LOX-1-MT1-MMP axis is crucial for RhoA and Rac1 activation induced by oxidized low-density lipoprotein in endothelial cells. Cardiovasc. Res. 2009, 84, 127–136. [Google Scholar] [CrossRef]

	



Tanigawa, H.; Miura, S.; Matsuo, Y.; Fujino, M.; Sawamura, T.; Saku, K. Dominant-negative lox-1 blocks homodimerization of wild-type lox-1-induced cell proliferation through extracellular signal regulated kinase 1/2 activation. Hypertension 2006, 48, 294–300. [Google Scholar] [CrossRef] [PubMed]

	



Mattaliano, M.D.; Wooters, J.; Shih, H.H.; Paulsen, J.E. ROCK2 associates with lectin-like oxidized LDL receptor-1 and mediates oxidized LDL-induced IL-8 production. Am. J. Physiol. Cell Physiol. 2010, 298, C1180–C1187. [Google Scholar] [CrossRef] [PubMed]

	



Mattaliano, M.D.; Huard, C.; Cao, W.; Hill, A.A.; Zhong, W.; Martinez, R.V.; Harnish, D.C.; Paulsen, J.E.; Shih, H.H. LOX-1-dependent transcriptional regulation in response to oxidized LDL treatment of human aortic endothelial cells. Am. J. Physiol. Cell Physiol. 2009, 296, C1329–C1337. [Google Scholar] [CrossRef] [PubMed]

	



Chen, K.; Chen, J.; Liu, Y.; Xie, J.; Li, D.; Sawamura, T.; Hermonat, P.L.; Mehta, J.L. Adhesion molecule expression in fibroblasts: Alteration in fibroblast biology after transfection with LOX-1 plasmids. Hypertension 2005, 46, 622–627. [Google Scholar] [CrossRef]

	



Mehta, J.L.; Li, D.Y. Identification and autoregulation of receptor for OX-LDL in cultured human coronary artery endothelial cells. Biochem. Biophys. Res. Commun. 1998, 248, 511–514. [Google Scholar] [CrossRef] [PubMed]

	



Kore, R.A.; Bagchi, A.K.; Varughese, K.I.; Mehta, J.L. The structural basis of effective LOX-1 inhibition. Future Med. Chem. 2022, 14, 731–743. [Google Scholar] [CrossRef] [PubMed]

	



Tian, K.; Ogura, S.; Little, P.J.; Xu, S.W.; Sawamura, T. Targeting LOX-1 in atherosclerosis and vasculopathy: Current knowledge and future perspectives. Ann. N. Y. Acad. Sci. 2019, 1443, 34–53. [Google Scholar] [CrossRef] [PubMed]

	



Singh, L.; Sharma, S.; Xu, S.; Tewari, D.; Fang, J. Curcumin as a Natural Remedy for Atherosclerosis: A Pharmacological Review. Molecules 2021, 26, 4036. [Google Scholar] [CrossRef]

	



Panahi, Y.; Kianpour, P.; Mohtashami, R.; Jafari, R.; Simental-Mendia, L.E.; Sahebkar, A. Curcumin Lowers Serum Lipids and Uric Acid in Subjects With Nonalcoholic Fatty Liver Disease: A Randomized Controlled Trial. J. Cardiovasc. Pharmacol. 2016, 68, 223–229. [Google Scholar] [CrossRef]

	



DiSilvestro, R.A.; Joseph, E.; Zhao, S.; Bomser, J. Diverse effects of a low dose supplement of lipidated curcumin in healthy middle aged people. Nutr. J. 2012, 11, 79. [Google Scholar] [CrossRef]

	



Oliver, J.M.; Stoner, L.; Rowlands, D.S.; Caldwell, A.R.; Sanders, E.; Kreutzer, A.; Mitchell, J.B.; Purpura, M.; Jager, R. Novel Form of Curcumin Improves Endothelial Function in Young, Healthy Individuals: A Double-Blind Placebo Controlled Study. J. Nutr. Metab. 2016, 2016, 1089653. [Google Scholar] [CrossRef]

	



Ramaswami, G.; Chai, H.; Yao, Q.; Lin, P.H.; Lumsden, A.B.; Chen, C. Curcumin blocks homocysteine-induced endothelial dysfunction in porcine coronary arteries. J. Vasc. Surg. 2004, 40, 1216–1222. [Google Scholar] [CrossRef]

	



Lee, H.S.; Lee, M.J.; Kim, H.; Choi, S.K.; Kim, J.E.; Moon, H.I.; Park, W.H. Curcumin inhibits TNFalpha-induced lectin-like oxidised LDL receptor-1 (LOX-1) expression and suppresses the inflammatory response in human umbilical vein endothelial cells (HUVECs) by an antioxidant mechanism. J. Enzym. Inhib. Med. Chem. 2010, 25, 720–729. [Google Scholar] [CrossRef]

	



Xu, S.; Liu, Z.; Huang, Y.; Le, K.; Tang, F.; Huang, H.; Ogura, S.; Little, P.J.; Shen, X.; Liu, P. Tanshinone II-A inhibits oxidized LDL-induced LOX-1 expression in macrophages by reducing intracellular superoxide radical generation and NF-kappaB activation. Transl. Res. 2012, 160, 114–124. [Google Scholar] [CrossRef]

	



Wen, J.; Chang, Y.; Huo, S.; Li, W.; Huang, H.; Gao, Y.; Lin, H.; Zhang, J.; Zhang, Y.; Zuo, Y.; et al. Tanshinone IIA attenuates atherosclerosis via inhibiting NLRP3 inflammasome activation. Aging 2020, 13, 910–932. [Google Scholar] [CrossRef]

	



Iqbal, I.; Wilairatana, P.; Saqib, F.; Nasir, B.; Wahid, M.; Latif, M.F.; Iqbal, A.; Naz, R.; Mubarak, M.S. Plant Polyphenols and Their Potential Benefits on Cardiovascular Health: A Review. Molecules 2023, 28, 6403. [Google Scholar] [CrossRef]

	



Dyck, G.J.B.; Raj, P.; Zieroth, S.; Dyck, J.R.B.; Ezekowitz, J.A. The Effects of Resveratrol in Patients with Cardiovascular Disease and Heart Failure: A Narrative Review. Int. J. Mol. Sci. 2019, 20, 904. [Google Scholar] [CrossRef]

	



Guo, R.; Su, Y.; Liu, B.; Li, S.; Zhou, S.; Xu, Y. Resveratrol suppresses oxidised low-density lipoprotein-induced macrophage apoptosis through inhibition of intracellular reactive oxygen species generation, LOX-1, and the p38 MAPK pathway. Cell. Physiol. Biochem. 2014, 34, 603–616. [Google Scholar] [CrossRef]

	



Gliozzi, M.; Walker, R.; Muscoli, S.; Vitale, C.; Gratteri, S.; Carresi, C.; Musolino, V.; Russo, V.; Janda, E.; Ragusa, S.; et al. Bergamot polyphenolic fraction enhances rosuvastatin-induced effect on LDL-cholesterol, LOX-1 expression and protein kinase B phosphorylation in patients with hyperlipidemia. Int. J. Cardiol. 2013, 170, 140–145. [Google Scholar] [CrossRef]

	



Feng, Z.; Yang, X.; Zhang, L.; Ansari, I.A.; Khan, M.S.; Han, S.; Feng, Y. Ginkgolide B ameliorates oxidized low-density lipoprotein-induced endothelial dysfunction via modulating Lectin-like ox-LDL-receptor-1 and NADPH oxidase 4 expression and inflammatory cascades. Phytother. Res. 2018, 32, 2417–2427. [Google Scholar] [CrossRef]

	



Schnapp, G.; Neubauer, H.; Buttner, F.H.; Handschuh, S.; Lingard, I.; Heilker, R.; Klinder, K.; Prestle, J.; Walter, R.; Wolff, M.; et al. A small-molecule inhibitor of lectin-like oxidized LDL receptor-1 acts by stabilizing an inactive receptor tetramer state. Commun. Chem. 2020, 3, 75. [Google Scholar] [CrossRef]

	



Arkelius, K.; Wendt, T.S.; Andersson, H.; Arnou, A.; Gottschalk, M.; Gonzales, R.J.; Ansar, S. LOX-1 and MMP-9 Inhibition Attenuates the Detrimental Effects of Delayed rt-PA Therapy and Improves Outcomes After Acute Ischemic Stroke. Circ. Res. 2024, 134, 954–969. [Google Scholar] [CrossRef]

	



Matarazzo, S.; Quitadamo, M.C.; Mango, R.; Ciccone, S.; Novelli, G.; Biocca, S. Cholesterol-lowering drugs inhibit lectin-like oxidized low-density lipoprotein-1 receptor function by membrane raft disruption. Mol. Pharmacol. 2012, 82, 246–254. [Google Scholar] [CrossRef]

	



Biocca, S.; Iacovelli, F.; Matarazzo, S.; Vindigni, G.; Oteri, F.; Desideri, A.; Falconi, M. Molecular mechanism of statin-mediated LOX-1 inhibition. Cell Cycle 2015, 14, 1583–1595. [Google Scholar] [CrossRef]

	



Li, E.C.; Heran, B.S.; Wright, J.M. Angiotensin converting enzyme (ACE) inhibitors versus angiotensin receptor blockers for primary hypertension. Cochrane Database Syst. Rev. 2014, 2014, CD009096. [Google Scholar] [CrossRef]

	



Morawietz, H.; Rueckschloss, U.; Niemann, B.; Duerrschmidt, N.; Galle, J.; Hakim, K.; Zerkowski, H.R.; Sawamura, T.; Holtz, J. Angiotensin II induces LOX-1, the human endothelial receptor for oxidized low-density lipoprotein. Circulation 1999, 100, 899–902. [Google Scholar] [CrossRef]

	



Li, D.Y.; Zhang, Y.C.; Philips, M.I.; Sawamura, T.; Mehta, J.L. Upregulation of endothelial receptor for oxidized low-density lipoprotein (LOX-1) in cultured human coronary artery endothelial cells by angiotensin II type 1 receptor activation. Circ. Res. 1999, 84, 1043–1049. [Google Scholar] [CrossRef]

	



Kobayashi, N.; Honda, T.; Yoshida, K.; Nakano, S.; Ohno, T.; Tsubokou, Y.; Matsuoka, H. Critical role of bradykinin-eNOS and oxidative stress-LOX-1 pathway in cardiovascular remodeling under chronic angiotensin-converting enzyme inhibition. Atherosclerosis 2006, 187, 92–100. [Google Scholar] [CrossRef]

	



Li, D.; Williams, V.; Liu, L.; Chen, H.; Sawamura, T.; Antakli, T.; Mehta, J.L. LOX-1 inhibition in myocardial ischemia-reperfusion injury: Modulation of MMP-1 and inflammation. Am. J. Physiol. Heart Circ. Physiol. 2002, 283, H1795–H1801. [Google Scholar] [CrossRef]

	



Nakano, A.; Inoue, N.; Sato, Y.; Nishimichi, N.; Takikawa, K.; Fujita, Y.; Kakino, A.; Otsui, K.; Yamaguchi, S.; Matsuda, H.; et al. LOX-1 mediates vascular lipid retention under hypertensive state. J. Hypertens. 2010, 28, 1273–1280. [Google Scholar] [CrossRef]

	



Xu, X.; Gao, X.; Potter, B.J.; Cao, J.M.; Zhang, C. Anti-LOX-1 rescues endothelial function in coronary arterioles in atherosclerotic ApoE knockout mice. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 871–877. [Google Scholar] [CrossRef]

	



de Brito, E.C.D.; Frederico, A.B.T.; Azamor, T.; Melgaco, J.G.; da Costa Neves, P.C.; Bom, A.; Tilli, T.M.; Missailidis, S. Biotechnological Evolution of siRNA Molecules: From Bench Tool to the Refined Drug. Pharmaceuticals 2022, 15, 575. [Google Scholar] [CrossRef]

	



Di Serio, F.; Schob, H.; Iglesias, A.; Tarina, C.; Bouldoires, E.; Meins, F., Jr. Sense- and antisense-mediated gene silencing in tobacco is inhibited by the same viral suppressors and is associated with accumulation of small RNAs. Proc. Natl. Acad. Sci. USA 2001, 98, 6506–6510. [Google Scholar] [CrossRef]

	



Li, D.; Mehta, J.L. Upregulation of endothelial receptor for oxidized LDL (LOX-1) by oxidized LDL and implications in apoptosis of human coronary artery endothelial cells: Evidence from use of antisense LOX-1 mRNA and chemical inhibitors. Arterioscler. Thromb. Vasc. Biol. 2000, 20, 1116–1122. [Google Scholar] [CrossRef]

	



Ding, Z.; Liu, S.; Wang, X.; Dai, Y.; Khaidakov, M.; Deng, X.; Fan, Y.; Xiang, D.; Mehta, J.L. LOX-1, mtDNA damage, and NLRP3 inflammasome activation in macrophages: Implications in atherogenesis. Cardiovasc. Res. 2014, 103, 619–628. [Google Scholar] [CrossRef]

	



Ishino, S.; Mukai, T.; Kume, N.; Asano, D.; Ogawa, M.; Kuge, Y.; Minami, M.; Kita, T.; Shiomi, M.; Saji, H. Lectin-like oxidized LDL receptor-1 (LOX-1) expression is associated with atherosclerotic plaque instability—Analysis in hypercholesterolemic rabbits. Atherosclerosis 2007, 195, 48–56. [Google Scholar] [CrossRef]

	



Yang, H.Y.; Bian, Y.F.; Zhang, H.P.; Gao, F.; Xiao, C.S.; Liang, B.; Li, J.; Zhang, N.N.; Yang, Z.M. LOX-1 is implicated in oxidized low-density lipoprotein-induced oxidative stress of macrophages in atherosclerosis. Mol. Med. Rep. 2015, 12, 5335–5341. [Google Scholar] [CrossRef]

	



Feinberg, M.W.; Moore, K.J. MicroRNA Regulation of Atherosclerosis. Circ. Res. 2016, 118, 703–720. [Google Scholar] [CrossRef]

	



Friedman, R.C.; Farh, K.K.; Burge, C.B.; Bartel, D.P. Most mammalian mRNAs are conserved targets of microRNAs. Genome Res. 2009, 19, 92–105. [Google Scholar] [CrossRef]

	



Soh, J.; Iqbal, J.; Queiroz, J.; Fernandez-Hernando, C.; Hussain, M.M. MicroRNA-30c reduces hyperlipidemia and atherosclerosis in mice by decreasing lipid synthesis and lipoprotein secretion. Nat. Med. 2013, 19, 892–900. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.; Thavarajah, T.; Gu, W.; Cai, J.; Xu, Q. Impact of miRNA in Atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2018, 38, e159–e170. [Google Scholar] [CrossRef] [PubMed]

	



Esau, C.; Davis, S.; Murray, S.F.; Yu, X.X.; Pandey, S.K.; Pear, M.; Watts, L.; Booten, S.L.; Graham, M.; McKay, R.; et al. miR-122 regulation of lipid metabolism revealed by in vivo antisense targeting. Cell Metab. 2006, 3, 87–98. [Google Scholar] [CrossRef] [PubMed]

	



Vickers, K.C.; Landstreet, S.R.; Levin, M.G.; Shoucri, B.M.; Toth, C.L.; Taylor, R.C.; Palmisano, B.T.; Tabet, F.; Cui, H.L.; Rye, K.A.; et al. MicroRNA-223 coordinates cholesterol homeostasis. Proc. Natl. Acad. Sci. USA 2014, 111, 14518–14523. [Google Scholar] [CrossRef] [PubMed]

	



Wagschal, A.; Najafi-Shoushtari, S.H.; Wang, L.; Goedeke, L.; Sinha, S.; deLemos, A.S.; Black, J.C.; Ramirez, C.M.; Li, Y.; Tewhey, R.; et al. Genome-wide identification of microRNAs regulating cholesterol and triglyceride homeostasis. Nat. Med. 2015, 21, 1290–1297. [Google Scholar] [CrossRef]

	



Zhang, M.; Wu, J.F.; Chen, W.J.; Tang, S.L.; Mo, Z.C.; Tang, Y.Y.; Li, Y.; Wang, J.L.; Liu, X.Y.; Peng, J.; et al. MicroRNA-27a/b regulates cellular cholesterol efflux, influx and esterification/hydrolysis in THP-1 macrophages. Atherosclerosis 2014, 234, 54–64. [Google Scholar] [CrossRef]

	



Chen, K.C.; Hsieh, I.C.; Hsi, E.; Wang, Y.S.; Dai, C.Y.; Chou, W.W.; Juo, S.H. Negative feedback regulation between microRNA let-7g and the oxLDL receptor LOX-1. J. Cell Sci. 2011, 124, 4115–4124. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.F.; Zhu, T.T.; Xiong, Y.W.; Xiong, A.Z.; Ge, X.Y.; Hu, C.P.; Zhang, Z. Negative feedback regulation between microRNA let-7g and LOX-1 mediated hypoxia-induced PASMCs proliferation. Biochem. Biophys. Res. Commun. 2017, 488, 655–663. [Google Scholar] [CrossRef]

	



Liu, M.; Tao, G.; Liu, Q.; Liu, K.; Yang, X. MicroRNA let-7g alleviates atherosclerosis via the targeting of LOX-1 in vitro and in vivo. Int. J. Mol. Med. 2017, 40, 57–64. [Google Scholar] [CrossRef]

	



Dai, Y.; Wu, X.; Dai, D.; Li, J.; Mehta, J.L. MicroRNA-98 regulates foam cell formation and lipid accumulation through repression of LOX-1. Redox Biol. 2018, 16, 255–262. [Google Scholar] [CrossRef]

	



Chen, Z.; Wang, M.; He, Q.; Li, Z.; Zhao, Y.; Wang, W.; Ma, J.; Li, Y.; Chang, G. MicroRNA-98 rescues proliferation and alleviates ox-LDL-induced apoptosis in HUVECs by targeting LOX-1. Exp. Ther. Med. 2017, 13, 1702–1710. [Google Scholar] [CrossRef]

	



Dai, Y.; Zhang, Z.; Cao, Y.; Mehta, J.L.; Li, J. MiR-590-5p Inhibits Oxidized- LDL Induced Angiogenesis by Targeting LOX-1. Sci. Rep. 2016, 6, 22607. [Google Scholar] [CrossRef]

	



Yu, D.R.; Wang, T.; Huang, J.; Fang, X.Y.; Fan, H.F.; Yi, G.H.; Liu, Q.; Zhang, Y.; Zeng, X.Z.; Liu, Q.B. MicroRNA-9 overexpression suppresses vulnerable atherosclerotic plaque and enhances vascular remodeling through negative regulation of the p38MAPK pathway via OLR1 in acute coronary syndrome. J. Cell. Biochem. 2020, 121, 49–62. [Google Scholar] [CrossRef]

	



Mehta, J.L.; Sanada, N.; Hu, C.P.; Chen, J.; Dandapat, A.; Sugawara, F.; Satoh, H.; Inoue, K.; Kawase, Y.; Jishage, K.; et al. Deletion of LOX-1 reduces atherogenesis in LDLR knockout mice fed high cholesterol diet. Circ. Res. 2007, 100, 1634–1642. [Google Scholar] [CrossRef]

	



Ding, Z.; Mizeracki, A.M.; Hu, C.; Mehta, J.L. LOX-1 deletion and macrophage trafficking in atherosclerosis. Biochem. Biophys. Res. Commun. 2013, 440, 210–214. [Google Scholar] [CrossRef]

	



Akhmedov, A.; Rozenberg, I.; Paneni, F.; Camici, G.G.; Shi, Y.; Doerries, C.; Sledzinska, A.; Mocharla, P.; Breitenstein, A.; Lohmann, C.; et al. Endothelial overexpression of LOX-1 increases plaque formation and promotes atherosclerosis in vivo. Eur. Heart J. 2014, 35, 2839–2848. [Google Scholar] [CrossRef]

	



Kataoka, H.; Kume, N.; Miyamoto, S.; Minami, M.; Moriwaki, H.; Murase, T.; Sawamura, T.; Masaki, T.; Hashimoto, N.; Kita, T. Expression of lectinlike oxidized low-density lipoprotein receptor-1 in human atherosclerotic lesions. Circulation 1999, 99, 3110–3117. [Google Scholar] [CrossRef]

	



Lu, J.; Wang, X.; Wang, W.; Muniyappa, H.; Hu, C.; Mitra, S.; Long, B.; Das, K.; Mehta, J.L. LOX-1 abrogation reduces cardiac hypertrophy and collagen accumulation following chronic ischemia in the mouse. Gene Ther. 2012, 19, 522–531. [Google Scholar] [CrossRef]

	



Hu, C.; Chen, J.; Dandapat, A.; Fujita, Y.; Inoue, N.; Kawase, Y.; Jishage, K.; Suzuki, H.; Li, D.; Hermonat, P.L.; et al. LOX-1 abrogation reduces myocardial ischemia-reperfusion injury in mice. J. Mol. Cell. Cardiol. 2008, 44, 76–83. [Google Scholar] [CrossRef]

	



Peluso, I.; Morabito, G.; Urban, L.; Ioannone, F.; Serafini, M. Oxidative stress in atherosclerosis development: The central role of LDL and oxidative burst. Endocr. Metab. Immune Disord. Drug Targets 2012, 12, 351–360. [Google Scholar] [CrossRef]

	



Akhmedov, A.; Sawamura, T.; Chen, C.H.; Kraler, S.; Vdovenko, D.; Luscher, T.F. Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1): A crucial driver of atherosclerotic cardiovascular disease. Eur. Heart J. 2021, 42, 1797–1807. [Google Scholar] [CrossRef]

	



Jin, P.; Cong, S. LOX-1 and atherosclerotic-related diseases. Clin. Chim. Acta 2019, 491, 24–29. [Google Scholar] [CrossRef]

	



Lubrano, V.; Balzan, S. LOX-1 and ROS, inseparable factors in the process of endothelial damage. Free Radic. Res. 2014, 48, 841–848. [Google Scholar] [CrossRef]

	



Libby, P. Inflammation in atherosclerosis. Nature 2002, 420, 868–874. [Google Scholar] [CrossRef]

	



Hofmann, A.; Brunssen, C.; Morawietz, H. Contribution of lectin-like oxidized low-density lipoprotein receptor-1 and LOX-1 modulating compounds to vascular diseases. Vasc. Pharmacol. 2018, 107, 1–11. [Google Scholar] [CrossRef]

	



Singh, S.; Gautam, A.S. Upregulated LOX-1 Receptor: Key Player of the Pathogenesis of Atherosclerosis. Curr. Atheroscler. Rep. 2019, 21, 38. [Google Scholar] [CrossRef]

	



Li, D.; Chen, H.; Romeo, F.; Sawamura, T.; Saldeen, T.; Mehta, J.L. Statins modulate oxidized low-density lipoprotein-mediated adhesion molecule expression in human coronary artery endothelial cells: Role of LOX-1. J. Pharmacol. Exp. Ther. 2002, 302, 601–605. [Google Scholar] [CrossRef]

	



Lievens, D.; Eijgelaar, W.J.; Biessen, E.A.; Daemen, M.J.; Lutgens, E. The multi-functionality of CD40L and its receptor CD40 in atherosclerosis. Thromb. Haemost. 2009, 102, 206–214. [Google Scholar] [CrossRef]

	



Salvayre, R.; Auge, N.; Benoist, H.; Negre-Salvayre, A. Oxidized low-density lipoprotein-induced apoptosis. Biochim. Biophys. Acta 2002, 1585, 213–221. [Google Scholar] [CrossRef]

	



Chen, J.; Mehta, J.L.; Haider, N.; Zhang, X.; Narula, J.; Li, D. Role of caspases in Ox-LDL-induced apoptotic cascade in human coronary artery endothelial cells. Circ. Res. 2004, 94, 370–376. [Google Scholar] [CrossRef]

	



Imanishi, T.; Hano, T.; Sawamura, T.; Nishio, I. Oxidized low-density lipoprotein induces endothelial progenitor cell senescence, leading to cellular dysfunction. Clin. Exp. Pharmacol. Physiol. 2004, 31, 407–413. [Google Scholar] [CrossRef]

	



Sun, Y.; Chen, X. Ox-LDL-induced LOX-1 expression in vascular smooth muscle cells: Role of reactive oxygen species. Fundam. Clin. Pharmacol. 2011, 25, 572–579. [Google Scholar] [CrossRef]

	



Limor, R.; Kaplan, M.; Sawamura, T.; Sharon, O.; Keidar, S.; Weisinger, G.; Knoll, E.; Naidich, M.; Stern, N. Angiotensin II increases the expression of lectin-like oxidized low-density lipoprotein receptor-1 in human vascular smooth muscle cells via a lipoxygenase-dependent pathway. Am. J. Hypertens. 2005, 18, 299–307. [Google Scholar] [CrossRef]

	



Kataoka, H.; Kume, N.; Miyamoto, S.; Minami, M.; Morimoto, M.; Hayashida, K.; Hashimoto, N.; Kita, T. Oxidized LDL modulates Bax/Bcl-2 through the lectinlike Ox-LDL receptor-1 in vascular smooth muscle cells. Arterioscler. Thromb. Vasc. Biol. 2001, 21, 955–960. [Google Scholar] [CrossRef]

	



Aoyama, T.; Chen, M.; Fujiwara, H.; Masaki, T.; Sawamura, T. LOX-1 mediates lysophosphatidylcholine-induced oxidized LDL uptake in smooth muscle cells. FEBS Lett. 2000, 467, 217–220. [Google Scholar] [CrossRef]

	



Yu, J.; Li, Y.; Li, M.; Qu, Z.; Ruan, Q. Oxidized low density lipoprotein-induced transdifferentiation of bone marrow-derived smooth muscle-like cells into foam-like cells in vitro. Int. J. Exp. Pathol. 2010, 91, 24–33. [Google Scholar] [CrossRef]

	



Yoshida, H.; Kondratenko, N.; Green, S.; Steinberg, D.; Quehenberger, O. Identification of the lectin-like receptor for oxidized low-density lipoprotein in human macrophages and its potential role as a scavenger receptor. Biochem. J. 1998, 334 Pt 1, 9–13. [Google Scholar] [CrossRef]

	



Schaeffer, D.F.; Riazy, M.; Parhar, K.S.; Chen, J.H.; Duronio, V.; Sawamura, T.; Steinbrecher, U.P. LOX-1 augments oxLDL uptake by lysoPC-stimulated murine macrophages but is not required for oxLDL clearance from plasma. J. Lipid Res. 2009, 50, 1676–1684. [Google Scholar] [CrossRef]

	



Chen, M.; Kakutani, M.; Naruko, T.; Ueda, M.; Narumiya, S.; Masaki, T.; Sawamura, T. Activation-dependent surface expression of LOX-1 in human platelets. Biochem. Biophys. Res. Commun. 2001, 282, 153–158. [Google Scholar] [CrossRef]

	



Daub, K.; Seizer, P.; Stellos, K.; Kramer, B.F.; Bigalke, B.; Schaller, M.; Fateh-Moghadam, S.; Gawaz, M.; Lindemann, S. Oxidized LDL-activated platelets induce vascular inflammation. Semin. Thromb. Hemost. 2010, 36, 146–156. [Google Scholar] [CrossRef]

	



Chen, L.Y.; Mehta, P.; Mehta, J.L. Oxidized LDL decreases L-arginine uptake and nitric oxide synthase protein expression in human platelets: Relevance of the effect of oxidized LDL on platelet function. Circulation 1996, 93, 1740–1746. [Google Scholar] [CrossRef]

	



Kakutani, M.; Masaki, T.; Sawamura, T. A platelet-endothelium interaction mediated by lectin-like oxidized low-density lipoprotein receptor-1. Proc. Natl. Acad. Sci. USA 2000, 97, 360–364. [Google Scholar] [CrossRef]

	



Gasecka, A.; Rogula, S.; Szarpak, L.; Filipiak, K.J. LDL-Cholesterol and Platelets: Insights into Their Interactions in Atherosclerosis. Life 2021, 11, 39. [Google Scholar] [CrossRef]

	



Yang, X.; Hou, D.; Liu, J.; Wang, T.; Luo, Y.; Sun, W.; Li, C.; Shen, L.; Liu, W.; Wu, D. Soluble Lectin-Like Oxidized Low-Density Lipoprotein Receptor-1 Level is Related to Clinical Prognosis in Patients with Acute Atherosclerosis-related Ischemic Stroke. Clin. Appl. Thromb./Hemost. 2021, 27, 10760296211059500. [Google Scholar] [CrossRef]

	



De Siqueira, J.; Abdul Zani, I.; Russell, D.A.; Wheatcroft, S.B.; Ponnambalam, S.; Homer-Vanniasinkam, S. Clinical and Preclinical Use of LOX-1-Specific Antibodies in Diagnostics and Therapeutics. J. Cardiovasc. Transl. Res. 2015, 8, 458–465. [Google Scholar] [CrossRef]

	



Pirillo, A.; Catapano, A.L. Soluble lectin-like oxidized low density lipoprotein receptor-1 as a biochemical marker for atherosclerosis-related diseases. Dis. Markers 2013, 35, 413–418. [Google Scholar] [CrossRef]

	



Kume, N.; Mitsuoka, H.; Hayashida, K.; Tanaka, M.; Kominami, G.; Kita, T. Soluble lectin-like oxidized LDL receptor-1 (sLOX-1) as a sensitive and specific biomarker for acute coronary syndrome--comparison with other biomarkers. J. Cardiol. 2010, 56, 159–165. [Google Scholar] [CrossRef]

	



Sposito, A.C. Soluble LOX-1 levels during acute coronary syndrome: A potent and multifaceted warning sign for cardiovascular risk. Eur. Heart J. 2022, 43, 1861–1863. [Google Scholar] [CrossRef]

	



Kraler, S.; Wenzl, F.A.; Georgiopoulos, G.; Obeid, S.; Liberale, L.; von Eckardstein, A.; Muller, O.; Mach, F.; Raber, L.; Losdat, S.; et al. Soluble lectin-like oxidized low-density lipoprotein receptor-1 predicts premature death in acute coronary syndromes. Eur. Heart J. 2022, 43, 1849–1860. [Google Scholar] [CrossRef]

	



Vergallo, R.; Crea, F. Atherosclerotic Plaque Healing. N. Engl. J. Med. 2020, 383, 846–857. [Google Scholar] [CrossRef]

	



Civelek, S.; Kutnu, M.; Uzun, H.; Erdenen, F.; Altunoglu, E.; Andican, G.; Seven, A.; Sahin, A.O.; Burcak, G. Soluble Lectin-Like Oxidized LDL Receptor 1 as a Possible Mediator of Endothelial Dysfunction in Patients With Metabolic Syndrome. J. Clin. Lab. Anal. 2015, 29, 184–190. [Google Scholar] [CrossRef]

	



Li, B.; Zhang, L.H.; Yang, X.G.; Liu, X.T.; Ren, Y.G. Serum sLOX-1 levels are associated with the presence and severity of angiographic coronary artery disease in patients with metabolic syndrome. Clin. Investig. Med. 2010, 33, E398–E404. [Google Scholar] [CrossRef]

	



Chen, H.; Li, D.; Sawamura, T.; Inoue, K.; Mehta, J.L. Upregulation of LOX-1 expression in aorta of hypercholesterolemic rabbits: Modulation by losartan. Biochem. Biophys. Res. Commun. 2000, 276, 1100–1104. [Google Scholar] [CrossRef]

	



Hu, C.; Dandapat, A.; Sun, L.; Marwali, M.R.; Inoue, N.; Sugawara, F.; Inoue, K.; Kawase, Y.; Jishage, K.; Suzuki, H.; et al. Modulation of angiotensin II-mediated hypertension and cardiac remodeling by lectin-like oxidized low-density lipoprotein receptor-1 deletion. Hypertension 2008, 52, 556–562. [Google Scholar] [CrossRef]

	



Khan, M.A.; Mohammad, I.; Banerjee, S.; Tomar, A.; Varughese, K.I.; Mehta, J.L.; Chandele, A.; Arockiasamy, A. Oxidized LDL receptors: A recent update. Curr. Opin. Lipidol. 2023, 34, 147–155. [Google Scholar] [CrossRef]

	



Sheikh, M.S.A. Plasma soluble lectin-like oxidized low-density lipoprotein receptor-1 acts as a new biomarker for NSTEMI and STEMI patients. Afr. Health Sci. 2022, 22, 349–358. [Google Scholar] [CrossRef]

	



Sheikh, M.S.A. Circulatory soluble LOX-1 is a novel predictor for coronary artery disease patients. Cardiovasc. J. Afr. 2023, 34, 104–108. [Google Scholar] [CrossRef]

	



Barreto, J.; Karathanasis, S.K.; Remaley, A.; Sposito, A.C. Role of LOX-1 (Lectin-Like Oxidized Low-Density Lipoprotein Receptor 1) as a Cardiovascular Risk Predictor: Mechanistic Insight and Potential Clinical Use. Arterioscler. Thromb. Vasc. Biol. 2021, 41, 153–166. [Google Scholar] [CrossRef]

	



Vavere, A.L.; Sinsakul, M.; Ongstad, E.L.; Yang, Y.; Varma, V.; Jones, C.; Goodman, J.; Dubois, V.F.S.; Quartino, A.L.; Karathanasis, S.K.; et al. Lectin-Like Oxidized Low-Density Lipoprotein Receptor 1 Inhibition in Type 2 Diabetes: Phase 1 Results. J. Am. Heart Assoc. 2023, 12, e027540. [Google Scholar] [CrossRef]

	



Brinkley, T.E.; Kume, N.; Mitsuoka, H.; Phares, D.A.; Hagberg, J.M. Elevated soluble lectin-like oxidized LDL receptor-1 (sLOX-1) levels in obese postmenopausal women. Obesity 2008, 16, 1454–1456. [Google Scholar] [CrossRef]

	



Nomata, Y.; Kume, N.; Sasai, H.; Katayama, Y.; Nakata, Y.; Okura, T.; Tanaka, K. Weight reduction can decrease circulating soluble lectin-like oxidized low-density lipoprotein receptor-1 levels in overweight middle-aged men. Metabolism 2009, 58, 1209–1214. [Google Scholar] [CrossRef] [PubMed]

	



Wakabayashi, I.; Shimomura, T.; Nakanishi, M.; Uchida, K. Elevation of circulating LOX-1 ligand levels in Zucker obese and diabetic rats. Obes. Res. Clin. Pract. 2015, 9, 26–30. [Google Scholar] [CrossRef]








[image: Antioxidants 13 00583 g001] 





Figure 1. LOX-1 regulation, intracellular ROS production, and downstream effects. LOX-1 binds to circulating ox-LDLs or other ligands, such as Angiotensin II and Endothelin-1. This process activates NADPH oxidase, which causes the production of intracellular ROS, triggering different cascades, including p38-MAPK, ERK1-2, and AKT. The activation of these molecular pathways causes the induction of redox-sensitive transcription factors like NF-kB, leading to monocyte adhesion, phagocytosis, apoptosis, and endothelial dysfunction. In the circulation, released ROS can oxidize circulating LDL, resulting in the formation of ox-LDL, which can then bind and activate LOX-1, thereby increasing the intensity of this vicious cycle. Abbreviations: ox-LDL, oxidized LDL; LOX-1, lectin-like oxidized low-density lipoprotein receptor-1; ROS, reactive oxygen species; ICAM, intracellular adhesion molecule; VCAM, vascular cell adhesion molecule; NO, nitric oxide. 
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Figure 2. Generation of the soluble form of LOX-1 (sLOX-1) from the LOX-1 in the cell membrane. Various stimuli, including ox-LDLs, C-reactive protein (CRP), tumor necrosis factor (TNF)α, and interleukins such as IL-8 and IL-18 by the activation of matrix-degrading enzymes ADAMs and metalloproteinases (MMPs), induce the shedding of LOX-1 bound to the cellular membrane. sLOX-1 form is released into the bloodstream. 






Figure 2. Generation of the soluble form of LOX-1 (sLOX-1) from the LOX-1 in the cell membrane. Various stimuli, including ox-LDLs, C-reactive protein (CRP), tumor necrosis factor (TNF)α, and interleukins such as IL-8 and IL-18 by the activation of matrix-degrading enzymes ADAMs and metalloproteinases (MMPs), induce the shedding of LOX-1 bound to the cellular membrane. sLOX-1 form is released into the bloodstream.



[image: Antioxidants 13 00583 g002]







[image: Antioxidants 13 00583 g003] 





Figure 3. Schematic representation of the proatherogenic effects induced by the activation of LOX-1. Ox-LDL-mediated activation of the LOX-1 receptor induces endothelial dysfunction, promotes the recruitment of circulating monocytes, and activates SMCs and macrophage transformation in foam cells. The activation of platelets determines the onset of prothrombotic pathways, activating the procoagulant response and promoting thrombus stabilization. Comprehensively, these effects lead to the progression of atherosclerosis and promote the destabilization of the atherosclerotic plaque. 
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Table 1. LOX-1 inhibitors and their role in cardiovascular diseases.






Table 1. LOX-1 inhibitors and their role in cardiovascular diseases.











	Compound
	Nature of Compound
	Role in Cardiovascular Diseases
	Reference





	Curcumin
	Natural polyphenol
	
	
Ameliorates dyslipidemia



	
Increases NO levels



	
Improves endothelial function



	
Reduces PPAR-γ and CD36 expression in macrophages



	
Increases cholesterol efflux through ABCA1



	
Blocks superoxide production



	
Reduces LOX-1 expression





	Singh, L. et al. [149]

Panahi, Y. et al. [150]

DiSilvestro, R.A. et al. [151]

Oliver, J.M. et al. [152]

Ramaswami, G. et al. [153]

Lee, H.S. et al. [154]



	Tanshinone II-A
	Natural diterpenoid naphthoquinone
	
	
Inhibits LOX-1 expression in murine macrophages and atherosclerotic lesions





	Xu, S. et al. [155]



	Resveratrol
	Natural compound
	
	
Lowers blood pressure



	
Improves endothelial function



	
Increases NO levels



	
Inhibits platelet aggregation



	
Reduces the synthesis of inflammatory prostaglandins



	
Suppresses LOX-1 expression





	Iqbal, I. et al. [157]

Dyck, G.J.B. et al. [158]

Guo, R. et al. [159]



	Bergamot-derived polyphenolic fraction
	Natural polyphenol
	
	
Decreases LOX-1 expression in polymorphonuclear leukocytes of hyperlipidemic patients



	
In combination with rosuvastatin enhances its antioxidant activity, normalizes the serum lipemic profile of hyperlipidemic patients, and increases the expression and phosphorylation of protein kinase B



	
Vasop