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Atherogenesis, the formation of atherosclerotic plaques, is a complex process that involves several mechanisms, including endothelial dysfunction, neovascularization, vascular proliferation, apoptosis, matrix degradation, inflammation, and thrombosis. The pathogenesis and progression of atherosclerosis are explained differently by different scholars. One of the most common theories is the destruction of well-balanced homeostatic mechanisms, which incurs the oxidative stress. And oxidative stress is widely regarded as the redox status realized when an imbalance exists between antioxidant capability and activity species including reactive oxygen (ROS), nitrogen (RNS) and halogen species, non-radical as well as free radical species. This occurrence results in cell injury due to direct oxidation of cellular protein, lipid, and DNA or via cell death signaling pathways responsible for accelerating atherogenesis. This paper discusses inflammation, mitochondria, autophagy, apoptosis, and epigenetics as they induce oxidative stress in atherosclerosis, as well as various treatments for antioxidative stress that may prevent atherosclerosis.

Keywords: oxidative stress, atherosclerosis, inflammation, apoptosis, mitochondria, autophagy, epigenetics, therapies

INTRODUCTION

Atherosclerosis, the formation of atherosclerotic plaques, remains a major reason of the morbidity and mortality in both developed and developing nations (Townsend et al., 2015). The World Health Organization redounds an estimated 16.7 million deaths to the atherosclerotic cardiovascular disease (Association, 2007; Leopold and Loscalzo, 2008). Atherosclerotic plaque rupture is a usual reason of the cardiovascular diseases, as stroke and myocardial infarction (Grootaert et al., 2015). Atherogenesis is a complicated course that concerns some mechanisms including endothelial dysfunction, neovascularization, vascular proliferation, apoptosis, matrix degradation, oxidative stress, inflammation, and thrombosis (Hansson, 2005). The pathophysiological mechanisms of atherosclerosis have yet to be illuminated, though most hypotheses about its pathogenesis and progression concern the disruption of normal homeostatic mechanisms incurring oxidative stress.

Studies have shown that oxidative stress is a pivotal feature of the atherogenesis (Witztum and Berliner, 1998). It is widely defined as the redox status realized when an imbalance exists between antioxidant capability and activity species including reactive oxygen (ROS), nitrogen (RNS) and halogen species, non-radical as well as free radical species (Leopold and Loscalzo, 2009). These conditions cause cell injury by directly oxidizing cellular protein, lipid, and DNA or via cell death signaling pathways (Leopold and Loscalzo, 2009; Sinha et al., 2013). In the cell, ambient levels of certain ROS are used as signaling molecules to sustain fundamental cellulate functions. In comparison, reactivity oxidants and free radicals are produced in absence of the physiological stimulus, and then small molecule antioxidants are depleted or antioxidase systems are being overwhelmed (Leopold and Loscalzo, 2009). It triggers a net increase in the oxidative stress and biologically activated ROS. It not only plays a important part in pathology of the cardiovascular diseases, but also has physiological functions that may adjust cardiomyocytes (Santos et al., 2011). Atherosclerosis is considered as a complex process featured by the positive involvement of immune systems (Galkina and Ley, 2007; Weber et al., 2008; Libby et al., 2013). This study focuses on the method by which inflammation, mitochondria, autophagy, apoptosis, and epigenetics induce oxidative stress to accelerate atherosclerotic lesion formation. Several drug-based treatments for antioxidative stress are also discussed below.

REACTIVE OXYGEN SPECIES (ROS)–PRODUCING SYSTEMS IN ATHEROSCLEROSIS

ROS at medium concentrations play important signaling roles under various physiological conditions (Li et al., 2014; Förstermann et al., 2017). Excessive ROS production outpacing the usable antioxidant systems results in oxidant stress (Li et al., 2014). Several primary ROS-producing systems are present in blood vessel wall embracing xanthine oxidase (XO), uncoupled endothelial nitric oxide synthase (eNOS), enzymes of the mitochondrial respiratory chain, and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOXs) (Brandes and Kreuzer, 2004; Förstermann, 2008, 2010; Li et al., 2014; Xia et al., 2017). These oxidases, composing of two membrane-combined subunits and several cytoplasmic modulatory subunits, are multisubunit enzyme compoundes which produce superoxide from the molecular oxygen employing NADPH served as electron donor (Bedard and Krause, 2007; Cave, 2009; Drummond et al., 2011). Be contrary to Nox1 and Nox2, Nox4 only needs p22phox and liberates hydrogen peroxide rather than superoxide (Schröder et al., 2012). Three Nox isotypes are expressed in the blood vessel wall of mice with in the vascular smooth muscle cells (VSMC); and Nox2 (Görlach et al., 2000) and Nox4 (Ago et al., 2004; Xu et al., 2008) are primarily expressed in endotheliocytes.

Recent a study had indicated that Nox enzymes play different roles in atherogenesis (Fulton and Barman, 2016). XO produces hydrogen peroxide and superoxide by employing molecular oxygen as an electron acceptor (Nishino et al., 2008; Nomura et al., 2014). The expression of endothelial XO are increased through proatherosclerotic stimuli like angiotensin II (Ang II) treatment (Landmesser et al., 2007) as well as oscillatory shear stress (McNally et al., 2003). Usually, mitochondrial oxidative phosphorylation generates physiological levels of superoxide which translates into hydrogen peroxide by the manganese-dependent superoxide dismutase (SOD2), as well as subsequently by the glutathione peroxidase 1 (GPx1) to water (Wang et al., 2014a; Phaniendra et al., 2015). Atherosclerosis in humans has been associated with mitochondrial oxidative stress (Corral-Debrinski et al., 1992). eNOS generates NO under certain physiological conditions and thus represents a crucial vasoprotective element for the endothelium (Li and Förstermann, 2000, 2009; Förstermann and Sessa, 2012; Li et al., 2014). Under pathological conditions linked to oxidative stress, however, eNOS may become dysfunctional (Förstermann, 2008; Li and Förstermann, 2013; Li et al., 2013; Figure 1).
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FIGURE 1. Reactive oxygen species–producing systems in atherosclerosis. MIT oxidative, Mitochondrial oxidative; eNOS, endothelial nitric oxide synthase; [image: image], superoxide; OX, xanthine oxidase; NO•, nitric oxide; HOCl, hypochlorite; H2O2, hydrogen peroxide; ONOO−, peroxynitrite; •OH, hydroxyl radicals; SOD, enzyme superoxide dismutase; GSH, glutathione; Trx, thioredoxin. [image: image] can be generated in the blood vessel wall by NOXs, uncoupled eNOS, OX, and mitochondrial respiration chains. H2O2 can traverse spontaneous transformation to •OH by Fe reaction, SOD. H2O2 can be detoxified through GSH peroxidase, Trx peroxidase, and catalase to H2O and O2. Meanwhile, the myeloperoxidase enzyme can employ H2O2 to oxygenize chloride to the strong oxidizer HOCl. The uncoupling eNOS decreases endothelial NO production, which is further aggravated by reduced eNOS expression and activity.



MACROPHAGES INDUCE OXIDATIVE STRESS IN ATHEROSCLEROSIS

Macrophages are diverse, bactericidal, and scavenging tissue-resident cells responsible for an array of crucial immune functions (Maiuri et al., 2013). Macrophages are the most numerous immune cell genre in the pathological changes of atherosclerotic, they are concerned from lesion initiation to plaque rupture, and play a requisite role through all stage of the disease (Cochain and Zernecke, 2017). These immune cells mainly consume poisonous blood fat, such as oxidized low-density lipoprotein (ox-LDL) as portion of their normal scavenging function. The lipid-laden macrophages are deposited underneath the endothelium of arteries, eventually forming obstructive atherosclerotic plaques. Recent studies have confirmed that macrophage cellular oxidation, 7-hydroperoxide (7-OOH), autophagy protein 5 (ATG5), and thiol oxidative stress enhances macrophage cellular oxidative stress and accelerates atherosclerotic plaque progression.

Macrophage Cellular Oxidation and Oxidative Stress

A recent study (Abu-Saleh et al., 2016) demonstrated that the components of atherosclerotic plaque enhance macrophage cellular oxidation. Macrophages from atherosclerotic normo- or hyper-glycemic apoE−/− mice were cultured with mouse aorta aqueous or lipid extract dated from these mice, while J774A.1-incubated macrophages were cultured with enhancing concentrations of extracts prepared from the human carotid atherosclerotic lesion: hydrophobous injury lipid extract, human body injury aqueous extract, or the conjunction of two. Macrophage oxidative status, triglyceride, and cholesterol metabolism were analyzed over the course of the experiment to find that aqueous and lipid extracts markedly enhanced the oxidative stress of macrophages (Lowry et al., 1951; Meir and Leitersdorf, 2004; Abu-Saleh et al., 2016). Compensatory enhances in the cellular antioxidant reagent paraoxonase 2 (PON2) activity and the macrophage glutathione was viewed after cultivation with all extracts (Lowry et al., 1951; Gaidukov and Tawfik, 2005). And macrophage triglyceride biosynthesis rate and mass enhanced dramatically with treatment in the lipid extracts and the upregulation of diacylglycerol acyltransferase (Abu-Saleh et al., 2016). These extracts resulted in a decrease in the cholesterol biosynthesis rate by the downregulation of HMG-CoA reducase and the limiting velocity enzymes in the cholesterol biosynthesis (Thomas et al., 2008). This above findings demonstrated that the interreaction among kinds of lesion extracts and macrophages can help in the atherosclerosis development by enhancing macrophage oxidation and lipid cumulation, bringing about the formation of foam cells.

7-Hydroperoxide (7-OOH) and Oxidative Stress

Oxidative stress related to cardiovascular system disease is able to generate all kinds of oxidized lipids embracing cholesterol oxidations as 7-OOH, 7-ketone (7=O), and 7-hydroxide (7-OH) (Brown et al., 1997; Brown and Jessup, 2009). The stimulation of human monocyte-originated THP-1 macrophages with dibutyryl-cAMP basically upregulates StarD1 and ABCA1 (Hakamata et al., 1998). In previous study, SiRNA-induced StarD1 knockdown preceding to stimulation did not influence StarD4 but brought down ABCA1 upregulation, and the latter is related with StarD1 function (Hakamata et al., 1998; Borthwick et al., 2009). Compared with non-stimulated controls, mitochondrion with the stimulated StarD1-kd cells innerized 7-OOH more slowly and went through less 7-OOH-induced membrane depolarization and lipid peroxidation, like determined by C11-BODIPY and JC-1 probes (Ma et al., 2007). The primary functional outcomes of 7-OOH exposed are: (1) reduced 27-hydroxycholesterol (27-OH) output, (2) forfeit of mitochondrial 27-OH by the activity of 27-hydroxylase (CYP27A1), and (3) reduction of the cholesterol-exporting ATP-binding cassette and ABCA1 subfamily G member 1 (Korytowski et al., 2013). Similarly, compared with non-challenged macrophage controls, challenged macrophages export fewer cholesterol to apolipoprotein A-I or HDL (Hakamata et al., 1998; Brown and Jessup, 2009). Previous researchers (Korytowski et al., 2015) identified the mechanism through which macrophage cholesterol efflux can be lost ability under oxidative stress-related disease like atherogenesis. Their findings also revealed the effect of macrophage redox disorders in the atherogenesis.

ATG5 and Oxidative Stress

Macrophage apoptosis and the deficient phagocytic clearance of the apoptotic cells together expedite plaque necrosis, which leads to atherothrombotic cardiovascular affairs (Tabas, 2010). Macrophage apoptosis and the deficient phagocytic clearance of apoptotic cells together expedite plaque necrosis, which leads to atherothrombotic cardiovascular affairs (Tabas, 2010). Oxidative stress and endoplasmic reticulum (ER) stress are mainly responsible for advanced macrophage apoptosis. Recent research has shown that pro-apoptotic oxidative stress and ER stress inducers give rise to autophagy, another stress response in the macrophages (Liao et al., 2012). The suppression of autophagy via silencing ATG5 and others autophagy mediators augments apoptosis and NOXs-mediated oxidative stress, and giving apoptotic cells fewer well-recognized by efferocytes (Li et al., 2010). Macrophage ATG5 deficiency in the Ldlr−/− mice enhances oxidative stress in advanced macrophages lesion, accelerates plaque necrosis (Tabas, 2010). These results altogether uncover a mechanism in macrophages related with plaque necrosis.

Thiol Oxidative Stress and Oxidative Stress

Thiol oxidative stress results in macrophage functional disorder, cellular damage, as well as progressed development of atherosclerotic lesions (Wang et al., 2006). Marrow cells infected with retroviral vectors were transplanted into low-density lipoprotein receptor-deficient mice (Hawley et al., 1994). After bone marrow transplantation, the animals were kept the western diet for 10 weeks. But no discrepancies in either the serum triglyceride and cholesterol levels or the macrophage contents were viewed (Qiao et al., 2007). Mouse that were reestablished with mitochondrial glutathione reducase (GRmito-EGFP) and EGFP-fusion protein of cytosolic glutathione reducase (GRcyto-EGFP)-expressing bone marrow had lesional acreage 32% fewer than those mouse who accepted EGFP-expressing, however (Qiao et al., 2007). In incubated cells, the adenovirus overexpression of GRmito and GRcyto-EGFP can preserve cellulas from the hyperpolarization of mitochondrion abduced through ox-LDL (Hawley et al., 1994). Another previous study (Qiao et al., 2007) showed that glutathione-dependent antioxidant acts a crucial effect in the atherogenesis, as well as thiol oxidative stress-abduced mitochondrial functional disorders is related with macrophage damaged in the atherosclerotic lesions.

INFLAMMATION INDUCES OXIDATIVE STRESS IN ATHEROSCLEROSIS

Inflammation is a crucial element in progression of atherosclerotic plaque, plaque rupture, and atherothrombosis (Cannizzo et al., 2014). The process is also important in relapsed thrombosis, where oxidative stress is given to play an important function (Freedman, 2008). Oxidative stress and inflammation are interrelated; they form a vicious feed-forward cycle during atherogenetic plaque progress (Lozhkin et al., 2017). Inflammation caused by oxidative stress seriously threatens human health (Martinon, 2010). Typical health problems include dyslipidemia (Hopps et al., 2009), metabolic syndrome (Iyer et al., 2010), and thrombosis (Leopold and Loscalzo, 2009; Xu et al., 2010). Oxidative stress activates transcription factors that alter inflammatory cytokines, soluble mediators, and chemokines. Cytokines and chemokines secreted by inflammatory cells gather inflammatory cells to the sites of inflammation, leading to increased ROS product thus exacerbating this adverse cycle (Martinon, 2010; Reuter et al., 2010). In short, oxidative stress and inflammation which are markers of atherosclerosis, promote to the progression of atherosclerosis.

NADPH-Oxidase 4 (NOX-4) and Oxidative Stress

Inflammation and oxidative stress are regarded as main factors accelerating angiogenesis in the early stage of atherosclerosis (Lozhkin et al., 2017). NOXs include an important and widely expressed enzyme family with ROS generation as its primary function. NOX-4 is a universally expressed in the VSMCs that are primary components of vascular wall, the functions of which are crucial determinants of vascular homeostasis and disease (Lassègue et al., 2001; Lu et al., 2013). NOX-4 mediates cardiovascular disease in hyperlipidemic mice and expression of NOX-4 in wall of the human artery is related with atherosclerotic severity (Vendrov et al., 2015). NOX-4 expression and activity during the aging process enhances cellular and mitochondrial oxidative stress, vascular inflammation, dysfunction, and atherosclerosis. Lozhkin et al. (2017) observed the enhanced expression and activation of NOX-4 in Apoe−/− mice, which they ascribed to the pro-inflammatory phenotype in the VSMCs that was abduced by an age-related increase in transforming growth factor β1 thus enhancing atherosclerosis.

Oxidized HDL (ox-HDL) and Oxidative Stress

HDL forfeits its cardioprotective capability due to oxidative modification through ROS in advanced atherogenesis (Xiao et al., 2015). Monocytes play a pivotal role in the atherogenesis; threfore, the effects of both native and ox-HDL in monocyte–macrophage functions related with atherogenesis are major research subjects (Soumyarani and Jayakumari, 2012; Wang et al., 2014b). Human blood monocytes were cultured under normal circumstances in the previous study (Callegari et al., 2006) to evaluate cells dealed with native HDL and ox-HDL at the diverse concentrations for different time intervals. The production of ROS was evaluated founded on the ROS-mediated dichlorodihydrofluorescein diacetate fluorescence of cells (Zhang et al., 2010). Simultaneously, the liberation of matrix metalloproteinases (MMPs) as well as tumor necrosis factors-a (TNF-a) was quantitated with an ELISA kit and gelatin zymography, respectively (Radhika et al., 2007). The HDL treatment enhanced the generation of ROS in the concentration-dependent fashion, while natural HDL cannot this action (Zhang et al., 2010; Vendrov et al., 2015). The expression of inflammatory factors was also discovered to be higher in cultured cells with ox-HDL than natural HDL (Vendrov et al., 2015). In effect, the oxidative modification of HDL abduces pro-inflammatory effects and oxidative stress in the monocyte-derived macrophagocytes during atherogenesis.

NLRP3 Inflammasome and Oxidative Stress

NLRP3 inflammasome takes part in the chronic inflammation under atherogenesis in the vascular walls (Duewell et al., 2010). Duewell et al. (Piedrahita et al., 1992; Duewell et al., 2010) reestablished deadly irradiated LDL receptor-deficient mice with bone marrow from mice who were then kept the high-cholesterol diet for 8 weeks. In the radiation bone marrow chimerisms, the LDL receptor-deficient radio-resistant parenchyma gave animals to be hypercholesterolemic when given the high-lipid diet. Further, these macrophagocytes and others leukocytes lacked of NLRP3-inflammasome and interleukin-1 (IL-1) pathway compositions required to cholesterol crystals of reaction (Martinon et al., 2009). The findings showed that the NLRP3 inflammasome activated through macrophages of bone marrow devotes primarily to diet-abduced atherosclerosis.

AUTOPHAGY INDUCES OXIDATIVE STRESS IN ATHEROSCLEROSIS

Autophagy, as coined by the Belgian biochemist Christian de Duve in 1966 (De Duve and Wattiaux, 1966), is the lysosome-dependent degradation of cytoplasm and damaged cell organelles like mitochondrion, ER, and peroxisomes, along with the clearing away of intracellular pathogens (Mei et al., 2015). Autophagy is an evolutionarily preserved process through which cell organelles and intracellular proteins are sealed with double-membrane vesicles and then diverted to lysosomes and degraded (Mizushima and Komatsu, 2011). Autophagy is considered a survival mechanism (Martinet and De Meyer, 2009). Excessive autophagic activity can destruct important components, such as the organelles and cytosol, but most obviously the ER and mitochondria, ultimately resulting in the complete collapse of cellular actions and autophagic death (Levine and Yuan, 2005). Autophagy is related to CVD because it is triggered by hypoxia, inflammation, ER stress, oxidized lipoprotein, and oxidative stress which are all involved to some extent in atherogenesis (Margariti et al., 2013; Ouimet, 2013).

Light Chain 3 (LC3) and Oxidative Stress

In the human monocyctic THP-1 cells, autophagy-like ultrastructural characteristics through transmission electron microscopy as well as the expression of autophagy hallmarker LC3-phosphatidylethanolamine conjugate (LC3-II) through Western blot analysis (ATCC) displayed that the autophagy is a mainly component in the development of atherosclerosis (Mei et al., 2015; Yuan et al., 2016). 7-Oxysterols are major toxic components in ox-LDL and human atheromatous lesions which lead to lysosomal membrane permeabilization (LMP) and cell death (Li et al., 2001). Exposed to 7-oxysterols abduces autophagic vacuole synthesis in shape of enhanced autophagy hallmarker microtubule-related protein. In addition, autophagy induction minimizes in the cell lipid cumulation abduced by 7-oxysterols (Larsson et al., 2006). The discovery emphasize significance of autophagy in countering LMP and cell death in the atherosclerosis.

Lectin-Like ox-LDL Receptor-1 (LOX-1) and Oxidative Stress

The ox-LDL-dependent activation of the LOX-1 causes apoptosis in cells as well as probably participates in atherosclerosis. Autophagy may effectively substitute for apoptosis in endothelial cells (Nowicki et al., 2007). Nowicki et al. (Claise et al., 1999; Nowicki et al., 2007) analyzed expression of LOX-1 and the ox-LDL-dependent action in the EA.hy926 cells amid serum starvation to discover which the serum starvation upregulates LOX-1, while other ox-LDL treatment downregulates the acceptor and enhances autophagy through increasing oxidative stress. Other researchers (Ding et al., 2013) observed intense autophagy, inflammatory signals (CD45 and CD68), as well as toll-like receptor 9 (TLR-9) expression in LDL receptor (LDLR) knockout mice raised with hyper-cholesterol diet. LDLR/LOX-1 double knockout mice decreased autophagy, CD45 and CD68, and TLR9 expression. A damaged mtDNA, which tends to be very obvious in the LDLR knockout mouse, can be reduced by LOX-1 deletion (Ding et al., 2013). To this effect, oxidative stress damaged mtDNA which escapes autophagy abduces a strong inflammatory response in the atherosclerosis.

Autophagy-Related 7 (ATG7) and Oxidative Stress

Autophagy is triggered in the VSMCs of diseased arterial vessels (Grootaert et al., 2015). The autophagy gene Atg7 in the Atg7−/− VSMCs enhances the accumulation of SQSTM1/p62 and accelerates stress-abduced premature senescence, such as cell and nuclear hypertrophy, senescence-associated GLB1 activity, and CDKN2A-RB-mediated G1 hyperplastic block (Komatsu et al., 2005). The transfection of SQSTM1-coding plasmid DNA in the Atg7C/C VSMCs abduced semblable characteristics in another study, indicating that the cumulation of SQSTM1 promotes VSMC senility (Newby, 2006). However, compared with various controls, the Atg7−/− VSMCs are accelerate to oxidative stress-abduced cell death (Komatsu et al., 2005; Newby, 2006). The function may be ascribable to the nuclear translocation of transcription factor (NFE2L2) bringing about the upregulation of some antioxidative enzymes (Sasaki et al., 2012). These studies have suggested that the defective autophagy in the VSMCs expedites the progression of oxidative stress-anduced premature senility as well as enhances the formation of atherogenesis.

APOPTOSIS INDUCES OXIDATIVE STRESS IN ATHEROSCLEROSIS

Apoptosis is a form of cell death featured as cell contraction, chromatin condensation, and membrane blebbing (Kerr et al., 1972). Membrane-enclosed apoptotic cell debris is engulfed either via the surrounding cells or by phagocytes within its vicinity. Within the cardiovascular system, augmented apoptosis occurs in advanced human atherosclerotic plaques (Kockx et al., 1998; Littlewood and Bennett, 2003). Apoptosis is a crucial component in the progression of atherosclerosis. All cell genres existing in atherosclerotic plaques undergo apoptosis, embracing SMCs, lymphocytes, endotheliocytes, and macrophages (Schrijvers et al., 2005). Several known mechanisms of the oxidative stress-mediate and apoptosis in the atherosclerosis are described below.

Granulocyte–Macrophage Colony Stimulating Factor (GM–CSF) and Oxidative Stress

GM–CSF is a cell growth factor involved in the pathogenesis mechanism of atherosclerosis and others inflammatory diseases (Stanley et al., 1994). A recent study (Subramanian et al., 2015) used mice raised with a western diet for 12 weeks to quantize the parameters of plaque progression in aorta. GM–CSF-deficient mice demonstrated the substantial reduce in the two crux hallmarks of the advanced atherosclerosis; this suggests that the GM–CSF boosts plaque progression (Subramanian et al., 2013). The study revealed that the mechanism involves in the GM–CSF-mediated generation of the IL-23, where adds apoptosis sensitivity to macrophages through increasing the proteasomal degradation of the cell-survival protein B-cell lymphoma-2 (Bcl-2) along with oxidative stress in the LDL-driven atherosclerosis (Tausend et al., 2014).

Protein Kinase Cβ (PKCβ) and Oxidative Stress

Protein kinase Cβ (PKCβ), a membership of PKC family of the serine-threonine protein kinases, is given to be a crucial pro-apoptotic signal in numerous cell genres (Larroque-Cardoso et al., 2013). In atherogenesis, exorbitant LDL accumulate in subendothelial space which they play sorts of oxidized modifications (Reyland, 2007). The ox-LDL influence the vulnerable balance between survival and death in cells, resulting in plaque instability leading to atherothrombotic events (Salvayre et al., 2002). PKCβ is pro-apoptotic in numerous cell genres; a recent study (Larroque-Cardoso et al., 2013) was conducted to survey its latent action in regulation of VSMC apoptosis abduced by ox-LDL. Human VSMC silenced for PKCβ was effectually protected against ox-LDL-induced apoptosis, and PKCβ activation hinged on the ROS produced by ox-LDL (Salvayre et al., 2002; Reyland, 2007). The same study also indicated that PKCβ takes part in the ox-LDL-abduced apoptotic signaling primarily via IRE1a/JNK pathway.

Haptoglobin 2-2 (Hp2-2) Plaques and Oxidative Stress

Intraplaque hemorrhage liberates free hemoglobin (Hb) (Levy et al., 2007). Damaged Hb clearance causes the oxidative stress resulting in the plaque formation (Asleh et al., 2005). Combining of Hp to Hb decreases iron-abduced oxidative responses (Asleh et al., 2005; Levy et al., 2007). A total of 26 populations aortic plaques were Hp-genotyped in the previous study to compare Hp2-2 plaques with the control plaques (Hp1-1/2-1) according to their respective iron levels measured through Perl's staining (Purushothaman et al., 2012); and immunostaining was employed to test oxidation-specific epitopes (OSEs) mirroring malondialdehyde (MDA) epitopes and oxidized phospholipids. In the study, the active caspase-3 and DNA fragmentation were surveyed, respectively (Purushothaman et al., 2012). These outcomes have provided notable insight into the genetic lean to oxidative stress and the correlation both macrophage apoptosis and OSEs related with advanced atherosclerosis in the human Hp2-2 plaques.

B-Cell Lymphoma-2 (Bcl-2) and Oxidative Stress

The Bcl-2 gene maybe significant in regards to the formation of atherosclerotic plaques (Zurgil et al., 2007). Apoptosis in pathophysiology of atherosclerosis had indicated by powerful relevance between Bcl-2 protein and apoptosis in the progression of atherosclerotic, as well as the suppression of ox-LDL-abduced apoptosis through the Bcl-2 protein (Wang et al., 2001) and Bax expression within human fatty streaks (Hata et al., 2001). A clinical study (Zurgil et al., 2007) on lymphocytes acutely isolated from 25 angina sufferers and 27 healthy donors were tested to assess in apoptotic affairs educed by lysophosphatidylcholine (LPC) in the static and phytohemagglutinin (PHA)-activated lymphocytes, as well as to gauge the expression of the Bax and Bcl-2 and levels of intracellular ROS (Wang et al., 2001). LPC was found to abduce apoptosis with augmenting levels of the intracellular ROS. The exposure of the PHA-activated PBL to LPC was correlated to a markedly lower expression of Bax/Bcl-2 ratio (Wang et al., 2001; Zurgil et al., 2007). Oxidative stress concerned to apoptosis-associated protein expression led to undue or altered cell and immune responses in diverse stages of atherogenesis.

Superoxide Dismutase (SOD) and Oxidative Stress

The increased sensitivity of monocytes to ox-LDL-induced oxidative stress may be attributed to the concomitant overexpression of SOD in monocytes undergoing apoptosis. Zurgil et al. (2004) used the mechanism of cell death in 2-model systems, T lymphocytes and monocytic cell line exposed to ox-LDL. Apoptotic cell death was analyzed by evaluating cell size, nucleic DNA content, and plasma membrane asymmetry. The radical scavenger SOD declined the apoptotic effects of the ox-LDL in the time-dependent and dose-dependent styles (Kinscherf et al., 1998; Zurgil et al., 2004). Ox-LDL binding also activates the macrophages and monocytes and irritates SOD expression, which enhances concentrations of hydrogen peroxide through interfered ROS levels (Kinscherf et al., 1997, 1998). The process is correlated to a great deal of macrophage apoptosis bringing about atherosclerotic lesion (Reid et al., 1993).

MITOCHONDRIA INDUCE OXIDATIVE STRESS IN ATHEROSCLEROSIS

Mitochondria are dynamic organelles in eukaryotic cells with heterogeneous morphology that is dominated by the equilibrium created by alternating fission and fusion (Chang et al., 2010). The dynamic nature of mitochondria includes the domination of its architecture (distribution and morphology), its movement across the cytoskeleton, and the connectivity mediated by restraining and fusion/fission events (Liesa et al., 2009). Mitochondrion and nonphagocytic NOXs are main sources of chronic ROS generation beneath physiological conditions (Luft and Landau, 1995; Sorescu and Griendling, 2002). And enhanced mitochondrial ROS generation and functional disorder are correlated to CVD and numerous other diseases (Gropen et al., 1994; Anan et al., 1995; Wallace, 1999). Furthermore, mitochondrial dysfunction is conducive to the development of atherosclerosis as-evidenced by animal and human models of oxidative stress (Madamanchi and Runge, 2007, 2013). Mitochondrial dysfunction can also boost these pro-atherogenic processes; mitochondrial damage participates in atherogenesis by mtDNA damage (Ballinger et al., 2002). Some substances actively participate in the mitochondrial oxidative damage and accelerate atherosclerosis progression described as follows.

Retinol-Binding Protein 4 (RBP4) and Oxidative Stress

RBP4 is the sole carrier of retinols, and is hence takes charge of the transport of retinol from liver storages to peripheral tissues (Blaner, 1989; Newcomer and Ong, 2000). Serum RBP4 increasing has been connected to cardiovascular system disease. Researchers (Wang et al., 2015) found a mechanism by which RBP4 causes the oxidative stress of blood vessels and promotes the pathogenesis of atherosclerosis. In another study, RBP4 therapy enhanced superoxide production in the dose-dependent way in the human aortic endothelial cells (HAECs) (Blaner, 1989; Newcomer and Ong, 2000; Wang et al., 2015). Exposed to RBP4 also expedited mitochondrial function disorder, as-ascertained by lessened mitochondrial contents and completeness as well as membrane potential (Wang et al., 2014a). The RBP4 stimulation restrained protein kinase B signaling in the HAECs (Wang et al., 2015). The RBP4-Tg mice also showed serious vascular oxidative injure as well as mitochondrial function disorder in aorta, compared with widespread-type C57BL/6J mice (Blaner, 1989; Newcomer and Ong, 2000; Wang et al., 2015).

Macrophage Mitochondrial Oxidative Stress (mitoOS)

A previous study investigated the significance of macrophage-mitoOS using mitochondrial catalase (mCAT) transgenic mice and Ldlr−/− mice in which the oxidative stress suppressor catalase was expressed in mCAT in macrophages (Wang et al., 2014a). MitoOS in lesional macrophages was markedly suppressed in these mice, bringing about a notable reduction in aortic damaged zone (Moore and Tabas, 2011). mCAT lesions had fewer monocytes, lower levels of the monocyte chemotactic protein-1 (MCP-1), as well as less Ly6chi monocyte infiltration into the lesions (Wang et al., 2014a). Reduction in damaged MCP-1 was attributed to the inhibition of others inflammation markers as well as reduced nuclear factor-k-gene binding (NF-κB), suggesting reduced activity of the inflammatory NF-κB pathway (Moore and Tabas, 2011; Wang et al., 2014a). In incubated macrophages employing models of mitoOS, the results found that the mCAT inhibited the expression of MCP-1 through reducing the activity of Iκ-kinase-RelA NF-κB pathway (Schriner et al., 2005). These results suggest that the mitoOS in injury macrophages enhances the progression of atherosclerotic through accelerating the NF-κB-mediated access of monocytes and others processes of inflammatory (Schriner et al., 2005; Moore and Tabas, 2011; Wang et al., 2014a).

Mitochondrial Genome (mtDNA) and Oxidative Stress

In the pathology, some illnesses are related to mutations in mtDNA (Sobenin et al., 2013). Mitochondrial function disorder creates favorable qualifications for the pathogenesis of atherosclerosis (Madamanchi and Runge, 2007, 2013). Researchers (Sazonova et al., 2009; Sobenin et al., 2013) have studied that relation of mitochondrial gene mutation with the severity of atherosclerosis in 190 sufferers from Russia in particularly high coronary heart disease (CHD) prevalence. The cIMT was detedted by mtDNA heteroplasmy and B-mode ultrasonography through pyrosequencing technique (Sazonova et al., 2009). The results manifested that mitochondrial gene mutation play a part in the development of atherosclerosis.

Homocysteine (Hcy) and Oxidative Stress

Hcy was found to induce endothelial function disorder and atherosclerosis through ROS production (Austin et al., 1998). Meanwhile, Hcy-abduced ROS in the endotheliocytes can result in enhanced mitochondrial dysfunction (Kanani et al., 1999). The previous study (Perez-de-Arce et al., 2005) showed that Hcy-abduced ROS results in the NF-κB activity as well as enhances the formation of 3-nitrotyrosine (3-NT). In addition, the levels of nuclear respiratory factor-1(NRF-1), mitochondrial biogenesis factor, as well as mitochondrial transcription factors A (Tfam) expression were notably enhanced in the Hcy-handled cells (Perez-de-Arce et al., 2005). And these variations were accompanied with an augmentation in the mitochondrial quality and the mRNA contents, and enhance in levels of protein expression of cytochrome c oxidase subunit III (Kanani et al., 1999; Perez-de-Arce et al., 2005). These influences were effectively protected from pretreatment with antioxidants as well as catechin. In short, the ROS is a significant mediator of the mitochondrial dyfunction ebduced by Hcy.

ANGIOTENSIN II (ANG II) AND OXIDATIVE STRESS

Ang II induced oxidative stress participates in the development of atherosclerosis (Mehta and Griendling, 2007). At the same time, this signaling pathway CD40/CD40L plays a significant part in the progression of atherosclerotic plaque formation and rupture (Law et al., 1990). Previous researchers (Souza et al., 2009) tested the hypothesis that Ang II enhances the CD40/CD40L activated in the angiocellulars, as well as that ROS is a portion of the signaling cascade which regulates expression of CD40/CD40L. In incubated human coronary artery smooth muscle cells, exposed of TNF-α or IL-1 beta exhibit enhanced superoxide production and increased expression of CD40 which can be confirmed by immunoblotting and electron paramagnetic resonance analyses (Law et al., 1990; Souza et al., 2009). The Ang II stimulus of angiocellulars results in an ROS-dependent enhancement in the activity of CD40/CD40L signaling pathway during atherosclerosis.

EPIGENETIC, DNA METHYLATION, AND HISTONE MODIFICATION INDUCE OXIDATIVE STRESS IN ATHEROSCLEROSIS

Epigenetics refers to sorts of dynamic characteristics that modify genomic function under exogenous impact and offer a molecular substrate that permits the steady reproduction of the gene expression statuses from one generation cells to the next (Feinberg, 2008). Epigenetic modifications, such as histone modifications and DNA methylation, appear to play an importantly effect in the processes underlying atherosclerosis (Borghini et al., 2013). Atherosclerosis begins a focal disease resulting from complicated gene-surroundings interplays (Lusis, 2012). Epigenetics describes phenomena connected to the expression of heritable information independent of changes in DNA sequence. DNA methylation reflects altered functions of cell types participating in immune or inflammatory reactions during atherosclerosis (Zaina et al., 2005). Following previsional early validations of the flow actions upon chromatin remodeling (Illi et al., 2003) and histone encoding (Fish et al., 2005), others several mechanisms like the DNA methyltransferases (Dunn et al., 2014; Jiang et al., 2014; Zhou et al., 2014) and the microRNAs (Fang et al., 2010; Zhou et al., 2011; Fang and Davies, 2012; Kumar et al., 2014) are known to adjust the flow-sensitive endothelial phenotype.

Ox-LDL and Oxidative Stress

Ox-LDL exposure induces various functions in the endotheliocytes, such as the liberation of cytokines, chemotactic factors, and growth factors, as well as the expression of the surface molecules which adjust hemostatic properties and endothelial permeability; it is also associated with variations in the cell proliferaton, division, and apoptosis (Navab et al., 2004; Lahoute et al., 2011). A recent study (Yang et al., 2014) suggested that in HCAECs treated with ox-LDL alone, cell viability, DNA synthesis, as well as the expression of promoted survival fibrocyte growth factor 2 (FGF2) markedly decrease. The suppression impacts of ox-LDL were observably decreased in the HCAECs co-treated with the anti-malondialdehyde (anti-MDA) (Yang et al., 2014). The study assessed the influences of a group of the regulators on the signal transduction pathways of the MDA in ox-LDL-dealed HCAECs to discover that MDA-abduced cell toxicity is mediated partly via the Akt pathway (Yang et al., 2014). These outcomes of genome DNA sequencing suggested that treated with ox-LDL in the HCAECs, GC promoter of FGF2 was methylated at the cytosine residues and that co-treatment with anti-MDA significantly decreased ox-LDL-abduced FGF2 promoter methylation (Valko et al., 2006; Yang et al., 2014). These results suggest that ox-LDL destroys the growth process of the HCAECs via the MDA-dependent pathway about the suppression of the FGF2 transcription as well as the methylation of FGF2 promoter (Navab et al., 2004; Valko et al., 2006; Lahoute et al., 2011; Yang et al., 2014). The recently realized pathogenesis of epigenetics may underlie atherosclerosis in the subjects with cardiovascular system disease.

DNA Methylation and Oxidative Stress

Atherosclerosis is an artery disease of heterogeneous distribution in which endothelium acts a significant central effect (Lusis, 2012). A recent study (Jiang et al., 2015) showed methylome blueprint for the spatio-temporal analysis of the lesion susceptivity induced to endothelial functional disorder in the complicated flow circumstances in the vivo. Exposed to particulate air contamination had also been associated with enhanced death, especially in cardiovascular system disease (Jiang et al., 2015). And lower DNA methylation contents had been observed in the process linked to cardiovascular events, as oxidative stress and atherosclerosis (Baccarelli et al., 2009; Jiang et al., 2015). Baccarelli et al. (2009) researched DNA methylation in scattered nucleotide element-1 and Alu repeating elements via the pyrosequencing of 1,097 specimens from 718 patients in Boston. Other researchers employed covariate-regulated mingled models to explain the within-patient relevance in the duplicated measures; reduced duplicated-element methylation was observed after exposed to traffic-related pollutant granules (Baccarelli et al., 2009). This finding elucidated the role of DNA damage and mending in the pathogenesis of atherosclerosis and the connection to epigenetic modifications (Figure 2).


[image: image]

FIGURE 2. Inflammation, mitochondria, autophagy, apoptosis, and epigenetics-induced oxidative stress during atherosclerosis. ox-LDL, oxidized low-density lipoprotein; ROS, reactive oxygen species; 7-OOH, 7-hydroperoxide; 7-OH, 7-hydroxide; 7 = O, 7-ketone; ATG5, autophagy protein 5; PKCß, protein kinase Cß; ox-HDL, oxidized high-density lipoprotein; ER stress, endoplasmic reticulum stress; TGF-β1, transforming growth factor β1; NOX-4, nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase 4; TNF-a, tumor necrosis factors-a; MMP-9, matrix metalloproteinase-9; NLRP3, Nod-like receptor pyrin domain-containing protein 3; MMP-2, matrix metalloproteinase-2; LC3, light chain 3; TLR-9, Toll-like receptor 9; NFE2L2, nuclear translocation of the transcription factor; ATG7, autophagy-related 7; GM–CSF, granulocyte–macrophage colony stimulating factor; Hp2-2, haptoglobin 2-2; Bcl-2 and Bax, apoptotic regulatory proteins; LPC, lysophosphatidylcholine; SOD, superoxide dismutase; Ang II, angiotensin II; ATlR, angiotensin-converting enzyme receptor 1; RBP4, retinol-binding protein 4; MCP-1, monocyte chemotactic protein-1; Hcy, homocysteine; NF-kB, nuclear factor-k-gene binding; Txnip, thioredoxin-interacting protein; NRF-1, nuclear respiratory factor-1; PI3K/AKT, phosphatidylinositol 3 kinase/protein kinase B; Tfam, mitochondrial transcription factor A; MIT dysfunction, mitochondrial dysfunction; mtDNA damage, mitochondrial DNA damage; FGF2, fibroblast growth factor 2; MDA, malondialdehyde.



THERAPEUTIC EFFECT OF ANTIOXIDANTS IN ATHEROSCLEROSIS

Antioxidant defense systems are the main material basis for protection against free radicals. They can eliminate free radicals before they attack target cells by preventing cellular damage and monitoring the concentration of free radicals throughout the body. As discussed above, oxidative stress is related with the formation and development of the atherosclerotic plaques. As a consequence, antioxidant therapy is an ordinary ways to atherosclerosis treatment (Table 1). Clinical trials on antioxidant therapy have been generally unsuccessful, though probucol, the most powerful antioxidant, has been found to inhibit ox-LDL, delay atherosclerosis progression, and reduce the occurrence of vascular events. Angiotensin-converting enzyme inhibitors (ACEI), vitamins, angiotensin receptor antagonists, calcium antagonists, as well as statins can effectively supress NOX activity and mitigate oxidative stress (Paravicini and Touyz, 2008).


Table 1. Main antioxidants and mechanisms.
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Antioxidant Vitamins

Previous studies have obviously elucidated the function of oxidative stress in the development of diseases. Numerous proofs manifests that increased lipid oxidation expedites atherogenesis (Salonen et al., 1992, 1997; Gaut and Heinecke, 2001; Witztum and Steinberg, 2001), as well as that the employ of antioxidant supplements decreases atherosclerosis (Azen et al., 1996; Gale et al., 2001). The study suggested that vitamin E and vitamin C are the most significant dietary antioxidation treatment (Frei et al., 1989; Diaz et al., 1997); when vitamin E serves as an antioxidant, it is oxidized to pernicious radicals and have to be decreased back to tocopherol through secondary supplements, such as vitamin C (Packer et al., 1979). Wang (2005) found that vitamins C and vitamins E protected oxidative injure abduced by hydrogen peroxide in the vascular endothelial cells. These two vitamins maintain cell morphology, reduce lipid peroxidation, and improve anti-lipid peroxidation.

Recent large-scale clinical tests (Salonen et al., 2003) have yielded hopeful results (Table 2). Bleys et al. (2006) conducted a meta-analysis indicating that vitamin supplement therapy cannot prevent the atherosclerosis progression, however. Further, both Lee et al. (2005) and Sesso et al. (2008) failed to prove that vitamin consumption benefits cardiovascular endpoints via randomized controlled trials including middle-aged women and men. That being said, several small clinics have reported that orally administered vitamins improve vascular endothelial function by reducing the occurrence and progress of atherosclerosis (He, 2009). Disparities in results across these studies may be attributed to antioxidant limitations. The extant antioxidant atherosclerosis research is overwhelmingly negative; the use of drugs is usually inconclusive and relevant guidelines do not include vitamin antioxidants as treatment for CVD.


Table 2. Main clinical trials on antioxidant vitamin therapy.
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ACEI and ATLR Antagonists

ACEI is an angiotensin converting enzyme inhibition that guards against the generation of Ang II, thus preventing vessel contraction, stimulating aldosterone liberate, and enhancing blood volume, blood pressure, and nitric oxide generation. It can also protect vascular endothelial cells and improve cardiomyocyte resistance to free radical damage. Finally, it can effectively prevent atherosclerosis, reduce the incidence of cardiovascular events, and treat atherosclerosis with a wide range of applications.

ACEI and ATlR antagonists are commonly used to treat coronary atherosclerotic heart disease. Ang II has been demonstrated to activate NOXs and XO, enhancing [image: image] production and promoting ROS (Raffaele and Peter, 2007). ACEI and ATlR antagonists may block the effect of Ang II, effectually blocking the origin of ROS generation, thereby inhibiting endothelial cells as well as decreasing atherosclerotic factor expression.

Statins

Statins can decrease the risk of relapsed cardiovascular affairs by 30% (Akdim et al., 2007) as well as are the major source of medications for atherosclerosis. They not only reduce the lipid-lowering role of medications, but also participate in the adjustment of cellular proliferation, intracellular signal transduction, and others functions; they prevent inflammatory response, improve endothelial function, block the formation of foam cells, and inhibit anti-platelet aggregation (Chapman, 2007). Statins also inhibit certain coagulation factors and MMPs in the product of unstable plaques (Chapman, 2007). In fact, high-strength statin treatment can effectively prenent plaque progression.

Hypercholesterolemia can activate ROS, reducing nitric oxide activity and inducing endothelial dysfunction. Statins can reduce cholesterol and act on vascular cell NADPH oxidase to increase the endothelial function. Statins also regulate lipid metabolism and can inhibit NADPH oxidase-induced [image: image]. Hao et al. (2005) found that simvastatin could obviously enhance the activation of antioxidative enzymes submited as increases in the SOD and GPx and a reducing in MDA levels in a hyperlipidemia rabbit model, thereby improving the antioxidant capability of the body and postponing the progression of atherosclerosis. The Familial Atherosclerosis Treatment Study demonstrated the significant efficacy of lovastatin combined with colestipol for atherosclerosis (Brown et al., 1990). In addition, the findings of the University of California Special Centre of Research Trial and Monitored Atherosclerosis Regression Study strongly supported the beneficial effects of statin therapy (Blankenhorn et al., 1993).

Probucol and AGI-1067 (Succinobucol)

Probucol was first listed as a lipid-lowering drug in the United States in 1977. It is currently recognized as the most promising and effective first-line antioxidant in the treatment of atherosclerosis. The drug exerts a strong antioxidant effect originating mainly from oxygen ion capture and chain-breaking properties (Tardif, 2003). Probucol molecules containing phenolic hydroxyls are readily oxidized and break open, capturing oxygen ions and combining to form a stable phenoxy group which reduces plasma oxygen free radical concentration and inhibits LDL formation. Russell et al. (1998) observed that blood lipid levels in patients who received probucol were not significantly reduced relative to those in a control group; however, arterial and myocardial ischemic damage was markedly reduced compared to the control, showing suggesting that the protective function of probucol is indeed its antioxidant effects. Said effects primarily happen at the blood vessel endothelium level and are showed as significant suppression of macrophages in the endothelial surface adhesion, which boosts endotheliocyte as well as smooth muscle cell functionality. Yan et al. (2003) also discovered that probucol markedly restrains protein secretion and gelatin degradation activity in the MMP-9 abduced by ox-LDL in the THP-1 cellulas in the absence of the cell activity. Probucol may increase the secretion and activity of monocyte-macrophage MMP-9 in the plaque, reducing collagen degradation in the plaque and stabilizing it to prevent atherosclerosis.

AGI-1067 is a stable analog for probucol as a vascular protective agent with equivalent antioxidant properties. Kunsch et al. (2004) found that anti-inflammatory and anti-atherosclerotic roles of the AGI-1067 are connected with their selective suppression of redox-sensitive gene expression in endotheliocytes and monocytes; probucol also inhibits in vitro human endothelial cell basal active oxygen cluster levels, the level of young monocyte lines, and hydrogen peroxide-induced ROS. Sundell et al. (2003) conducted animal experiments to find that AGI-1067 in kiwi, L-deficient mice, and ApoE-deficient mice suppresses the progression of atherosclerosis because of lipid-lowering functions and anti-inflammatory functions. Phase III trial of aggressive reduction of inflammation stops events manifested that the AGI-1067 can decrease the morbidity of stroke and myocardial infarction in sufferers in atherosclerosis (Tardif et al., 2008).

CONCLUSION

Cardiovascular and cerebrovascular diseases caused by atherosclerosis present a serious threat to human health worldwide. Oxidative stress is the focus of most studies on atherosclerosis. The extant literature clearly demonstrates that elevated ROS levels resulting in angiooxidative stress act a crucial mechanical effect in the devolepment of atherothrombotic (Leopold and Loscalzo, 2009). For this reason, clearing the body ROS or increasing antioxidant capacity are deemed key points in the precaution and therapy of atherosclerosis; however, the precise mechanisms have yet to be elucidated. In this review, we discussed the effects of macrophages, inflammation, mitochondria, autophagy, apoptosis, and signaling pathways on oxidative stress in atherosclerosis. Recent studies have revealed a number of potentially effective treatments for atherosclerosis-related diseases. Contrary to some clinical results on antioxidant treatments, probucol and AGI-1067 have shown notable potential for application. The atherosclerosis research community has developed a more comprehensive understanding of oxidative stress, and antioxidant therapy is likely to emerge as an effective approach to atherosclerosis treatment.

AUTHOR CONTRIBUTIONS

HS and YX defined the research theme. YL, YdL, and XR searched for related articles. XZ, DH, YG, and XY collated all related articles. XY wrote the manuscript. All authors commented on the manuscript.

ACKNOWLEDGMENTS

The work was supported by the National Natural Science Foundation of China (Grant Nos. 81373835 and 81430098) and National high-level talent special support plan (No. W02020052).

REFERENCES

 Abu-Saleh, N., Aviram, M., and Hayek, T. (2016). Aqueous or lipid components of atherosclerotic lesion increase macrophage oxidation and lipid accumulation. Life Sci. 154, 1–14. doi: 10.1016/j.lfs.2016.04.019

 Ago, T., Kitazono, T., Ooboshi, H., Iyama, T., Han, Y. H., Takada, J., et al. (2004). Nox4 as the major catalytic component of an endothelial NAD(P)H oxidase. Circulation 109, 227–233. doi: 10.1161/01.CIR.0000105680.92873.70

 Akdim, F., van Leuven, S. I., Kastelein, J. J., and Stroes, E. S. (2007). Pleiotropic effects of statins: stabilization of the vulnerable atherosclerotic plaque? Curr. Pharm. Des. 13, 1003–1012. doi: 10.2174/138161207780487548

 Anan, R., Nakagawa, M., Miyata, M., Higuchi, I., Nakao, S., Suehara, M., et al. (1995). Cardiac involvement in mitochondrial diseases. A study on 17 patients with documented mitochondrial DNA defects. Circulation 91, 955–961. doi: 10.1161/01.CIR.91.4.955

 Asleh, R., Guetta, J., Kalet-Litman, S., Miller-Lotan, R., and Levy, A. P. (2005). Haptoglobin genotype- and diabetes-dependent differences in ironmediated oxidative stress in vitro and in vivo. Circ. Res. 96, 435–441. doi: 10.1161/01.RES.0000156653.05853.b9

 Association, A. H. (2007). International Cardiovascular Disease Statistics. Dallas: American Heart Association.

 Austin, R. C., Sood, S. K., Dorward, A. M., Singh, G., Shaughnessy, S. G., Pamidi, S., et al. (1998). Homocysteine-dependent alterations in mitochondrial gene expression, function and structure. J. Biol. Chem. 46, 30808–30817. doi: 10.1074/jbc.273.46.30808

 Azen, S. P., Qian, D., Mack, W. J., Sevanian, A., Selzer, R. H., Liu, C. R., et al. (1996). Effect of supplementary antioxidant vitamin intake on carotid arterial wall intima-media thickness in a controlled clinical trial of cholesterol lowering. Circulation 94, 2369–2372. doi: 10.1161/01.CIR.94.10.2369

 Baccarelli, A., Wright, R. O., Bollati, V., Tarantini, L., Litonjua, A. A., Suh, H. H., et al. (2009). Rapid DNA methylation changes after exposure to traffic particles. Am. J. Respir. Crit. Care Med. 7, 572–578. doi: 10.1164/rccm.200807-1097OC

 Ballinger, S. W., Patterson, C., Knight-Lozano, C. A., Burow, D. L., Conklin, C. A., Hu, Z., et al. (2002). Mitochondrial integrity and function in atherogenesis. Circulation 106, 544–549. doi: 10.1161/01.CIR.0000023921.93743.89

 Bedard, K., and Krause, K. H. (2007). The NOX family of ROS-generating NADPH oxidases: physiology and pathophysiology. Physiol. Rev. 87, 245–313. doi: 10.1152/physrev.00044.2005

 Blaner, W. S. (1989). Retinol-binding protein: the serum transport protein for vitamin A. Endocr. Rev. 10, 308–316. doi: 10.1210/edrv-10-3-308

 Blankenhorn, D. H., Azen, S. P., Kramsch, D. M., Mack, W. J., Cashin-Hemphill, L., Hodis, H. N., et al. (1993). Coronnry angiographie changes with lovastafin therapy: the monitored atherosclerosis regression study (MARS). Ann. Intern. Med. 119, 969–976. doi: 10.7326/0003-4819-119-10-199311150-00002

 Bleys, J., Miller, E. R., Pastor-Barriuso, R., Appel, L. J., and Guallar, E. (2006). Vitamin mineral supplementation and the progression of atherosclerosis: a meta-analysis of randomized controlled trials. Am. J. Clin. Nutr. 84, 880–887.

 Borghini, A., Cervelli, T., Galli, A., and Andreassi, M. G. (2013). DNA modifications in atherosclerosis: from the past to the future. Atherosclerosis 230, 202–209. doi: 10.1016/j.atherosclerosis.2013.07.038

 Borthwick, F., Taylor, J. M., Bartholomew, C., and Graham, A. (2009). Differential regulation of the StarD1 subfamily of START lipid trafficking proteins in human macrophages. FEBS Lett. 583, 1147–1153. doi: 10.1016/j.febslet.2009.02.042

 Brandes, R. P., and Kreuzer., J. (2004). Vascular NADPH oxidases: molecular mechanisms of activation. Cardiovasc. Res. 65, 16–27. doi: 10.1016/j.cardiores.2004.08.007

 Brown, A. J., and Jessup, W. (2009). Oxysterols: sources, cellular storage and metabolism, and new insights into their roles in cholesterol homeostasis. Mol. Aspects Med. 30, 111–122. doi: 10.1016/j.mam.2009.02.005

 Brown, A. J., Leong, S. L., Dean, R. T., and Jessup, W. (1997). 7-Hydroperoxycholesterol and its products in oxidized low density lipoprotein and human atherosclerotic plaque. J. Lipid. Res. 38, 1730–1745.

 Brown, G., Albers, J. J., Fisher, L. D., Schaefer, S. M., Lin, J. T., Kaplan, C., et al. (1990). Regression of coronary artery disease as a result of intensive lipid—lowing therapy in men with high levels of apolipoprotein B. N. Engl. J. Med. 323, 1289–1298. doi: 10.1056/NEJM199011083231901

 Callegari, E., Norata, G. D., Inoue, H., and Catapano, A. L. (2006). Oxidized-HDL3 modulates the expression of Cox-2 in human endothelial cells. Int. J. Mol. Med. 18, 209–213. doi: 10.3892/ijmm.18.1.209

 Cannizzo, B., Quesada, I., Militello, R., Amaya, C., Miatello, R., Cruzado, M., et al. (2014). Tempol attenuates atherosclerosis associated with metabolic syndrome via decreased vascular inflammation and NADPH-2 oxidase expression. Free Radic. Res. 48, 526–533. doi: 10.3109/10715762.2014.889295

 Cave, A. (2009). Selective targeting of NADPH oxidase for cardiovascular protection. Curr. Opin. Pharmacol. 9, 208–213. doi: 10.1016/j.coph.2008.10.001

 Chang, J. C., Kou, S. J., Lin, W. T., and Liu, C. S. (2010). Regulatory role of mitochondria in oxidative stress and atherosclerosis. World J. Cardiol. 2, 150–159. doi: 10.4330/wjc.v2.i6.150

 Chapman, M. J. (2007). From pathophysiology to targeted therapy for atherothrombosis: a role for the combination of statin and aspirin in secondary prevention. Pharmacol. Ther. 113, 184–196. doi: 10.1016/j.pharmthera.2006.08.005

 Claise, C., Edeas, M., Chaouchi, N., Chalas, J., Capel, L., Kalimouttou, S., et al. (1999). Oxidized-LDL induce apoptosis in HUVEC but not in the endothelial cell line EA.hy926. Atherosclerosis 147, 95–104. doi: 10.1016/S0021-9150(99)00170-7

 Cochain, C., and Zernecke, A. (2017). Macrophages in vascular inflammation and atherosclerosis. Pflugers Arch. 469, 485–499. doi: 10.1007/s00424-017-1941-y

 Corral-Debrinski, M., Shoffner, J. M., Lott, M. T., and Wallace, D. C. (1992). Association of mitochondrial DNA damage with aging and coronary atherosclerotic heart disease. Mutat. Res. 275, 169–180. doi: 10.1016/0921-8734(92)90021-G

 De Duve, C., and Wattiaux, R. (1966). Functions of lysosomes. Annu. Rev. Physiol. 28, 435–492. doi: 10.1146/annurev.ph.28.030166.002251

 Diaz, M. N., Frei, B., Vita, J. A., and Keaney, J. F. (1997). Antioxidants and atherosclerotic heart disease. N. Engl. J. Med. 337, 408–416. doi: 10.1056/NEJM199708073370607

 Ding, Z., Liu, S., Wang, X., Khaidakov, M., Dai, Y., and Mehta, J. L. (2013). Oxidant stress in mitochondrial DNA damage, autophagy and inflammation in atherosclerosis. Sci. Rep. 3:1077. doi: 10.1038/srep01077

 Drummond, G. R., Selemidis, S., Griendling, K. K., and Sobey, C. G. (2011). Combating oxidative stress in vascular disease: NADPH oxidases as therapeutic targets. Nat. Rev. Drug Discov. 10, 453–471. doi: 10.1038/nrd3403

 Duewell, P., Kono, H., Rayner, K. J., Sirois, C. M., Vladimer, G., Bauernfeind, F. G., et al. (2010). NLRP3 inflamasomes are required for atherogenesis and activated by cholesterol crystals that form early in disease. Nature. 464, 1357–1361. doi: 10.1038/nature08938

 Dunn, J., Qiu, H., Kim, S., Jjingo, D., Hoffman, R., Kim, C. W., et al. (2014). Flow-dependent epigenetic DNA methylation regulates endothelial gene expression and atherosclerosis. J. Clin. Invest. 124, 3187–3199. doi: 10.1172/JCI74792

 Fang, Y., and Davies, P. F. (2012). Site-specific MicroRNA-92a regulation of kruppel-like factors 4 and 2 in atherosusceptible endothelium. Arterioscler. Thromb. Vasc. Biol. 32, 979–987. doi: 10.1161/ATVBAHA.111.244053

 Fang, Y., Shi, C., Manduchi, E., Civelek, M., and Davies, P. F. (2010). MicroRNA-10a regulation of proinflammatory phenotype in athero-susceptible endothelium in vivo and in vitro. Proc. Natl. Acad. Sci. U.S.A. 107, 13450–13455. doi: 10.1073/pnas.1002120107

 Feinberg, A. P. (2008). Epigenetics at the epicenter of modern medicine. JAMA 299, 1345–1350. doi: 10.1001/jama.299.11.1345

 Fish, J. E., Matouk, C. C., Rachlis, A., Lin, S., Tai, S. C., D'Abreo, C., et al. (2005). The expression of endothelial nitric-oxide synthase is controlled by a cell-specific histone code. J. Biol. Chem. 280, 24824–24838. doi: 10.1074/jbc.M502115200

 Förstermann, U. (2008). Oxidative stress in vascular disease: causes, defense mechanisms and potential therapies. Nat. Clin. Pract. Cardiovasc. Med. 5, 338–349. doi: 10.1038/ncpcardio1211

 Förstermann, U. (2010). Nitric oxide and oxidative stress in vascular disease. Pflugers Arch. 459, 923–939. doi: 10.1007/s00424-010-0808-2

 Förstermann, U., and Sessa, W. C. (2012). Nitric oxide synthases: regulation and function. Eur. Heart J. 33:829–837. doi: 10.1093/eurheartj/ehr304

 Förstermann, U., Xia, N., and Li, H. (2017). Roles of vascular oxidative stress and nitric oxide in the pathogenesis of atherosclerosis. Circ. Res. 120, 713–735. doi: 10.1161/CIRCRESAHA.116.309326

 Freedman, J. E. (2008). Oxidative stress and platelets. Arterioscler. Thromb. Vasc. Biol. 28, s11–s16. doi: 10.1161/ATVBAHA.107.159178

 Frei, B., England, L., and Ames, B. N. (1989). Ascorbate is an outstanding antioxidant in human blood plasma. Proc. Natl. Acad. Sci. U.S.A. 86, 6377–6381. doi: 10.1073/pnas.86.16.6377

 Fulton, D. J., and Barman, S. A. (2016). Clarity on the isoform-specific roles of NADPH oxidases and NADPH oxidase-4 in atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 36, 579–581. doi: 10.1161/ATVBAHA.116.307096

 Gaidukov, L., and Tawfik, D. S. (2005). High affinity, stability, and lactonase activity of serum paraoxonase PON1 anchored on HDL with ApoA-I. Biochemistry 44, 11843–11854. doi: 10.1021/bi050862i

 Gale, C. R., Ashurst, H. E., Powers, H. J., and Martyn, C. N. (2001). Antioxidant vitamin status and carotid atherosclerosis in the elderly. Am. J. Clin. Nutr. 74, 402–408. Available online at: http://ajcn.nutrition.org/content/74/3/402.long

 Galkina, E., and Ley, K. (2007). Leukocyte influx in atherosclerosis. Curr. Drug Targets 8, 1239–1248. doi: 10.2174/138945007783220650

 Gaut, J. P., and Heinecke, J. W. (2001). Mechanisms for oxidizing low-density lipoprotein: insights from patterns of oxidation products in the artery wall and from mouse models of atherosclerosis. Trends Cardiovasc. Med. 11, 103–112. doi: 10.1016/S1050-1738(01)00101-3

 Görlach, A., Brandes, R. P., Nguyen, K., Amidi, M., Dehghani, F., and Busse, R. (2000). A gp-91phox containing NADPH oxidase selectively expressed in endothelial cells is a major source of oxygen radical generation in the arterial wall. Circ. Res. 87, 26–32. doi: 10.1161/01.RES.87.1.26

 Grootaert, M. O., da Costa Martins. P.A., Bitsch, N., Pintelon, I., De, Meyer, G. R., Martinet, W. et al. (2015). Defective autophagy in vascular smooth muscle cells accelerates senescence and promotes neointima formation and atherogenesis. Autophagy 11, 2014–2032. doi: 10.1080/15548627.2015.1096485

 Gropen, T. I., Prohovnik, I., Tatemichi, T. K., and Hirano, M. (1994). Cerebral hyperemia in MELAS. Stroke 25, 1873–1876. doi: 10.1161/01.STR.25.9.1873

 Hakamata, H., Miyazaki, A., Sakai, M., Sakamoto, Y. I., and Horiuchi, S. (1998). Cytotoxic effect of oxidized low density lipoprotein on macrophages. J. Atheroscler. Thromb. 5, 66–75. doi: 10.5551/jat1994.5.66

 Hansson, G. K. (2005). Inflammation, atherosclerosis, and coronary artery disease. N. Engl. J. Med. 352, 1685–1695. doi: 10.1056/NEJMra043430

 Hao, W. J., Bai, X. J., and Xu, J. (2005). Atherosclerosis and anti-oxidative stress effect of simvastatin. Chin. J. Clin. Rehabili. 9, 58–59. doi: 10.3321/j.issn:1673-8225.2005.15.027

 Hata, S., Fukuo, K., Morimoto, S., Eguchi, Y., Tsujimoto, Y., and Ogihara, T. (2001). Vascular smooth muscle maintains the levels of bcl-2 in endothelial cells. Atherosclerosis 154, 309–316. doi: 10.1016/S0021-9150(00)00489-5

 Hawley, R. G., Lieu, F. H., Fong, A. Z., and Hawley, T. S. (1994). Versatile retroviral vectors for potential use in gene therapy. Gene. Ther. 1, 136–138.

 He, W. Y. (2009). Antioxidant vitamins C and E in cardiovascular disease research. Adv. Cardiovasc. Dis. 30, 528–531. doi: 10.3969/j.issn.1004-3934.2009.03.056

 Hopps, E., Noto, D., Caimi, G., and Averna, M. R. (2009). A novel component of the metabolic syndrome: the oxidative stress. Nutr. Metab. Cardiovasc. Dis. 20, 72–77. doi: 10.1016/j.numecd.2009.06.002

 Illi, B., Nanni, S., Scopece, A., Farsetti, A., Biglioli, P., Capogrossi, M. C., et al. (2003). Shear stress mediated chromatin remodeling provides molecular basis for flow-dependent regulation of gene expression. Circ. Res. 93, 155–161. doi: 10.1161/01.RES.0000080933.82105.29

 Iyer, A., Fairlie, D. P., Prins, J. B., Hammock, B. D., and Brown, L. (2010). Inflammatory lipid mediators in adipocyte function and obesity. Nat. Rev. Endocrinol. 6, 71–82. doi: 10.1038/nrendo.2009.264

 Jiang, Y. Z., Jiménez, J. M., Ou, K., McCormick, M. E., Zhang, L. D., and Davies, P. F. (2014). Hemodynamic disturbed flow induces differential DNA methylation of endothelial Kruppel-like Factor 4 (KLF4) promoter in vitro and in vivo. Circ. Res. 115, 32–43. doi: 10.1161/CIRCRESAHA.115.303883

 Jiang, Y. Z., Manduchi, E., Stoeckert, C. J., and Davies, P. F. (2015). Arterial endothelial methylome: differential DNA methylation in athero-susceptible disturbed flow regions in vivo. BMC Genomics. 16:506. doi: 10.1186/s12864-015-1656-4

 Kanani, P. M., Sinkey, C. A., Browning, R. L., Allaman, M., Knapp, H. R., and Haynes, W. G. (1999). Role of oxidant stress in endothelial dysfunction produced by experimental hyperhomocyst(e)inemia in humans. Circulation 100, 1161–1168. doi: 10.1161/01.CIR.100.11.1161

 Kerr, J. F., Wyllie, A. H., and Currie, A. R. (1972). Apoptosis: a basic biological phenomenon with wide-ranging implications in tissue kinetics. Br. J. Cancer 26, 239–257. doi: 10.1038/bjc.1972.33

 Kinscherf, R., Claus, R., Wagner, M., Gehrke, C., Kamencic, H., Hou, D., et al. (1998). Apoptosis caused by oxidized LDL is manganese superoxide dismutase and p53 dependent. FASEB J. 12, 461–467.

 Kinscherf, R., Deigner, H. P., Usinger, C., Pill, J., Wagner, M., Kamencic, H., et al. (1997). Induction of mitochondrial manganese superoxide dismutase in macrophages by oxidized LDL: its relevance in atherosclerosis of humans and heritable hyperlipidemic rabbits. FASEB J. 11, 1317–1328.

 Kockx, M. M., De Meyer, G. R., Muhring, J., Jacob, W., Bultm, H., and Herman, A. G. (1998). Apoptosis and related proteins in different stages of human atherosclerotic plaques. Circulation 97, 2307–2315. doi: 10.1161/01.CIR.97.23.2307

 Komatsu, M., Waguri, S., Ueno, T., Iwata, J., Murata, S., Tanida, I., et al. (2005). Impairment of starvation-induced and constitutive autophagy in Atg7-deficient mice. J. Cell Biol. 169, 425–434. doi: 10.1083/jcb.200412022

 Korytowski, W., Pilat, A., Schmitt, J. C., and Girotti, A. W. (2013). Deleterious cholesterol hydroperoxide trafficking in steroidogenic acute regulatory (StAR) protein-expressing MA-10 Leydig cells: implications for oxidative stress-impaired steroidogenesis. J. Biol. Chem. 288, 11509–11519. doi: 10.1074/jbc.M113.452151

 Korytowski, W., Wawak, K., Pabisz, P., Schmitt, J. C., Chadwick, A. C., Sahoo, D., et al. (2015). Impairment of macrophage cholesterol efflux by cholesterol hydroperoxide trafficking: implications for atherogenesis under oxidative stress. Arterioscler. Thromb. Vasc. Biol. 35, 2104–2113. doi: 10.1161/ATVBAHA.115.306210

 Kumar, S., Kim, C. W., Simmons, R. D., and Jo, H. (2014). Role of flow-sensitive microRNAs in endothelial dysfunction and atherosclerosis: mechanosensitive athero-miRs. Arterioscler. Thromb. Vasc. Biol. 34, 2206–2216. doi: 10.1161/ATVBAHA.114.303425

 Kunsch, C., Luchoomun, J., Grey, J. Y., Olliff, L. K., Saint, L. B., Arrendale, R. F., et al. (2004). Selective inhibition of endothelial and monocyte redox-sensitive genes by AGI-1067: a novel anti-oxidant and anti-inflammatory agent. J. Pharmacol. Exp. Ther. 308, 820–829. doi: 10.1124/jpet.103.059733

 Lahoute, C., Herbin, O., Mallat, Z., and Tedgui, A. (2011). Adaptive immunity in atherosclerosis: mechanisms and future therapeutic targets. Nat. Rev. Cardiol. 8, 348–358. doi: 10.1038/nrcardio.2011.62

 Landmesser, U., Spiekermann, S., Preuss, C., Sorrentino, S., Fischer, D., Manes, C., et al. (2007). Angiotensin II induces endothelial xanthine oxidase activation: role for endothelial dysfunction in patients with coronary disease. Arterioscler. Thromb. Vasc. Biol. 27, 943–948. doi: 10.1161/01.ATV.0000258415.32883.bf

 Larroque-Cardoso, P., Swiader, A., Ingueneau, C., Nègre-Salvayre, A., Elbaz, M., Reyland, M. E., et al. (2013). Role of protein kinase C [image: yes] in ER stress and apoptosis induced by oxidized LDL in human vascular smooth muscle cells. Cell Death Dis. 4:e520. doi: 10.1038/cddis.2013.47

 Larsson, D. A., Baird, S., Nyhalah, J. D., Yuan, X. M., and Li, W. (2006). Oxysterol mixtures, in atheroma-relevant proportions, display synergistic and proapoptotic effects. Free Radic. Biol. Med. 41, 902–910. doi: 10.1016/j.freeradbiomed.2006.05.032

 Lassègue, B., Sorescu, D., Szöcs, K., Yin, Q., Akers, M., Zhang, Y., et al. (2001). Novel gp91phox homologues in vascular smooth muscle cells: Nox1 mediates angiotensin II-induced superoxide formation and redox-sensitive signaling pathways. Circ. Res. 88, 888–894. doi: 10.1161/hh0901.090299

 Law, C. L., Wormann, B., and LeBien, T. W. (1990). Analysis of expression and function of CD40 on normal and leukemic human B cell precursors. Leukemia 4, 732–738.

 Lee, I. M., Cook, N. R., Gaziano, J. M., Gordon, D., Ridker, P. M., Manson, J. E., et al. (2005). Vitamin E in the primary prevention of cardiovascular disease and cancer: the Women's Health Study: a randomized controlled trial. JAMA 294, 56–65. doi: 10.1001/jama.294.1.56

 Leopold, J. A., and Loscalzo, J. (2008). Oxidative mechanisms and atherothrombotic cardiovascular disease. Drug Discov. Today Ther. Strateg. 5, 5–13. doi: 10.1016/j.ddstr.2008.02.001

 Leopold, J. A., and Loscalzo, J. (2009). Oxidative risk for atherothrombotic cardiovascular disease. Free Radic. Biol. Med. 47, 1673–1706. doi: 10.1016/j.freeradbiomed.2009.09.009

 Levine, B., and Yuan, J. (2005). Autophagy in cell death: an innocent convict? J. Clin. Invest. 115, 2679–2688. doi: 10.1172/JCI26390

 Levy, A. P., Purushothaman, K. R., Levy, N. S., Purushothaman, M., Strauss, M., Asleh, R., et al. (2007). Downregulation of the hemoglobin scavenger receptor in individuals with diabetes and the Hp2-2 genotype: implications for the response to intraplaque hemorrhage and plaque vulnerability. Circ. Res. 101, 106–110. doi: 10.1161/CIRCRESAHA.107.149435

 Li, G., Scull, C., Ozcan, L., and Tabas, I. (2010). NADPH oxidase links endoplasmic reticulum stress, oxidative stress, and PKR activation to induce apoptosis. J. Cell Biol. 191, 1113–1125. doi: 10.1083/jcb.201006121

 Li, H., and Förstermann, U. (2000). Nitric oxide in the pathogenesis of vascular disease. J. Pathol. 190, 244–254. doi: 10.1002/(SICI)1096-9896(200002)190:3<244::AID-PATH575>3.0.CO;2-8

 Li, H., and Förstermann, U. (2009). Prevention of atherosclerosis by interference with the vascular nitric oxide system. Curr. Pharm. Des. 15, 3133–3145. doi: 10.2174/138161209789058002

 Li, H., and Förstermann, U. (2013). Uncoupling of endothelial NO synthase in atherosclerosis and vascular disease. Curr. Opin. Pharmacol. 13, 161–167. doi: 10.1016/j.coph.2013.01.006

 Li, H., Horke, S., and Förstermann, U. (2013). Oxidative stress in vascular disease and its pharmacological prevention. Trends Pharmacol. Sci. 34, 313–319. doi: 10.1016/j.tips.2013.03.007

 Li, H., Horke, S., and Förstermann, U. (2014). Vascular oxidative stress, nitric oxide and atherosclerosis. Atherosclerosis 237, 208–219. doi: 10.1016/j.atherosclerosis.2014.09.001

 Li, W., Dalen, H., Eaton, J. W., and Yuan, X. M. (2001). Apoptotic death of inflammatory cells in human atheroma. Arterioscler. Thromb. Vasc. Biol. 21, 1124–1130. doi: 10.1161/hq0701.092145

 Liao, X., Sluimer, J. C., Wang, Y., Subramanian, M., Brown, K., Pattison, J. S., et al. (2012). Macrophage autophagy plays a protective role in advanced atherosclerosis. Cell Metab. 15, 545–553. doi: 10.1016/j.cmet.2012.01.022

 Libby, P., Lichtman, A. H., and Hansson, G. K. (2013). Immune effector mechanisms implicated in atherosclerosis: from mice to humans. Immunity 38, 1092–1104. doi: 10.1016/j.immuni.2013.06.009

 Liesa, M., Palacín, M., and Zorzano, A. (2009). Mitochondrial dynamics in mammalian health and disease. Physiol. Rev. 89, 799–845. doi: 10.1152/physrev.00030.2008

 Littlewood, T. D., and Bennett, M. R. (2003). Apoptotic cell death in atherosclerosis. Curr. Opin. Lipidol. 14, 469–475. doi: 10.1097/00041433-200310000-00007

 Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951). Protein measurement with the Folin phenol reagent. J. Biol. Chem. 193, 265–275.

 Lozhkin, A., Vendrov, A. E., Pan, H., Wickline, S. A., Madamanchi, N. R., and Runge, M. S. (2017). NADPH oxidase 4 regulates vascular inflammation in aging and atherosclerosis. J. Mol. Cell. Cardiol. 102, 10–21. doi: 10.1016/j.yjmcc.2016.12.004

 Lu, Y., Zhang, L., Liao, X., Sangwung, P., Prosdocimo, D. A., Zhou, G., et al. (2013). Kruppel-like factor 15 is critical for vascular inflammation. J. Clin. Invest. 123, 4232–4241. doi: 10.1172/JCI68552

 Luft, R., and Landau, B. R. (1995). Mitochondrial medicine. J. Intern. Med. 238, 405–421. doi: 10.1111/j.1365-2796.1995.tb01218.x

 Lusis, A. J. (2012). Genetics of atherosclerosis. Trends Genet. 28, 267–275. doi: 10.1016/j.tig.2012.03.001

 Ma, Y., Ren, S., Pandak, W. M., Li, X., Ning, Y., Lu, C., et al. (2007). The effects of inflammatory cytokines on steroidogenic acute regulatory protein expression in macrophages. Inflamm. Res. 56, 495–501. doi: 10.1007/s00011-007-6133-3

 Madamanchi, N. R., and Runge, M. S. (2007). Mitochondrial dysfunction in atherosclerosis. Circ. Res. 100, 460–473. doi: 10.1161/01.RES.0000258450.44413.96

 Madamanchi, N. R., and Runge, M. S. (2013). Redox signaling in cardiovascular health and disease. Free Radic. Biol. Med. 61, 473–501. doi: 10.1016/j.freeradbiomed.2013.04.001

 Maiuri, M. C., Grassia, G., Platt, A. M., Carnuccio, R., Ialenti, A., and Maffia, P. (2013). Macrophage autophagy in atherosclerosis. Mediat. Inflamm. 2013:584715. doi: 10.1155/2013/584715

 Margariti, A., Li, H., Chen, T., Martin, D., Vizcay-Barrena, G., Alam, S., et al. (2013). XBP1 mRNA splicing triggers an autophagic response in endothelial cells through BECLIN-1 transcriptional activation. J. Biol. Chem. 288, 859–872. doi: 10.1074/jbc.M112.412783

 Martinet, W., and De Meyer, G. R. (2009). Autophagy in atherosclerosis a cell survival and death phenomenon with therapeutic potential. Circ. Res. 104, 304–317. doi: 10.1161/CIRCRESAHA.108.188318

 Martinon, F. (2010). Signaling by ROS drives inflammasome activation. Eur. J. Immunol. 40, 616–619. doi: 10.1002/eji.200940168

 Martinon, F., Mayor, A., and Tschopp, J. (2009). The inflammasomes: guardians of the body. Annu. Rev. Immunol. 27, 229–265. doi: 10.1146/annurev.immunol.021908.132715

 McNally, J. S., Davis, M. E., Giddens, D. P., Saha, A., Hwang, J., Dikalov, S., et al. (2003). Role of xanthine oxidoreductase and NAD(P)H oxidase in endothelial superoxide production in response to oscillatory shear stress. Am. J. Physiol. Heart Circ. Physiol. 285, H2290–H2297. doi: 10.1152/ajpheart.00515.2003

 Mehta, P. K., and Griendling, K. K. (2007). Angiotensin II cell signaling: physiological and pathological effects in the cardiovascular system. Am. J. Physiol. Cell Physiol. 292, C82–C97. doi: 10.1152/ajpcell.00287.2006

 Mei, Y., Thompson, M. D., Cohen, R. A., and Tong, X. (2015). Autophagy and oxidative stress in cardiovascular diseases. Biochim. Biophys. Acta 1852, 243–251. doi: 10.1016/j.bbadis.2014.05.005

 Meir, K. S., and Leitersdorf, E. (2004). Atherosclerosis in the apolipoprotein-E-deficient mouse: a decade of progress. Arterioscler. Thromb. Vasc. Biol. 24, 1006–1014. doi: 10.1161/01.ATV.0000128849.12617.f4

 Mizushima, N., and Komatsu, M. (2011). Autophagy: renovation of cells and tissues. Cell 147, 728–741. doi: 10.1016/j.cell.2011.10.026

 Moore, K. J., and Tabas, I. (2011). Macrophages in the pathogenesis of atherosclerosis. Cell 145, 341–355. doi: 10.1016/j.cell.2011.04.005

 Navab, M., Ananthramaiah, G. M., Reddy, S. T., Van Lenten, B. J., Ansell, B. J., Fonarow, G. C., et al. (2004). The oxidation hypothesis of atherogenesis: the role of oxidized phospholipids and HDL. J. Lipid Res. 45, 993–1007. doi: 10.1194/jlr.R400001-JLR200

 Newby, A. C. (2006). Matrix metalloproteinases regulate migration, proliferation, and death of vascular smooth muscle cells by degrading matrix and non-matrix substrates. Cardiovasc. Res. 69, 614–624. doi: 10.1016/j.cardiores.2005.08.002

 Newcomer, M. E., and Ong, D. E. (2000). Plasma retinol binding protein: structure and function of the prototypic lipocalin. Biochim. Biophys. Acta 1482, 57–64. doi: 10.1016/S0167-4838(00)00150-3

 Nishino, T., Okamoto, K., Eger, B. T., Pai, E. F., and Nishino, T. (2008). Mammalian xanthine oxidoreductase-mechanism of transition from xanthine dehydrogenase to xanthine oxidase. FEBS J. 275, 3278–3289. doi: 10.1111/j.1742-4658.2008.06489.x

 Nomura, J., Busso, N., Ives, A., Matsui, C., Tsujimoto, S., Shirakura, T., et al. (2014). Xanthine oxidase inhibition by febuxostat attenuates experimental atherosclerosis in mice. Sci. Rep. 4, 4554. doi: 10.1038/srep04554

 Nowicki, M., Zabirnyk, O., Duerrschmidt, N., Borlak, J., and Spanel-Borowski, K. (2007). No upregulation of lectin-like oxidized low-density lipoprotein receptor-1 in serum-deprived EA.hy926 endothelial cells under oxLDL exposure, but increase in autophagy. Eur. J. Cell Biol. 86, 605–616. doi: 10.1016/j.ejcb.2007.06.006

 Ouimet, M. (2013). Autophagy in obesity and atherosclerosis: interrelationships between cholesterol homeostasis, lipoprotein metabolism and autophagy in macrophages and other systems. Biochim. Biophys. Acta 1831, 1124–1133. doi: 10.1016/j.bbalip.2013.03.007

 Packer, J. E., Slater, T. F., and Willson, R. L. (1979). Direct observation of a free radical interaction between vitamin E and vitamin C. Nature 278, 737–738. doi: 10.1038/278737a0

 Paravicini, T. M., and Touyz, R. M. (2008). NADPA oxidases, reactive oxygou species and hypertension: clinical implications and therapeutic possibilities. Diabetes Care 31, S170–S180. doi: 10.2337/dc08-s247

 Perez-de-Arce, K., Foncea, R., and Leighton, F. (2005). Reactive oxygen species mediates homocysteine-induced mitochondrial biogenesis in human endothelial cells: modulation by antioxidants. Biochem. Biophys. Res. Commun. 338, 1103–1109. doi: 10.1016/j.bbrc.2005.10.053

 Phaniendra, A., Jestadi, D. B., and Periyasamy, L. (2015). Free radicals: properties, sources, targets, and their implication in various diseases. Indian J. Clin. Biochem. 30, 11–26. doi: 10.1007/s12291-014-0446-0

 Piedrahita, J. A., Zhang, S. H., Hagaman, J. R., Oliver, P. M., and Maeda, N. (1992). Generation of mice carrying a mutant apolipoprotein E gene inactivated by gene targeting in embryonic stem cells. Proc. Natl. Acad. Sci. U.S.A. 89, 4471–4475. doi: 10.1073/pnas.89.10.4471

 Purushothaman, K. R., Purushothaman, M., Levy, A. P., Lento, P. A., Evrard, S., Kovacic, J. C., et al. (2012). Increased expression of oxidation-specific epitopes and apoptosis are associated with haptoglobin genotype. J. Am. Coll. Cardiol. 60, 112–119. doi: 10.1016/j.jacc.2012.04.011

 Qiao, M., Kisgati, M., Cholewa, J. M., Zhu, W., Smart, E. J., Sulistio, M. S., et al. (2007). Increased expression of glutathione reductase in macrophages decreases atherosclerotic lesion formation in low-density lipoprotein receptor–deficient mice. Arterioscler. Thromb. Vasc. Biol. 27, 1375–1382. doi: 10.1161/ATVBAHA.107.142109

 Radhika, A., Jacob, S. S., and Sudhakaran, P. R. (2007). Influence of oxidatively modified LDL on monocyte–macrophage differentiation. Mol. Cell. Biochem. 305, 133–143. doi: 10.1007/s11010-007-9536-0

 Raffaele, D. C., and Peter, L. (2007). Oxidative Stress and Vascular Disease. Endothelial Dysfunctions in Vascular Disease, Chapter 10. Malden, MA: Blackwell Publishing.

 Reid, V. C., Mitchinson, M. J., and Skepper, J. N. (1993). Cytotoxicity of oxidized low-density lipoprotein to mouse peritoneal macrophages:an ultrastructural study. J. Pathol. 171, 321–328. doi: 10.1002/path.1711710413

 Reuter, S., Gupta, S. C., Chaturvedi, M. M., and Aggarwal, B. B. (2010). Oxidative stress, inflammation, and cancer: how are they linked? Free Radic. Biol. Med. 49, 1603–1616. doi: 10.1016/j.freeradbiomed.2010.09.006

 Reyland, M. E. (2007). Protein kinase C delta and apoptosis. Biochem. Soc. Trans. 35, 1001–1004. doi: 10.1042/BST0351001

 Russell, J. C., Graham, S. E., Amy, R. M., and Dolphin, P. J. (1998). Cardioprotective effect of probucol in the artherosclerosis-prone JCR: LA-cp rat. Eur. J. Pharmacol. 350, 203–210. doi: 10.1016/S0014-2999(98)00244-1

 Salonen, J. T., Nyyssönen, K., Salonen, R., Porkkala-Sarataho, E., Tuomainen, T. P., Diczfalusy, U., et al. (1997). Lipoprotein oxidation and progression of carotid atherosclerosis. Circulation 95, 840–845. doi: 10.1161/01.CIR.95.4.840

 Salonen, J. T., Ylä-Herttuala, S., Yamamoto, R., Butler, S., Korpela, H., Salonen, R., et al. (1992). Autoantibody against oxidised LDL and progression of carotid atherosclerosis. Lancet 339, 883–887. doi: 10.1016/0140-6736(92)90926-T

 Salonen, R. M., Nyyssönen, K., Kaikkonen, J., Porkkala-Sarataho, E., Voutilainen, S., Rissanen, T. H., et al. (2003). Six–year effect of combined vitamin C and E supplementation on atherosclerotic progression: the antioxidant supplementation in atheroselerosis prevention (ASAP) study. Circulation 107, 947–953. doi: 10.1161/01.CIR.0000050626.25057.51

 Salvayre, R., Auge, N., Benoist, H., and Negre-Salvayre, A. (2002). Oxidized low-density lipoprotein induced apoptosis. Biochim. Biophys. Acta 1585, 213–221. doi: 10.1016/S1388-1981(02)00343-8

 Santos, C. X., Anilkumar, N., Zhang, M., Brewer, A. C., and Shah, A. M. (2011). Redox signaling in cardiac myocytes. Free Radic. Biol. Med. 50, 777–793. doi: 10.1016/j.freeradbiomed.2011.01.003

 Sasaki, M., Miyakoshi, M., Sato, Y., and Nakanuma, Y. (2012). A possible involvement of p62/sequestosome-1 in the process of biliary epithelial autophagy and senescence in primary biliary cirrhosis. Liver. Int. 32, 487–499. doi: 10.1111/j.1478-3231.2011.02656.x

 Sazonova, M., Budnikov, E., Khasanova, Z., Sobenin, I., Postnov, A., and Orekhov, A. (2009). Studies of the human aortic intima by a direct quantitative assay of mutant alleles in the mitochondrial genome. Atherosclerosis 204, 184–190. doi: 10.1016/j.atherosclerosis.2008.09.001

 Schrijvers, D. M., De Meyer, G. R., Kockx, M. M., Herman, A. G., and Martinet, W. (2005). Phagocytosis of apoptotic cells by macrophages is impaired in atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 25, 1256–1261. doi: 10.1161/01.ATV.0000166517.18801.a7

 Schriner, S. E., Linford, N. J., Martin, G. M., Treuting, P., Ogburn, C. E., Emond, M., et al. (2005). Extension of murine life span by overexpression of catalase targeted to mitochondria. Science 308, 1909–1911. doi: 10.1126/science.1106653

 Schröder, K., Zhang, M., Benkhoff, S., Mieth, A., Pliquett, R., Kosowski, J., et al. (2012). Nox4 is a protective reactive oxygen species generating vascular NADPH oxidase. Circ. Res. 110, 1217–1225. doi: 10.1161/CIRCRESAHA.112.267054

 Sesso, H. D., Buring, J. E., Christen, W. G., Kurth, T., Belanger, C., MacFadyen, J., et al. (2008). Vitamins E and C in the prevention of cardiovascular disease in men: the Physicians' Health Study II randomized controlled trial. JAMA 300, 2123–2133. doi: 10.1001/jama.2008.600

 Sinha, K., Das, J., Pal, P. B., and Sil, P. C. (2013). Oxidative stress: the mitochondria-dependent and mitochondria-independent pathways of apoptosis. Arch. Toxicol. 87, 1157–1180. doi: 10.1007/s00204-013-1034-4

 Sobenin, I. A., Sazonova, M. A., Postnov, A. Y., Salonen, J. T., Bobryshev, Y. V., and Orekhov, A. N. (2013). Association of mitochondrial genetic variation with carotid atherosclerosis. PLoS ONE 8:e68070. doi: 10.1371/journal.pone.0068070

 Sorescu, D., and Griendling, K. K. (2002). Reactive oxygen species, mitochondria, and NAD(P)H oxidases in the development and progression of heart failure. Congest. Heart Fail 8, 132–140. doi: 10.1111/j.1527-5299.2002.00717.x

 Soumyarani, V. S., and Jayakumari, N. (2012). Oxidatively modified high density lipoprotein promotes inflammatory response in human monocytes–macrophages by enhanced production of ROS, TNF-a, MMP-9, and MMP-2. Mol. Cell. Biochem. 366, 277–285. doi: 10.1007/s11010-012-1306-y

 Souza, H. P., Frediani, D., Cobra, A. L., Moretti, A. I., Jurado, M. C., Fernandes, T. R., et al. (2009). Angiotensin II modulates CD40 expression in vascular smooth muscle cells. Clin. Sci. 116, 423–431. doi: 10.1042/CS20080155

 Stanley, E., Lieschke, G. J., Grail, D., Metcalf, D., Hodgson, G., Gall, J. A., et al. (1994). Granulocyte/macrophage colony-stimulating factor-deficient mice show no major perturbation of hematopoiesis but develop a characteristic pulmonary pathology. Proc. Natl. Acad. Sci. U.S.A. 91, 5592–5596. doi: 10.1073/pnas.91.12.5592

 Subramanian, M., Thorp, E., Hansson, G. K., and Tabas, I. (2013). Treg-mediated suppression of atherosclerosis requires MYD88 signaling in DCs. J. Clin. Invest. 123, 179–188. doi: 10.1172/JCI64617

 Subramanian, M., Thorp, E., and Tabas, I. (2015). Identification of a non-growth factor role for GM-CSF in advanced atherosclerosis: promotion of macrophage apoptosis and plaque necrosis through ILc-23 signaling. Circ. Res. 116, e13–e24. doi: 10.1161/CIRCRESAHA.116.304794

 Sundell, C. L., Somers, P. K., Meng, C. Q., Hoong, L. K., Suen, K. L., Hill, R. R., et al. (2003). AGI-1067: a multifunctional phenolic antioxidant, lipid modulator, anti -inflammatory and antiatherosclerotic agent. J. Pharmacol. Exp. Ther. 305, 1116–1123. doi: 10.1124/jpet.102.048132

 Tabas, I. (2010). Macrophage death and defective inflammation resolution in atherosclerosis. Nature. Rev. Immunol. 10, 36–46. doi: 10.1038/nri2675

 Tardif, J. C. (2003). Clinical results with AGl-1067:A novel antioxidant vascular protectant. Am. J. Cardiol. 91, 41A–49A. doi: 10.1016/S0002-9149(02)03149-1

 Tardif, J. C., McMurray, J. J., Klug, E., Small, R., Schumi, J., Choi, J., et al. (2008). Effects of suceinobucol (AGl-1067) after an acute coronary syndrome: a randomised, double-blind, placebo-controlled trial. Lancet 371, 1761–1768. doi: 10.1016/S0140-6736(08)60763-1

 Tausend, W., Downing, C., and Tyring, S. (2014). Systematic review of interleukin-12, interleukin-17, and interleukin-23 pathway inhibitors for the treatment of moderate-to-severe chronic plaque psoriasis: ustekinumab, briakinumab, tildrakizumab, guselkumab, secukinumab, ixekizumab, and brodalumab. J. Cutan. Med. Surg. 18, 156–169. doi: 10.2310/7750.2013.13125

 Thomas, S. R., Witting, P. K., and Drummond, G. R. (2008). Redox control of endothelial function and dysfunction: molecular mechanisms and therapeutic opportunities. Antioxid. Redox Signal. 10, 1713–1765. doi: 10.1089/ars.2008.2027

 Townsend, N., Nichols, M., Scarborough, P., and Rayner, M. (2015). Cardiovascular disease in Europe 2015: epidemiological update. Eur. Heart J. 36, 2673–2674 doi: 10.1093/eurheartj/ehv428

 Valko, M., Rhodes, C. J., Moncol, J., Izakovic, M., and Mazur, M. (2006). Free radicals, metals and antioxidants in oxidative stress-induced cancer. Chem. Biol. Interact. 160, 1–40. doi: 10.1016/j.cbi.2005.12.009

 Vendrov, A. E., Vendrov, K. C., Smith, A., Yuan, J., Sumida, A., Robidoux, J., et al. (2015). NOX4 NADPH oxidase-dependent mitochondrial oxidative stress in aging-associated cardiovascular disease. Antioxid. Redox Signal. 23, 1389–1409. doi: 10.1089/ars.2014.6221

 Wallace, D. C. (1999). Mitochondrial diseases in man and mouse. Science 283, 1482–1488. doi: 10.1126/science.283.5407.1482

 Wang, A. Y., Bobryshev, Y. V., Cherian, S. M., Liang, H., Tran, D., Inder, S. J., et al. (2001). Expression of apoptosis related proteins and structural features of cell death in explanted aortocoronary saphenous vein bypass grafts. Cardiovasc. Surg. 9, 319–328. doi: 10.1016/S0967-2109(00)00125-3

 Wang, J., Chen, H., Liu, Y., Zhou, W., Sun, R., and Xia, M. (2015). Retinol binding protein 4 induces mitochondrial dysfunction and vascular oxidative damage. Atherosclerosis 240, 335–344. doi: 10.1016/j.atherosclerosis.2015.03.036

 Wang, X. (2005). Protective effects of vitamin C and E on the cultured vascular endothelial cells following oxidative injury by hydrogen peroxide in vitro. J. Tianjin Med. Univer. 11, 187–194. doi: 10.3969/j.issn.1006-8147.2005.02.010

 Wang, Y., Ji, L., Jiang, R., Zheng, L., and Liu, D. (2014b). Oxidized high-density lipoprotein induces the proliferation and migration of vascular smooth muscle cells by promoting the production of ROS. J. Atheroscler. Thromb. 21, 204–216. doi: 10.5551/jat.19448

 Wang, Y., Qiao, M., Mieyal, J. J., Asmis, L. M., and Asmis, R. (2006). Molecular mechanism of glutathione-mediated protection from oxidized LDL-induced cell injury in human macrophages: role of glutathione reductase and glutaredoxin. Free Radic. Biol. Med. 41, 775–785. doi: 10.1016/j.freeradbiomed.2006.05.029

 Wang, Y., Wang, G. Z., Rabinovitch, P. S., and Tabas, I. (2014a). Macrophage mitochondrial oxidative stress promotes atherosclerosis and nuclear factor-κB-mediated inflammation in macrophages. Circ. Res. 114, 421–433. doi: 10.1161/CIRCRESAHA.114.302153

 Weber, C., Zernecke, A., and Libby, P. (2008). The multifaceted contributions of leukocyte subsets to atherosclerosis: lessons from mouse models. Nat. Rev. Immunol. 8, 802–815. doi: 10.1038/nri2415

 Witztum, J. L., and Berliner, J. A. (1998). Oxidized phospholipids and isoprostanes in atherosclerosis. Curr. Opin. Lipidol. 9, 441–448. doi: 10.1097/00041433-199810000-00008

 Witztum, J. L., and Steinberg, D. (2001). The oxidative modification hypothesis of atherosclerosis:does it hold for humans? Trends Cardiovasc. Med. 11, 93–102. doi: 10.1016/S1050-1738(01)00111-6

 Xia, N., Daiber, A., Förstermann, U., and Li, H. (2017). Antioxidant effects of resveratrol in the cardiovascular system. Br. J. Pharmacol. 174, 1633–1646. doi: 10.1111/bph.13492

 Xiao, W., Jia, Z., Zhang, Q., Wei, C., Wang, H., and Wu, Y. (2015). Inflammation and oxidative stress, rather than hypoxia, are predominant factors promoting angiogenesis in the initial phases of atherosclerosis. Mol. Med. Rep. 12, 3315–3322. doi: 10.3892/mmr.2015.3800

 Xu, H., Goettsch, C., Xia, N., Horke, S., Morawietz, H., Förstermann, U., et al. (2008). Differential roles of PKCα and PKCepsilon in controlling the gene expression of Nox4 in human endothelial cells. Free Radic. Biol. Med. 44, 1656–1667. doi: 10.1016/j.freeradbiomed.2008.01.023

 Xu, J., Lupu, F., and Esmon, C. T. (2010). Inflammation, innate immunity and blood coagulation. Hamostaseologie 30, 5–6, 8–9. Available online at: https://haemo.schattauer.de/en/contents/archive/issue/1041/manuscript/12628.html

 Yan, P. K., Liao, D. F., and Yang, Y. Z. (2003). Probucol reduces matrix metalloproteinase-9 secretion of THP-1 monocyte-derived macrophages induced by oxidized low density lipoprotein. Chin. J. Arterioscler. 11, 199–202. doi: 10.3969/j.issn.1007-3949.2003.03.004

 Yang, T. C., Chen, Y. J., Chang, S. F., Chen, C. H., Chang, P. Y., and Lu, S. C. (2014). Malondialdehyde mediates oxidized LDL-induced coronary toxicity through the Akt-FGF2 pathway via DNA methylation. J. Biomed. Sci. 21:11. doi: 10.1186/1423-0127-21-11

 Yuan, X. M., Sultana, N., Siraj, N., Ward, L. J., Ghafouri, B., and Li, W. (2016). Autophagy induction protects against 7-oxysterolinduced cell death via lysosomal pathway and oxidative stress. J. Cell Death 9, 1–7. doi: 10.4137/JCD.S37841

 Zaina, S., Lindholm, M. W., and Lund, G. (2005). Nutrition and aberrant DNA methylation patterns in atherosclerosis: more than just hyperhomocysteinemia? J. Nutr. 135, 5–8. Available online at: http://jn.nutrition.org/content/135/1/5.long

 Zhang, M., Gao, X., Wu, J., Liu, D., Cai, H., Fu, L., et al. (2010). Oxidized high-density lipoprotein enhances inflammatory activity in rat mesangial cells. Diabetes Metab. Res. Rev. 26, 455–463. doi: 10.1002/dmrr.1102

 Zhou, J., Li, Y. S., Wang, K. C., and Chien, S. (2014). Epigenetic mechanism in regulation of endothelial function by disturbed flow: induction of DNA hypermethylation by DNMT1. Cell. Mol. Bioeng. 7, 218–224. doi: 10.1007/s12195-014-0325-z

 Zhou, J., Wang, K. C., Wu, W., Subramaniam, S., Shyy, J. Y., Chiu, J. J., et al. (2011). MicroRNA-21 targets peroxisome proliferators-activated receptor-alpha in an autoregulatory loop to modulate flow-induced endothelial inflammation. Proc. Natl. Acad. Sci. U.S.A. 108, 10355–10360. doi: 10.1073/pnas.1107052108

 Zurgil, N., Afrimzon, E., Shafran, Y., Shovman, O., Gilburd, B., Brikman, H., et al. (2007). Lymphocyte resistance to lysophosphatidylcholine mediated apoptosis in atherosclerosis. Atherosclerosis 190, 73–83. doi: 10.1016/j.atherosclerosis.2006.02.013

 Zurgil, N., Solodeev, I., Gilburd, B., Shafran, Y., Afrimzon, E., Avtalion, R., et al. (2004). Monitoring the apoptotic process induced by oxidized low-density lipoprotein in jurkat T-Lymphoblast and U937 monocytic human cell lines. Cell Biochem. Biophys. 40, 97–113. doi: 10.1385/CBB:40:2:097

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Yang, Li, Li, Ren, Zhang, Hu, Gao, Xing and Shang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-08-00600-t002.jpg
Study  Participants  Intervention Follow-up  Outcomes

(patients) (year)

CHAOS 2,002 Vitamin € (800 mg/d) or (400 mg/d) 15 Reduces cardiovascular events, but cardiovascular mortalty
is not obvious.

HPS 20536 Vitamin E (600 mg/c), Vitamin G (250 mg/), and 5 Shghty affects mortality and risk.

f-carotene (20 mg/d)

ASAP %6 Vitamin E (136 mg) plus Vitamin C (250 mg) twice daily 3 Slows down atheroscierotic progression in
hypercholesterolemic individuals.

PPP 4784 Vitarmin € (300 mg/day) 5 Vitamin € effect is not obvious.

CHAOS, Cambridge Heart Antioxidant Study: HPS, Heart Protection Study: ASAP. Antioxidant Supplementation in Atherosclerosis Prevention: PPP Primary Prevention Project.





OPS/images/inline_1.gif





OPS/images/fphys-08-00600-i001.gif





OPS/images/fphys-08-00600-t001.jpg
Antioxidant Mechanism References

Vitamin Protecting against oxidative damage induced by hydrogen peroxide. Luft and Landau, 1996; Kinscherf et al.,
1997; Liesa et al., 2009; Chang et al.,
2010

ACEl Increasing plasma bradykinin to diastolic coronary vessels and peripheral blood vessels. Gropen et al., 1994

ATIR antagonists  Blocking the action of Ang If; blocking ROS production from the source; inhibiing the expression of  Anan etal., 1995
vascular endothelial cels.

Statins Increasing NO bioactivity; upregulating NOS expression. Blaner, 1989; Balinger et al., 2002
Madamanchi and Runge, 2007

Probucol Reducing plasma oxygen free radical concentration; inhibiting LOL formation. Wang et al, 2014, 2015

AGI1067 Protecting the vascular system with antioxidant properties. Schriner et al., 2006; Sobenin et al., 2013

ACE], angiotensin-converting enzyme inhibitors; ATIR antegonists, angiotensin-converting enzyme receptor 1 antagonists; AGI-1,067, succinobucol: NO, nitrc oxide; NOS, nitric oxide
synthase; LDL, low-density fpoprolein.





OPS/images/inline_4.gif





OPS/images/inline_2.gif





OPS/images/inline_3.gif





OPS/images/fphys-08-00600-g001.gif





OPS/images/fphys-08-00600-g002.gif





OPS/images/cover.jpg
, frontiers
in Physiology

Oxidative Stress-Mediated
Atherosclerosis: Mechanisms and
Therapies









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





