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Introduction

Atherothrombosis and its complications are a major cause of morbidity. Indeed, in 2010, one out of four deaths worldwide was due to ischemic heart diseases and stroke [START_REF] Lozano | Global and regional mortality from 235 causes of death for 20 age groups in 1990 and 2010: a systematic analysis for the Global Burden of Disease Study[END_REF], and the prevalence could be growing. This pathophysiology is complex, involving many risk factors (such as inflammation, hyperlipidemia, diabetes mellitus, hypertension, smoking, age…) and interactions between vascular and blood cells.

The relationship between coronary heart diseases and fatty acids has been known since the sixties when epidemiologic studies showed a strong association between the high incidence of such diseases and high intake of saturated fatty acids [START_REF] Page | Dietary fat ant its relation to heart attacks and strokes[END_REF]. At the opposite, about a decade later, some evidence from studies of Bang and Dyerberg [START_REF] Bang | Plasma lipids and lipoproteins in Greenlandic west coast Eskimos[END_REF][START_REF] Dyerberg | Lipid metabolism, atherogenesis, and haemostasis in Eskimos: the role of the prostaglandin-3 family[END_REF] indicated that n-3 or omega (w)-3 polyunsaturated fatty acids (PUFA) consumption could protect against cardiovascular diseases (CVD). Numerous epidemiological and clinical trials have reported the cardioprotective effects of omega-3 PUFA [START_REF] Kromhout | The inverse relation between fish consumption and 20-year mortality from coronary heart disease[END_REF][START_REF]Gruppo Italiano per lo Studio della Sopravvivenza nell'Infarto miocardico. Dietary supplementation with n-3 polyunsaturated fatty acids and vitamin E after myocardial infarction: results of the GISSI-Prevenzione trial[END_REF][START_REF] Von Schacky | Metabolism and effects on platelet function of the purified eicosapentaenoic and docosahexaenoic acids in Humans[END_REF][START_REF] Din | Omega 3 fatty acids and cardiovascular diseasefishing for a natural treatment[END_REF]. However, other contemporary clinical trials show controversial data regarding the association of omega-3 PUFA and cardiovascular points [START_REF] Kwak | Korean Meta-analysis Study Group, Efficacyof omega-3 fatty acid supplements (eicosapentaenoic acid and docosahexaenoic acid) in the secondary prevention of cardiovascular disease: a meta-analysis of randomized, double-blind, placebo-controlled trials[END_REF][START_REF] Rizos | Association between omega-3 fatty acid supplementation and risk of major cardiovascular disease events: a systematic review and meta-analysis[END_REF][START_REF] Messori | w-3 fatty acids supplements for secondary prevention of cardiovascular disease: from "no proof of effectiveness" to "Proof of no effectiveness[END_REF][START_REF] Grey | Clinical trial evidence and use of fish oil supplements[END_REF]13,[START_REF] Kromhout | Alpha Omega Trial Group n-3 fatty acids and cardiovascular events after myocardial infarction[END_REF]. Neutral results of recent intervention trials could be due to heterogeneity of patients (age of the patients, time enrollment in the clinical trial after myocardial infarctions, level of omega-3 PUFA erythrocyte at baseline: omega-3 index [START_REF] Von Schacky | Omega-3 fatty acids in cardiovascular disease -An uphill battle[END_REF]) but also be due to differences in the omega-3 PUFA supplements (EPA, DHA alone or in combination, or fish oil), their dose and duration of the supplementation. In addition, increased optimal medical therapy (including statins) [START_REF] Kromhout | Alpha Omega Trial Group n-3 fatty acids and cardiovascular events after myocardial infarction[END_REF] could induce an improvement in cardioprotection. Thus, all these discrepancies could explain the differences between intervention trials and epidemiological studies since the Multi-Ethnic study published in 2013 [START_REF] De Oliveira Otto | Circulating and dietary omega-3 and omega-6 polyunsaturated fatty acids and incidence of CVD in the Multi-Ethnic study of atherosclerosis[END_REF] suggest that increased consumption of omega-3 PUFA may prevent CVD.

The omega-3 PUFA family is one of the biologically relevant fatty acid family which mainly includes the precursor alpha-linolenic acid (ALA; 18:3w3), stearidonic acid (18:4w3), and the long-chain eicosapentaenoic (EPA; 20:5w3), and docosahexaenoic (DHA; 22:6w3) acids. The other relevant family is the omega-6 one (Fig. 1) including linoleic acid (18:2w6) and arachidonic acid (ARA, 20:4w6).

To date, most studies concern the cardioprotective effects of ALA, EPA and DHA which would be the main focus of this review.

Non-marine omega-3 fatty acids and cardiovascular risk

Compared to long-chain PUFA, there is less compelling evidence that plant-derived ALA may reduce the cardiovascular risk although meta-analyses of dietary and biomarker studies concluded that increased consumption of ALA reduces the risk of fatal coronary heart disease [START_REF] Brouwer | Dietary alpha-linolenic acid is associated with reduced risk of fatal coronary heart disease, but increased prostate cancer risk: a meta-analysis[END_REF] and confers cardiovascular benefits [START_REF] Pan | α-Linolenic acid and risk of cardiovascular disease: a systematic review and meta-analysis[END_REF]. Dietary ALA may display anti-thrombotic effects, independently of its conversion to EPA, by indexinhibiting arterial thrombus formation and decreasing collagen-and thrombininduced platelet aggregation [START_REF] Holy | Dietary alpha-linolenic acid inhibits arterial thrombus formation, tissue factor expression, and platelet activation[END_REF]. Supplementation with ALA may also decrease some inflammatory markers in dyslipidemic patients [START_REF] Rallidis | Dietary alpha-linolenic acid decreases c-reactive protein, serum amyloid a and interleukin-6 in dyslipidaemic patients[END_REF], resulting in antiinflammatory effects. Studies on the effects of dietary ALA on plasma lipid concentrations are contradictory. Altogether, dietary ALA had no effect, moderately decreased or even increased plasma triacylglycerols (TAG) concentrations [START_REF] Burdge | Dietary alpha-linolenic acid and health-related outcomes: a metabolic perspective[END_REF]. No changes were generally observed in plasma, low-density lipoproteins (LDL) and highdensity lipoproteins (HDL) cholesterol although lipoproteins were enriched in ALA and EPA following ALA supplementation [START_REF] Egert | Dietary alpha-linolenic acid, EPA, and DHA have differential effects on LDL fatty acid composition but similar effects on serum lipid profiles in normolipidemic humans[END_REF]. It should be added that ALA is poorly converted into longer chain PUFA and mainly partitioned toward beta-oxidation [START_REF] Brenna | Efficiency of conversion of alpha-linolenic acid to long chain n-3 fatty acids in man[END_REF][START_REF] Brenna | alpha-Linolenic acid supplementation and conversion to n-3 long-chain polyunsaturated fatty acids in humans[END_REF]. Recent evidence indicates that ALA is also metabolized into mono-and dihydroxylated compounds by 15-/w6-lipoxygenase, with the latter which might account for part of ALA anti-inflammatory and anti-thrombotic effects [START_REF] Liu | Characterization and biological effects of di-hydroxylated compounds deriving from the lipoxygenation of ALA[END_REF].

Besides ALA, a few studies focused on stearidonic acid (SDA, 18:4w3). SDA is the direct product of ALA via the D6-desaturase action. Because D6-desaturase is a ratelimiting enzyme in humans [START_REF] Wahl | Troglitazone downregulates delta-6 desaturase gene expression in human skeletal muscle cell cultures[END_REF], SDA could represent a sustainable alternative to ALA [START_REF] James | Metabolism of stearidonic acid in human subjects: comparison with the metabolism of other n-3 fatty acids[END_REF][START_REF] Surette | Dietary omega-3 PUFA and health: stearidonic acid-containing seed oils as effective and sustainable alternatives to traditional marine oils[END_REF]. In vitro studies showed that the addition of SDA, pre-coated onto albumin to isolated human platelets inhibits agonist-induced aggregation to the same extent as EPA [START_REF] Kockmann | Inhibitory effect of stearidonic acid (18:4 n-3) on platelet aggregation and arachidonate oxygenation[END_REF]. Human studies have shown that the consumption of SDA, provided as an ethyl ester, leads to an enrichment of plasma phospholipids, red blood cells [START_REF] Surette | Dietary echium oil increases plasma and neutrophil longchain (n-3) fatty acids and lowers serum triacylglycerols in hypertriglyceridemic humans[END_REF] and peripheral blood mononuclear cells [START_REF] Miles | The influence of different combinations of gamma-linolenic, stearidonic and eicosapentaenoic acids on the fatty acid composition of blood lipids and mononuclear cells in human volunteers[END_REF] into EPA and DPA, but not into DHA. Neither SDA nor [START_REF] Din | Omega 3 fatty acids and cardiovascular diseasefishing for a natural treatment[END_REF][START_REF] Messori | w-3 fatty acids supplements for secondary prevention of cardiovascular disease: from "no proof of effectiveness" to "Proof of no effectiveness[END_REF][START_REF] Kromhout | Alpha Omega Trial Group n-3 fatty acids and cardiovascular events after myocardial infarction[END_REF]20:4w3) increased in response to dietary SDA. Although SDA did not significantly modify plasma cholesterol concentrations in healthy subjects [START_REF] Lemke | Dietary intake of stearidonic acid-enriched soybean oil increases the omega-3 index: randomized, double-blind clinical study of efficacy and safety[END_REF][START_REF] Lemke | Stearidonic acid-enriched soybean oil increased the omega-3 index, an emerging cardiovascular risk marker[END_REF], dietary echium oil (containing 14% SDA as total fatty acids) decreased plasma TAG in hypertriglyceridemic patients [START_REF] Surette | Dietary echium oil increases plasma and neutrophil longchain (n-3) fatty acids and lowers serum triacylglycerols in hypertriglyceridemic humans[END_REF]. Further studies are required to determine the effects of SDA on other cardiovascular risk factors and to uncover oxygenated derivatives of SDA putatively displaying biological activities.

Much less is known on the putative effects of ETA, an intermediate fatty acid between SDA and EPA. It has been described to be as potent as EPA in inhibiting prostaglandin H synthase (PGHS) activity [START_REF] Croset | Inhibition of prostaglandin H synthase and activation of 12-lipoxygenase by 8,11,14,17-eicosatetraenoic acid in human endothelial cells and platelets[END_REF].

Marine PUFA and some factors associated with atherothrombosis

Marine PUFA and plasma lipids

Hypertriglyceridemia is recognized as a risk factor for cardiovascular disease. There is strong evidence that the administration of high doses (2-4 g/day) of omega-3 PUFA (mainly EPA and DHA) to hypertriglyceridemic patients leads to a significant reduction of plasma TAG [START_REF] Harris | N-3 fatty acids and serum lipoproteins: human studies[END_REF][START_REF] Kelley | Docosahexaenoic acid supplementation improves fasting and postprandial lipid profiles in hypertriglyceridemic men[END_REF], notably in chylomicrons and very low-density lipoproteins (VLDL) particles, thus improving cardiovascular health. The hypotriglyceridemic effects of omega-3 PUFA are dependent on the background dietary fat intake, the dose administered, and the baseline plasma TAG concentrations [START_REF] Balk | Effects of omega-3 fatty acids on serum markers of cardiovascular disease risk: a systematic review[END_REF].

Regarding the mechanism of action, the effects are partly due to a decreased hepatic synthesis of TAG and to an increased clearance of chylomicrons [START_REF] Harris | Very long-chain omega-3 fatty acids enhance chylomicron clearance in the rat[END_REF][START_REF] Harris | Omega-3 fatty acids and coronary heart disease risk: clinical and mechanistic perspectives[END_REF] and VLDL from the circulation. Prescription of omega-3 PUFA in combination with cardiovascular drugs has also to be taken into account since adding statins to omega-3 PUFA may lower TAG levels to a greater extent than statins alone in hypertriglyceridemic patients [START_REF] Kanji | Interactions of commonly used dietary supplements with cardiovascular drugs: a systematic review[END_REF]. Administration of fish oils to hypertensive patients treated with an angiotensin converting enzyme (ACE) inhibitor may further decrease plasma TAG [START_REF] Howe | Effect of sodium restriction and fish oil supplementation on BP and thrombotic risk factors in patients treated with ACE inhibitors[END_REF].

Considering plasma total cholesterol levels, fish oils or omega-3 PUFA concentrates have generally no significant effect on total cholesterol. Ingestion of fish oils or DHA may lead to very modest increases in LDL and HDL cholesterol which are likely to be related to lower TAG concentrations and/or genetic factors [START_REF] Schmidt | The effects of n-3 fatty acids on plasma lipids and lipoproteins and other cardiovascular risk factors in patients with hyperlipidemia[END_REF]. Some studies showed indeed that supplementation with fish oils may raise LDL cholesterol and total cholesterol concentrations in individuals with an apoE4 allele [START_REF] Minihane | ApoE polymorphism and fish oil supplementation in subjects with an atherogenic lipoprotein phenotype[END_REF][START_REF] Caslake | Effect of sex and genotype on cardiovascular biomarker response to fish oils: the FINGEN Study[END_REF]. In addition, some studies showed indeed that supplementations wiHowever, some studies showed that omega-3 PUFA may impact cholesterol levels in lipoprotein subclasses. Supplementation with DHA [START_REF] Mori | Purified eicosapentaenoic and docosahexaenoic acids have differential effects on serum lipids and lipoproteins, LDL particle size, glucose, and insulin in mildly hyperlipidemic men[END_REF] or omega-3 PUFA [START_REF] Suzukawa | Effects of fish oil fatty acids on low density lipoprotein size, oxidizability, and uptake by macrophages[END_REF] may increase LDL particle size and consequently large LDL particles rather than small and dense LDL ones, shifting the lipoprotein profile to a less atherogenic situation [START_REF] Woodman | Docosahexaenoic acid but not eicosapentaenoic acid increases LDL particle size in treated hypertensive type 2 diabetic patients[END_REF]. The intake of fish oils [START_REF] Mori | Effects of varying dietary fat, fish, and fish oils on blood lipids in a randomized controlled trial in men at risk of heart disease[END_REF] or high doses of DHA (4g/d for 6 weeks), but not of EPA [START_REF] Mori | Purified eicosapentaenoic and docosahexaenoic acids have differential effects on serum lipids and lipoproteins, LDL particle size, glucose, and insulin in mildly hyperlipidemic men[END_REF], may result in increased concentrations of HDL cholesterol, especially HDL2. The mechanism of action of DHA could be related to decreased lipid transfer protein activity [START_REF] Abbey | Effect of fish oil on lipoproteins, lecithin:cholesterol acyltransferase, and lipid transfer protein activity in humans[END_REF].

Effects of marine PUFA on platelet function

Numerous studies have been conducted with EPA and DHA because these fatty acids are present in the diet of Greenland Inuits (mainly in the form of marine oils and seafood) [START_REF] Bang | The composition of food consumed by Greenland Eskimos[END_REF], and found in their plasma lipids [START_REF] Bang | Plasma lipid and lipoprotein pattern in Greenlandic West-coast Eskimos[END_REF]. The role of platelets in hemostasis and thrombosis is known for a long time and well defined but more recently, a new concept has emerged stating that platelets play a central role in the atherothrombotic process [START_REF] Kaplan | The role of platelets in atherothrombosis[END_REF][START_REF] Massberg | A critical role of platelet adhesion in the initiation of atherosclerotic lesion formation[END_REF]. Because of the pivotal role of platelets, some studies focused on the effect of omega-3 long chain PUFA on platelet function. The first one was reported by Dyerberg and Bang [START_REF] Dyerberg | Haemostatic function and platelet polyunsaturated fatty acids in Eskimos[END_REF] showing that Inuits had attenuated platelet reactivity. Since then, platelet aggregation was found to be diminished [START_REF] Nelson | The effect of dietary arachidonic acid on platelet function, platelet fatty acid composition, and blood coagulation in humans[END_REF][START_REF] Goodnight | Polyunsaturated fatty acids, hyperlipidemia, and thrombosis[END_REF][START_REF] Siess | Plateletmembrane fatty acids, platelet aggregation, and thromboxane formation during a mackerel diet[END_REF][START_REF] Prisco | Effect of n-3 fatty ethyl ester supplementation on fatty acid composition of the single platelet phospholipids and on platelet functions[END_REF][START_REF] Phang | Eicosapentaenoic and docosahexaenoic acid supplementations reduce platelet aggregation and hemostatic markers differentially in men and women[END_REF] after omega-3 fatty acids intake and even after ingestion of low doses of omega-3 PUFA [START_REF] Véricel | The influence of low intake of n-3 fatty acids on platelets in elderly people[END_REF][START_REF] Mcewen | Effects of omega-3 polyunsaturated fatty acids on platelet function in healthy subjects with cardiovascular disease[END_REF]. The heterogeneity of observed results [START_REF] Hooper | Omega 3 fatty acids for prevention and treatment of cardiovascular disease[END_REF] is probably due to great variability of numerous factors including target populations, quantities of omega-3 PUFA, sources of these fatty acids, duration of supplementation. However, a metaanalysis conducted by Gao et al. [START_REF] Gao | Influence of omega-3 polyunsaturated fatty acid-supplementation on platelet aggregation in humans: a meta-analysis of randomized controlled trials[END_REF] has demonstrated that omega-3 PUFA are associated with a significant reduction of platelet aggregation. Considering that most experimental feeding studies have been performed with an EPA and DHA mixture, it is difficult to determine the own effect of each PUFA. Pure sources of EPA, DPA or DHA provide more information. After supplementation with EPA, von Schacky and Weber [START_REF] Von Schacky | Metabolism and effects on platelet function of the purified eicosapentaenoic and docosahexaenoic acids in Humans[END_REF] found a decreased platelet reactivity and an increased docosapentaenoic acid (DPA; 22:5w3), an intermediate between EPA and DHA (Fig. 1). In addition, low intake of EPA may reduce platelet aggregation, without changing the fatty acid platelet composition [START_REF] Driss | Inhibition of platelet aggregation and thromboxane synthsesis after intake of small amount of icosapentaenoic acid[END_REF][START_REF] Croset | Functions and tocopherol content of blood platelets from elderly people after low intake of purified eicosapentaenoic acid[END_REF]. In the same way, following supplementation with DHA [START_REF] Von Schacky | Metabolism and effects on platelet function of the purified eicosapentaenoic and docosahexaenoic acids in Humans[END_REF], platelet function was reduced and a retroconversion of DHA in DPA and EPA was evidenced. Such a retroconversion occurred with normal dietary amounts of DHA, and the rate, calculated by Brossard et al. [START_REF] Brossard | Retroconversion and metabolism of [13C]22:6n-3 in humans and rats after intake of a single dose of [13C]22:6n-3-triacylglycerols[END_REF] after ingestion of trace amounts of [ 13 C]DHA-TAG, was relatively low (1.4%). More recently, we performed a doseresponse study with middle-aged healthy volunteers ingesting increasing amounts of DHA (200, 400, 800 and 1600 mg/day) for two weeks each dosage. We found that DHA supplementation led to a dose-dependent increase of DHA in platelet phospholipids, an increase of EPA after 1600 mg DHA/day while DPA decreased [START_REF] Guillot | Increasing intakes of the long chain omega-3 docosahexaenoic acid: effects on platelet functions and redox status in healthy men[END_REF], in agreement with results observed by Conquer and Holub [START_REF] Conquer | Supplementation with an algae source of docosahexaenoic acid increases (n-3) fatty acid status and alters selected risk factors for heart disease in vegetarian subjects[END_REF]. In addition, platelet reactivity was decreased after 400 and 800 mg DHA/day [START_REF] Guillot | Increasing intakes of the long chain omega-3 docosahexaenoic acid: effects on platelet functions and redox status in healthy men[END_REF]. They are only a limited number of studies with DPA suggesting it might be more potent than EPA and DHA to inhibit platelet aggregation [START_REF] Akiba | Involvement of lipoxygenase pathway in docosapentaenoic acid-induced inhibition of platelet aggregation[END_REF]. Thus, the relationship between EPA, DPA and DHA in the inhibition of platelet function is not clear. It is difficult to precisely attribute the effects to each PUFA, and their beneficial and complementary effects could well be linked to formation or diminution of specific eicosanoids and/or docosanoids.

Marine PUFA and enzymatic oxidized products

Effects of marine PUFA on oxygenated metabolites (eicosanoids and docosanoids)

The beneficial effects of marine oils have been largely discussed in terms of effects on arachidonic acid (ARA) oxygenated metabolites. Dietary omega-3 PUFA compete with ARA for acylation into cellular phospholipids [START_REF] Siess | Plateletmembrane fatty acids, platelet aggregation, and thromboxane formation during a mackerel diet[END_REF] and one of the proposed explanations for the prevention of atherosclerosis by omega-3 PUFA may be due to changes in eicosanoid formation. Eicosanoids are signaling lipid metabolites from 20carbon fatty acids, including prostaglandins, prostacyclin, leukotrienes, hydroxyderivatives and epoxy-derivatives. When platelet activation occurs, ARA is released from phospholipids and oxygenated to give pro-aggregatory prostanoids, mainly thromboxane A 2 (TxA 2 ). ARA is also oxygenated by 12-lipoxygenase to provide 12hydroperoxyeicosatetraenoic acid (12-HpETE) [START_REF] Lagarde | Metabolism of fatty acids by platelets and the functions of various metabolites in mediating platelet function[END_REF] (Fig. 2). In presence of EPA, the ARA-derived eicosanoids shift to EPA-derived metabolites [START_REF] Fisher | Thromboxane (TX)A3 is formed in human platelets after dietary eicosapentaenoic acid (20:5n-3)[END_REF][START_REF] Fisher | Thromboxane (TX)A3 and prostaglandin (PG)I3 are formed in man after dietary eicosapentaenoic acid: identification and quantification by capillary gas chromatography-electron impact mass spectrometry[END_REF] which are less vaso-constrictive and have less potent effect on platelet aggregation [START_REF] Jung | N-3 Fatty acids and cardiovascular disease: mechanisms underlying beneficial effects[END_REF], which leads to overall antithrombotic activities. Indeed, TxA 2 , formed by PGH synthase (COX-1)/Tx synthase from ARA, is a pro-aggregatory and vaso-constricting substance [START_REF] Driss | Inhibition of platelet aggregation and thromboxane synthsesis after intake of small amount of icosapentaenoic acid[END_REF] while TxA 3 , formed from EPA, is weakly pro-aggregatory [START_REF] Fisher | Thromboxane (TX)A3 and prostaglandin (PG)I3 are formed in man after dietary eicosapentaenoic acid: identification and quantification by capillary gas chromatography-electron impact mass spectrometry[END_REF]. Also, the conversion of EPA to TxA 3 is much lower than ARA to TxA 2 [START_REF] Boukhchache | Interactions between prostaglandin precursors during their oxygenation by human platelets[END_REF]. In addition, incorporation of EPA and DHA to membrane phospholipids leads to an inhibition of TxA 2 /PGH 2 receptor binding as shown by the reduction of platelet sensitivity to a thromboxane receptor agonist [START_REF] Swann | Enrichment of platelet phospholipids with eicosapentaenoic acid and docosahexaenoic acid inhibits thromboxane A2/prostaglandin H2 receptor binding and function[END_REF]. Accordingly, we showed that supplementation with low doses of EPA and DHA, or DHA alone, decreased platelet basal TxB 2 concentration [START_REF] Véricel | The influence of low intake of n-3 fatty acids on platelets in elderly people[END_REF][START_REF] Driss | Inhibition of platelet aggregation and thromboxane synthsesis after intake of small amount of icosapentaenoic acid[END_REF][START_REF] Guillot | Increasing intakes of the long chain omega-3 docosahexaenoic acid: effects on platelet functions and redox status in healthy men[END_REF].

For more than 50 years, aspirin is used as an antiplatelet medication. The acetylation of Ser 529 in human COX-1 by aspirin [START_REF] Smith | Enzymes of the cyclooxygenase pathways of prostanoid biosynthesis[END_REF] inhibits the production of TxA 2 . Some studies have reported the action of aspirin in combination with omega-3 PUFA. In healthy subjects, omega-3 PUFA can enhance the anti-thrombotic effects of aspirin [START_REF] Larson | Effects of omega-3 acid ethyl esters and aspirin, alone and in combination, on platelet function in healthy subjects[END_REF]. Moreover, adding omega-3 PUFA may improve the response to aspirin in aspirin-resistant patients [START_REF] Lev | Treatment of aspirin-resistant patients with omega-3 fatty acids versus aspirin dose escalation[END_REF]. In the same way, the administration of omega-3 PUFA in combination with aspirin and clopidogrel (an anti-aggregatory drug) decrease platelet aggregation in patients after percutaneous coronary intervention (The OMEGA-PCI) [START_REF] Gajos | Effects of polyunsaturated omega-3 fatty acids on responsiveness to dual antiplatelet therapy in patients undergoing percutaneous coronary intervention: the OMEGA-PCI (OMEGA-3 fatty acids after pci to modify responsiveness to dual antiplatelet therapy) study[END_REF].

Omega-3 PUFA may also modify the blood levels of several coagulation factors but the results are conflicting [START_REF] Shahar | Associations of fish intake and dietary n-3 polyunsaturated fatty acids with a hypocoagulable profile. The Atherosclerosis Risk in Communities (ARIC) Study[END_REF]. However in the OMEGA-PCI intervention, the authors have shown that adding omega-3 PUFA to aspirin and clopidogrel prescription in coronary artery disease patients decreases thrombin formation and favorably alters fibrin clot properties. Their findings indicate novel antithrombotic effects induced by omega-3 PUFA [START_REF] Gajos | Reduced thrombin formation and altered fibrin clot properties induced by polyunsaturated omega-3 fatty acids on top of dual antiplatelet therapy in patients undergoing percutaneous coronary intervention (OMEGA-PCI clot)[END_REF].

There is some evidence that DPA also inhibits the cyclooxygenase activity but enhances the formation of 12-hydroxyeicosatetraenoic acid (12-HETE) [START_REF] Kaur | Docosapentaenoic acid (22:5n-3): a review of its biological effects[END_REF].

Moreover, anti-thrombotic effects of these PUFA might also be endotheliumdependent. The 3-series prostacyclin (Fig. 2), synthesized from EPA by endothelial cells, had the same anti-aggregatory effects as the 2-series prostacyclin from ARA [START_REF] Hishinuma | Effects of long-term supplementation of eicosapentanoic and docosahexanoic acid on the 2-, 3-series prostacyclin production by endothelial cells[END_REF]. DPA has been shown to inhibit prostacyclin formation but its effect may be attributed to retroconversion of DPA to EPA [START_REF] Bénistant | Docosapentaenoic acid (22:5n-3): metabolism and effect on prostacyclin production in endothelial cells[END_REF].

In addition, cytochrome P450-dependent metabolites of EPA and DHA may also function as mediators of the vaso-dilatory and cardio-protective effects of omega-3 PUFA [START_REF] Fischer | Dietary omega-3 fatty acids modulate the eicosanoid profile in man primarily via the CYPepoxygenase pathway[END_REF]. Dietary EPA/DHA supplementation results in a tissue-specific accumulation of epoxides derived from EPA and DHA, that are 17,18-epoxyeicosatetraenoic and 19,20-epoxy-docosapentaenoic acids. These omega-3-derived epoxides display anti-arrhythmic actions at nanomolar concentrations [START_REF] Arnold | Arachidonic acid-metabolizing cytochrome P450 enzymes are targets of omega-3 fatty acids[END_REF].

As with ARA, EPA and DHA are substrates of lipoxygenases (LOX). Numerous endproducts mono-, di-and tri-hydroxy derivatives can be formed. Such oxygenated lipid mediators can be produced enzymatically or non-enzymatically.

Effect of enzymatic-derived lipid mediators from omega-3 fatty acids

The role of chronic inflammation in atherosclerosis which involves leukocytes infiltration in the arterial intima is well established and its resolution offers novel approaches. Lipoxygenase pathways play an important role since they are involved in the recruitment of leukocytes and also in the formation of lipid mediators deriving from omega-6 and omega-3 PUFA [START_REF] Hersberger | Potential role of the lipoxygenase derived lipid mediators in atherosclerosis: leukotrienes, lipoxins and resolvins[END_REF].

Long chain omega-3 PUFA such as EPA and DHA are also precursors of potent antiinflammatory compounds. Among them, resolvin E1 (RvE1) from EPA [START_REF] Serhan | Novel functional sets of lipid-derived mediators with antiinflammatory actions generated from omega-3 fatty acids via cyclooxygenase 2-nonsteroidal antiinflammatory drugs and transcellular processing[END_REF][START_REF] Arita | Stereochemical assignment, antiinflammatory properties, and receptor for the omega-3 lipid mediator resolvin E1[END_REF] exhibits an inhibition of neutrophil activation associated with a decrease of their adhesion to the endothelium as well as a decrease of oxidative stress as assessed by lower ROS formation. Interestingly, its formation is enhanced by aspirin [START_REF] Spite | Novel lipid mediators promote resolution of acute inflammation: impact of aspirin and statins[END_REF] which is also known to inhibit cyclooxygenases. RvE1 is an inhibitor of both ADP-induced and thromboxane receptor agonist U46619-stimulated aggregation in platelet-rich plasma in a concentration-dependent manner [START_REF] Dona | Resolvin E1, an EPA-derived mediator in whole blood, selectively counterregulates leukocytes ans platelets[END_REF].

EPA can also be metabolized by cyclooxygenase into PGH 3 which is then converted to the alternative 3-series PGs, PGD 3 , PGI 3 , PGE 3 and PGF 3 a [START_REF] Needleman | Thromboxanes: selective biosynthesis and distinct biological properties[END_REF][START_REF] Needleman | Triene prostaglandins: prostacyclin and thromboxane biosynthesis and unique biological properties[END_REF][START_REF] Yerram | Eicosapentaenoic acid metabolism in brain microvessel endothelium: effect on prostaglandin formation[END_REF]. PGD 3 is also converted to the cyclopentenone products, 15d-PGD 3 , PGJ 3 , and 15d-PGJ 3 [START_REF] Hegde | Δ12-prostaglandin J3, an omega-3 fatty acid-derived metabolite, selectively ablates leukemia stem cells in mice[END_REF][START_REF] Lefils-Lacourtablaise | The eicosapentaenoic acid metabolite 15-deoxy-δ(12,14)-prostaglandin J3 increases adiponectin secretion by adipocytes partly via a PPARγ-dependent mechanism[END_REF] (Fig. 3). Prostanoids derived from EPA have less inflammatory activities compared with those produced from ARA [START_REF] Whitaker | Triene prostaglandins: prostaglandin D3 and icosapentaenoic acid as potential antithrombotic substances[END_REF][START_REF] Juan | Dihomo-gamma-linolenic acid increases the metabolism of eicosapentaenoic acid in perfused vascular tissue[END_REF][START_REF] Hawkes | Biological activity of prostaglandin E3 with regard to oedema formation in mice[END_REF]. PGD 3 was described as a potential circulating antithrombotic agent [START_REF] Whitaker | Triene prostaglandins: prostaglandin D3 and icosapentaenoic acid as potential antithrombotic substances[END_REF]. PGD 3 also antagonizes the migration of neutrophils across endothelial cells mediated by PGD 2 [START_REF] Tull | Omega-3 Fatty acids and inflammation: novel interactions reveal a new step in neutrophil recruitment[END_REF]. PGE 3 is less proinflammatory than PGE 2 [102]. 15d-PGJ 3 has been shown to increase the secretion of adiponectin (a plasma protein adipocytokine showing anti-atherogenic, insulinsensitizing, and anti-inflammatory properties) by adipocytes partly via a peroxisome proliferator-activated receptor-gamma-dependent mechanism [START_REF] Lefils-Lacourtablaise | The eicosapentaenoic acid metabolite 15-deoxy-δ(12,14)-prostaglandin J3 increases adiponectin secretion by adipocytes partly via a PPARγ-dependent mechanism[END_REF].

EPA and DHA are substrates of platelet 12-lipoxygenase to produce monohydroxyderivatives including 12 hydroxy-eicosapentaenoic acid (12-HEPE) and 14-hydroxydocosahexaenoic acid (14-HDoHE), which inhibit thromboxane-induced platelet aggregation and aortic contraction [START_REF] Croset | Inhibition by lipoxygenase products of TXA2-like responses of platelets and vascular smooth muscle. 14-Hydroxy from 22:6n-3 is more potent than 12-HETE[END_REF] and may antagonize the thromboxane action by interfering with their receptor sites [START_REF] Fonlupt | 12-HETE inhibits the binding of PGH2/TXA2 receptor ligands in human platelets[END_REF]. DHA also leads to potent antiinflammatory resolvin D1 (RvD1) and D2 (RvD2). RvD1 enhances both nitric oxide and prostacyclin production in endothelial cells, decreases adhesion receptors and the formation of ROS and pro-inflammatory cytokines. RvD2 is mainly produced by dendritic cells. It inhibits the PMN infiltration into inflamed tissues, decreases PMN activation and promotes phagocytosis and clearance of apoptotic cells. On the other hand, DHA is also converted into protectin D1 (PD1) which is a potent antiinflammatory agent. PD1 exerts potent agonist actions on macrophages and vascular endothelial cells that can control the magnitude of the local inflammatory response involved in atherosclerosis [START_REF] Merched | Atherosclerosis: evidence for impairment of resolution of vascular inflammation governed by specific lipid mediators[END_REF]. However, PD1 had no effect on agonist-induced platelet aggregation at the tested concentrations (1nM to 100nM) [START_REF] Dona | Resolvin E1, an EPA-derived mediator in whole blood, selectively counterregulates leukocytes ans platelets[END_REF]. Moreover, protectin DX (PDX), a stereo and geometric isomer of PD1, produced from DHA via a dioxygenation mechanism by 15-LOX [START_REF] Chen | Full characterization of PDX, a neuroprotectin/protectin D1 isomer, which inhibits blood platelet aggregation[END_REF], exhibits anti-aggregatory properties.

PDX inhibits platelet aggregation induced by collagen, ARA and U-46619 at concentrations as low as 300nM. PDX inhibits cyclooxygenase-1 (COX-1) and also competes with the receptor of thromboxane A 2 [START_REF] Chen | Poxytrins, a class of oxygenated products from polyunsaturated fatty acids, potently inhibit blood platelet aggregation[END_REF]. These properties are linked to the E,Z,E configuration of the conjugated double bonds/triene motif [START_REF] Chen | Poxytrins, a class of oxygenated products from polyunsaturated fatty acids, potently inhibit blood platelet aggregation[END_REF]. PDX also exhibits anti-inflammatory properties in reducing the production of ROS by inhibiting NADPH oxidase and cyclooxygenase-2 (COX-2) activities [START_REF] Liu | Protectin DX, a double lipoxygenase product of DHA, inhibits both ROS production in human neutrophils and cyclooxygenase activities[END_REF]. It is noteworthy to state that the weak structural difference between these geometric and stereo-isomers (PD1 & PDX) has important consequences on their biological activities, as it has recently been pointed out [START_REF] Balas | Confusion between protectin D1 (PD1) and its isomer protectin DX (PDX). An overview on the dihydroxydocosatrienes described to date[END_REF]. Other PUFA can also be converted by 15-LOX into dihydroxylated fatty acids having the same E,Z,E motif (Fig. 4), collectively named poxytrins and sharing the anti-aggregatory properties. Recent investigations reveal that poxytrins synthesized from ALA, called linotrins (Fig. 4), display anti-aggregatory properties as well, and one of them inhibits the 5-lipoxygenase activity in human neutrophils [START_REF] Liu | Characterization and biological effects of di-hydroxylated compounds deriving from the lipoxygenation of ALA[END_REF].

Another metabolite derived from DHA has been recently discovered in activated macrophages which converts DHA into 14S,21-diHDHA and 14R,21-diHDHA via 12lipoxygenase and cytochrome P450 oxygenase. These metabolites promote wound healing and microvasculature formation and may partially represent the molecular mechanisms for macrophage pro-healing function [START_REF] Lu | Novel 14,21-dihydroxy-docosahexaenoic Acids: Structures, Formation Pathways, and Enhancement of Wound Healing[END_REF].

Besides this enzymatic peroxidation giving bioactive oxygenated metabolites, PUFA are obviously susceptible to the non-enzymatic peroxidation.

Marine PUFA and non enzymatic peroxidation

Effects of omega-3 PUFA upon non enzymatic lipid peroxidation

An excess of ROS, resulting from either their overproduction and/or insufficient activity of antioxidant defense systems, disturbs the physiological balance between pro-and anti-oxidant systems leading to injurious consequences. Lipid peroxides byproducts namely malondialdehyde (MDA), 4-hydroxy-alkenals, isoketals/neuroketals and isoprostanes/neuroprostanes are formed and are implicated in the etiology of a number of diseases, including cardiovascular ones [START_REF] Yagi | Lipid peroxides and human diseases[END_REF]. Amongst PUFA, marine PUFA are highly oxidizable owing to the presence of 5 or 6 double bonds in the fatty acyl chain. Clinical studies using large doses of omega-3 PUFA indeed reported an increased lipid peroxidation in plasma [START_REF] Brown | Effect of fish oil and vitamin E supplementation on lipid peroxidation and whole blood aggregation in man[END_REF][START_REF] Nair | Dietary fish oil-induced changes in the distribution of alpha-tocopherol, retinol, and beta-carotene in plasma, red blood cells, and platelets: modulation by vitamin E[END_REF] and lipoproteins [START_REF] Harats | Fish oil ingestion in smokers and nonsmokers enhances peroxidation of plasma lipoproteins[END_REF][START_REF] Brude | Peroxidation of LDL from combinedhyperlipidemic male smokers supplied with omega-3 fatty acids and antioxidants[END_REF] Moreover, in vitro, we have found that large amounts of EPA and/or DHA induce lipid peroxidation in platelets [START_REF] Polette | N-3 fatty acid-induced lipid peroxidation in human platelets is prevented by catechins[END_REF][START_REF] Lemaitre | Effects of fatty acids on human platelet glutathione peroxidase : possible role of oxidative stress[END_REF] whereas low DHA concentrations decrease it. Our results clearly evidenced a bimodal effect of DHA with antioxidant and pro-oxidant effects at low and high concentrations, respectively [START_REF] Véricel | Pro-and antioxidant activities of docosahexaenoic acid on human blood platelets[END_REF]. Ex vivo, we first showed that the ingestion of 100 mg EPA per day for two months by elderly people increased platelet vitamin E concentration while decreasing thrombin-induced platelet aggregation [START_REF] Croset | Functions and tocopherol content of blood platelets from elderly people after low intake of purified eicosapentaenoic acid[END_REF]. We next reported that the intake of 150 mg EPA and 30 mg DHA for 6 weeks resulted in increased vitamin E and decreased MDA concentrations in platelets from elderly people [START_REF] Véricel | The influence of low intake of n-3 fatty acids on platelets in elderly people[END_REF]. More recently, we found that supplementation of healthy men with 200 mg DHA per day for two weeks increased significantly platelet vitamin E while urinary isoprostane (IsoP) formation decreased [START_REF] Guillot | Increasing intakes of the long chain omega-3 docosahexaenoic acid: effects on platelet functions and redox status in healthy men[END_REF]. At the opposite, the supplementation of these same healthy men with 1600 mg per day for two weeks increased urinary IsoP formation [START_REF] Guillot | Increasing intakes of the long chain omega-3 docosahexaenoic acid: effects on platelet functions and redox status in healthy men[END_REF]. In addition, we showed that supplementation with doses of DHA ranging from 200 to 800 mg DHA/day increased alpha-tocopherol concentrations, decreased MDA concentrations and lowered the susceptibility of LDL to oxidation [START_REF] Calzada | Subgram daily supplementation with docosahexaenoic acid protects low-density lipoproteins from oxidation in healthy men[END_REF]. In addition, 4-hydroxy-hexenal (4-HHE), a major aldehyde product of omega-3 fatty acids, was increased following supplementation with 800 and 1600 mg DHA/day while 4-hydroxy-nonenal (4-HNE) concentrations did not vary throughout the DHA supplementation periods. The antioxidant effects of DHA might have been due to its concomitant peroxidation, reflected by the production of 4-HHE.

DHA might be a target for free radicals and then might spare the endogenous vitamin E at low supplementation levels. Once oxidation reached a threshold level, the free radical chain reaction of lipid peroxidation might have exceeded the protection supplied by DHA, leading to pro-oxidant effects. In agreement with our results on 4-HHE, Ishikado et al. [START_REF] Ishikado | 4-Hydroxy hexenal derived from docosahexaenoic acid protects endothelial cells via Nrf2 activation[END_REF] recently reported that supplementation with dietary fish oil led to increased HHE aortic concentrations and increased the expression of the antioxidant enzyme heme oxygenase-1, and endothelium-dependent vasodilatation.

As reviewed very recently [START_REF] Giordano | Long-chain omega 3 fatty acids: molecular bases of potential antioxidant actions[END_REF], potential molecular mechanisms to explain the antioxidant effects of omega-3 fatty acids would be the quenching of ROS as well as direct inhibition of NADPH oxidase 4 (Nox-4) by DHA [START_REF] Richard | Docosahexaenoic acid down-regulates endothelial Nox4 through as PLA2 signaling pathway[END_REF]. Altogether, our results obtained in healthy subjects [START_REF] Guillot | Increasing intakes of the long chain omega-3 docosahexaenoic acid: effects on platelet functions and redox status in healthy men[END_REF][START_REF] Calzada | Subgram daily supplementation with docosahexaenoic acid protects low-density lipoproteins from oxidation in healthy men[END_REF][START_REF] Mebarek | Effects of increasing docosahexaenoic acid intake in human healthy volunteers on lymphocyte activation and monocyte apoptosis[END_REF] reinforce the antioxidant potential of low omega-3 PUFA intake as originally described in elderly subjects displaying increased oxidative stress [START_REF] Véricel | The influence of low intake of n-3 fatty acids on platelets in elderly people[END_REF][START_REF] Croset | Functions and tocopherol content of blood platelets from elderly people after low intake of purified eicosapentaenoic acid[END_REF] and in dyslipidemic diabetic patients [START_REF] Mori | Effect of dietary fish and exercise training on urinary F2-isoprostane excretion in noninsulin-dependent diabetic patients[END_REF].

Effect of non-enzymatic lipid mediators deriving from omega-3 fatty acids

Actives aldehydes, including 4-HHE (Fig. 5), can readily react with free primary amine and thiol groups, such as histidine and lysine, and cysteine residues, to generate Schiff base and Michael adducts [START_REF] Benedetti | Cytotoxic aldehydes originating from the peroxidation of liver microsomal lipids[END_REF][START_REF] Esterbauer | Chemistry and biochemistry of 4hydroxynonenal, malondialdehyde and related aldehydes[END_REF][START_REF] Nadkarni | Structural definition of early lysine and histidine adduction chemistry of 4-hydroxynonenal[END_REF][START_REF] Jürgens | Modification of human low-density lipoprotein by the lipid peroxidation product 4-hydroxynonenal[END_REF]. They are being considered as possible causal agents of different diseases such as chronic inflammation and atherogenesis. Moreover, 4-oxo-nonenal (Fig. 5) which is also a major product of lipid peroxidation [START_REF] Lee | Characterization of 4-oxo-2-nonenal as a novel product of lipid peroxidation[END_REF][START_REF] Lee | Vitamin C-induced decomposition of lipid hydroperoxides to endogenous genotoxins[END_REF] is more reactive than 4-HNE towards amino acid residues [START_REF] Doorn | Covalent adduction of nucleophilic amino acids by 4-Hydroxynonenal anl and 4-oxononenal[END_REF]. Similarly, 4-oxo-hexenal (Fig. 5) is more reactive than 4-HHE. Hydroxy-alkenals interact with LDL lysine residues of apoB [START_REF] Esterbauer | Autoxidation of human low density lipoprotein: loss of polyunsaturated fatty acids and vitamin E and generation of aldehydes[END_REF][START_REF] Steinbrecher | Oxidation of human low density lipoprotein results in derivatization of lysine residues of apolipoprotein B by lipid peroxide decomposition products[END_REF]. They are recognized by scavenger receptors [START_REF] Podrez | Macrophage receptors responsible for distinct recognition of low density lipoprotein containing pyrrole or pyridinium adducts: models of oxidized low density lipoprotein[END_REF][START_REF] Yamada | Protein-bound 4-hydroxy-2-hexenal as a marker of oxidized n-3 polyunsaturated fatty acids[END_REF] through specific epitopes [START_REF] Collot-Teixeira | CD36 and macrophages in atherosclerosis[END_REF]. Such oxidized LDL are toxic toward endothelial cells by inhibiting their proliferation. 4-HHE, 4-HNE and 4-hydroxy-dodecadienal (4-HDDE) can also form adducts with phosphatidylethanolamine [START_REF] Guichardant | Covalent modifications of aminophospholipids by 4-hydroxynonenal[END_REF][START_REF] Bacot | Covalent binding of hydroxy-alkenals 4-HDDE, 4-HHE, and 4-HNE to ethanolamine phospholipid subclasses[END_REF][START_REF] Bacot | Evidence for in situ ethanolamine phospholipid adducts with hydroxy-alkenals[END_REF], and 4-HHE-phosphatidylethanolamine adducts were the main ones detected in retina of streptozotocin-induced diabetic rats [START_REF] Bacot | Evidence for in situ ethanolamine phospholipid adducts with hydroxy-alkenals[END_REF].

Also, hydroxy-alkenal adducts are present in atherosclerotic lesions [START_REF] Collot-Teixeira | CD36 and macrophages in atherosclerosis[END_REF][START_REF] Hoff | Phospholipid hydroxyalkenals: biological and chemical properties of specific oxidized lipids present in atherosclerotic lesions[END_REF][START_REF] Salomon | Critical Insights into cardiovascular disease from basic research on the oxidation of phospholipids: the 4-Hydroxyalkenal phospholipid hypothesis[END_REF].

Monocyte/macrophage CD36 has been shown to play a critical role in the development of atherosclerotic lesions by its capacity to bind and endocytosize oxidized low-density lipoproteins (OxLDL), and is implicated in the formation of foam cells [START_REF] Ley | ATVB in Focus: Vascular cell lineage determination and differentiation. Monocyte and macrophage dynamics during atherogenesis[END_REF][START_REF] Rahaman | A CD36-dependent signaling cascade is necessary for macrophage foam cell formation[END_REF].

Neuroketals (NKs) are isoketal (IsoK)-like compounds formed via the neuroprostane pathway of DHA peroxidation [START_REF] Brame | Identification of extremely reactive gamma-ketoaldehydes (isolevuglandins) as products of the isoprostane pathway and characterization of their lysyl protein adducts[END_REF][START_REF] Bernoud-Hubac | Formation of highly reactive gamma-ketoaldehydes (neuroketals) as products of the neuroprostane pathway[END_REF][START_REF] Bernoud-Hubac | Identification of oxidized derivatives of neuroketals[END_REF] (Fig. 5). Five docosahexaenoyl radicals are initially formed to generate eight D4-NK and eight E4-NK regioisomers. Each regioisomer is theoretically composed of eight racemic diastereoisomers for a total of 128 D4-NKs and 128 E4-NKs. NK isomers are designated by the location of the hydroxyl group. The designation "D" and "E" is a carryover from the established prostaglandin nomenclature for PGD and PGE and levuglandins E and D to indicate the location of the ketone moiety. When the keto/oxo group is located in the higher numbered carbon relative to the aldehyde, NK is designed D4 and when the ketone moiety is located in the lower numbered carbon, NKs is designed E4.

These γ-ketoaldehydes are some of the most reactive products of lipid peroxidation that covalently modify the lysine residues of proteins at a rate that far exceeds that of 4-HNE [START_REF] Brame | Identification of extremely reactive gamma-ketoaldehydes (isolevuglandins) as products of the isoprostane pathway and characterization of their lysyl protein adducts[END_REF]. NKs initially form a reversible Schiff base adduct, which then proceeds through a pyrrole to stable lactam and hydroxylactam adducts. Increased levels of NKs-protein adducts are associated with oxidant injury. Moreover, NKs exhibit a remarkable proclivity to form protein cross-links. These γ-ketoaldehydes also covalently modify aminophospholipids, forming pyrrole and Schiff base adducts with phosphatidylethanolamines [START_REF] Guo | Phosphatidylethanolamines modified by γ-ketoaldehyde (γKA) induce endoplasmic reticulum stress and endothelial activation[END_REF][START_REF] Guo | Identification of novel bioactive aldehyde-modified phosphatidylethanolamines formed by lipid peroxidation[END_REF][START_REF] Sullivan | Isoketals form cytotoxic phosphatidylethanolamine adducts in cells[END_REF][START_REF] Bernoud-Hubac | Covalent binding of isoketals to ethanolamine phospholipids[END_REF]. Under oxidizing conditions, the pyrrole adduct generally evolves to form NK-phosphatidylethanolamine lactam and hydroxylactam adducts.

Because of their capacity to covalently modify proteins, phospholipids and DNA, reactive aldehydes derived from lipid peroxidation have been suggested to be key mediators of oxidant injury including atherosclerotic cardiovascular diseases. IsoKs have been shown to potentiate aggregation of human platelets via p38 MAP kinase, a phenomenon that plays an important role in the pathogenesis of atherosclerosis and its thrombotic complications [START_REF] Bernoud-Hubac | Low concentrations of reactive gamma-ketoaldehydes prime thromboxane-dependent human platelet aggregation via p38-MAPK activation[END_REF]. IsoKs-protein adducts have also been detected in oxidized LDL [START_REF] Brame | Identification of extremely reactive gamma-ketoaldehydes (isolevuglandins) as products of the isoprostane pathway and characterization of their lysyl protein adducts[END_REF] and the levels of these adducts increase in blood plasma from patients with atherosclerosis compared with healthy volunteers [START_REF] Salomon | Isolevuglandin-protein adducts in humans: products of free radical-induced lipid oxidation through the isoprostane pathway[END_REF].

Relevant to these pathological states is the activation of the endoplasmic reticulum stress signaling pathways and endothelial activation by IsoKsphosphatidylethanolamine adducts [START_REF] Guo | Phosphatidylethanolamines modified by γ-ketoaldehyde (γKA) induce endoplasmic reticulum stress and endothelial activation[END_REF], as well as studies showing that IsoKs facilitate mitochondrial calcium dysfunction [START_REF] Stavrovskaya | Reactive gamma-ketoaldehydes formed via the isoprostane pathway disrupt mitochondrial respiration and calcium homeostasis[END_REF]. It is reasonable to speculate that NKs would have the same effects.

EPA-and DHA-derived IsoPs could also contribute to the beneficial biological effects of fish oil supplementation. For example, the EPA-derived IsoP, 15-F3t-IsoP, unlike 15-F2t-IsoP, does not increase human platelet shape change or aggregation [START_REF] Pratico | Local amplification of platelet function by 8-Epi prostaglandin F2alpha is not mediated by thromboxane receptor isoforms[END_REF].

Moreover, IsoPs generated from the oxidation of EPA are more abundant than those of F2-IsoPs generated from ARA, perhaps because EPA contains more double bonds and is therefore more easily oxidizable [START_REF] Gao | Formation of F-ring isoprostane-like compounds (F3-isoprostanes) in vivo from eicosapentaenoic acid[END_REF]. In addition, EPA supplementation markedly reduced levels of arachidonate-derived F2-IsoPs in mouse heart tissues. Such data are especially relevant since F2-IsoPs are generally considered to be pro-inflammatory molecules. Supplementation with EPA decreases F2-IsoP generation and should prevent some diseases associated with increased levels of F2-IsoPs [START_REF] Roberts | Isoprostanes[END_REF].

Recently, targeted lipidomics analyses revealed that both the profiles of EPA and DHA and their corresponding oxygenated metabolites were substantially modulated in plasma and liver. The hepatic F4-neuroprostanes (NPs) level was strongly correlated with the hepatic DHA level. Among all measured metabolites, hepatic F4-NPs were mostly negatively correlated with the plaque extent, indicating that F4-NPs are important positive predictors of atherosclerosis prevention [START_REF] Roberts | Formation of isoprostane-like compounds (neuroprostanes) in vivo from docosahexaenoic acid[END_REF][START_REF] Gladine | Lipid profiling following Intake of the omega 3 fatty acid DHA identifies the peroxidized metabolites F4-neuroprostanes as the best predictors of atherosclerosis prevention[END_REF].

Specific analytical issues

Lipid mediators, generally present in fluids in small amount, are usually extracted by solid phase extraction on C18 or anionic and C18 cartridges. This procedure can be applied directly to biological fluids, and blood cells after their lysis.

Lipid mediators such as mono-, di-and tri-hydroxylated fatty acids and prostaglandins can be measured together by LC-MS/MS using ESI MRM mode [START_REF] Strassburg | Quantitative profiling of oxylipins through comprehensive LC-MS/MS analysis: application in cardiac surgery[END_REF][START_REF] Faouder | LC-MS/MS method for rapid and concomitant quantification of pro-inflammatory and proresolving polyunsaturated fatty acid metabolites[END_REF][START_REF] Giera | Lipid and lipid mediator profiling of human synovial fluid in rheumatoid arthritis patients by means of LC-MS/MS[END_REF]. The specificity is achieved by their specific retention times and their daughter ions. Their corresponding deuterated internal standards are used for quantification.

The position of the hydroxyl group on the chain may be determined by GC-MS analysis after hydrogenation and derivatization into methyl esters and trimethysilylethers. Such a derivatization allows a specific cleavage to both sides on the carbon which carries the hydroxyl group.

It is of interest to determine the stereochemical configuration of the hydroxy metabolites in order to determine whether the products originate from an enzymatic or non-enzymatic lipid peroxidation. The configuration of the hydroxyl group is achieved by HPLC using chiral columns. The R or S configuration is obtained by comparison of retention times with chemically-synthesized standards.

The geometry of the double bounds in oxygenated products of PUFA is crucial to be determined as the function of the metabolite may depend on it. The gold standard method is NMR, which requires substantial amounts of highly purified products.

The mechanism of oxidation is solved by using 18 O 2 . Indeed, for a double lipoxygenation process, two 18 O atoms are present in the final hydroxyl derivatives. In contrast, only one 18 O atom is present if the mechanism involves an epoxidation mechanism followed by epoxide opening subsequently to hydration of the intermediate. Such a method has been successfully applied to differentiate the formation of PDX through a double oxygenation mechanism [START_REF] Chen | Full characterization of PDX, a neuroprotectin/protectin D1 isomer, which inhibits blood platelet aggregation[END_REF] from the formation of PD1 which requires a transient epoxidation after the lipoxygenation, followed by the water-dependent epoxide opening.

4-hydroxy-alkenals can be quantified directly through HPLC with UV detection at 220 nm [START_REF] Lang | Quantitative determination of the lipid peroxidation product 4-hydroxynonenal by high-performance chromatography[END_REF][START_REF] Esterbauer | Determination of aldehydic lipid peroxidation products: malonaldehyde and 4-hydroxynonenal[END_REF][START_REF] Murphy | Mitochondrial oxidation of 4-hydroxy-2nonenal in rat cerebral cortex[END_REF] or after derivatization with 2,4dinitrophenylhydrazine (DNPH) at 340 nm [START_REF] Cordis | High-performance liquid chromatographic peak identification of 2,4-dinitrophenylhydrazine derivatives of lipid peroxidation aldehydes by photodiode array detection[END_REF]. They can also be detected with a higher sensitivity by NICI GC-MS after derivatization using O-pentafluorobenzyl hydroxylamine hydrochloride for the carbonyl group, and N,O-bis trimethylsilyltrifluoroacetamide for the hydroxyl group [START_REF] Van Kuijk | 4-Hydroxyhexenal: a lipid peroxidation product derived from oxidized docosahexaenoic acid[END_REF][START_REF] Kawai | Lipidomic analysis for lipid peroxidation-derived aldehydes using gas chromatography-mass spectrometry[END_REF][START_REF] Guichardant | Specific markers of lipid peroxidation issued from n-3 and n-6 fatty acids[END_REF][START_REF] Zarrouki | The lipid peroxidation end-product 4-HNE induces COX-2 expression through p38MAPK activation in 3T3-L1 adipose cell[END_REF][START_REF] Long | Structural characterization of alpha, beta-unsaturated aldehydes by gc/miss dependent upon ionization methods[END_REF][START_REF] Awada | Dietary oxidized n-3 PUFA induce oxidative stress and inflammation: role of intestinal absorption of 4-HHE and reactivity in intestinal cells[END_REF][START_REF] Wang | Shotgun lipidomics analysis of 4-hydroxyalkenal species directly from lipid extracts after one-step in situ derivatization[END_REF].Their corresponding deuterated hydroxyalkenals are used for quantitation (Fig. 6). NKs adducts are detected and quantified by LC/ESI/MS/MS in the positive ion mode as described [START_REF] Bernoud-Hubac | Formation of highly reactive gamma-ketoaldehydes (neuroketals) as products of the neuroprostane pathway[END_REF][START_REF] Guo | Identification of novel bioactive aldehyde-modified phosphatidylethanolamines formed by lipid peroxidation[END_REF][START_REF] Sullivan | Isoketals form cytotoxic phosphatidylethanolamine adducts in cells[END_REF][START_REF] Bernoud-Hubac | Covalent binding of isoketals to ethanolamine phospholipids[END_REF][START_REF] Bernoud-Hubac | Analysis of Neuroketals Protein Adducts by Liquid Chromatography Electrospray Ionization[END_REF]. The basis of the method for quantifying NK-proteins adducts involves enzymatic digestion of proteins to individual amino acids followed by analysis of lysyl-NK adducts.

Conclusion

Omega-3 PUFA might play an important role in preventing atherothrombosis by themselves and through their oxygenated metabolites. However, it is obvious that the molecular mechanism explaining these effects on cardiovascular risk factors remain partially unclear, and further research needs to be launched. D and E represent desaturases and elongases, respectively. The structure of a major neuroketal from DHA is also shown. 
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 1 Figure 1: Biogenesis of long-chain polyunsaturated fatty acids (PUFA) from the essential fatty acids in mammals, linoleic (18:2w6) and alpha-linolenic (18:3w3) acids. The whole sequence mainly occurs in the endoplasmic reticulum, except for shortening the 24-carbon intermediates by beta-oxidation (b-ox) which occurs in peroxisomes.

Figure 2 :

 2 Figure 2:Selected oxygenation pathways related to the three main omega-3 PUFA (ALA, EPA and DHA) discussed in the review, with some pathways regarding ARA as a reference PUFA. Apart from the cyclooxygenase (COX) activities involved in the conversion of EPA into prostanoids of the three series (as largely described for ARA that is converted into prostanoids of the two series), the three omega-3 PUFA are mainly oxygenated by lipoxygenases (LOX). "LOX" means that several LOX and/or
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 3 Figure 3: Dehydration of PGD 2 and D 3 into PGJ 2 and J 3 , then into 15dPJ 2 and J 3 .The former are activator of adenylyl cyclase, and the latter are ligands of peroxisome proliferator-activating receptor gamma.

Figure 4 :

 4 Figure 4: Three poxytrins (Pufa OXYgenated TRIenes), characterized by an E,Z,E conjugated triene. Linotrin, LTBX and PDX derive from the double lipoxygenation of ALA, ARA and DHA, respectively. LTBX and PDX are stereochemical and geometric isomers of LTB 4 [5(S),12(R)-dihydroxy-6Z,8E,10E-20:4] and PD1 [10(R),17(S)dihydroxy-11E,13Z,15E-22:6], respectively.

Figure 5 :

 5 Figure 5: Structures of the two hydroxy-alkenals 4-HNE and 4-HHE from omega-6 and -3 PUFA, respectively, and their dehydrogenated oxo derivatives.

Figure 6 :

 6 Figure 6: NICI gas-chromatography/mass spectrometry tracing of 150 pg of derivatized 4-HHE and 4-HNE. Each of them show the syn and anti isomers.
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  ). "LOX" means that several LOX and/or LOX plus other oxygenation pathways may be involved.

	docosahexaenoate;	Hp/HOTE:	hydroperoxy/hydroxy-octadecatrienoate;	LT:
	leukotriene; PG: prostaglandin; Tx: thromboxane.
	anti-aggregatory:			
	pro-aggregatory :			
	COX: cyclooxygenase; Epox/Hydr: epoxidase + hydrolase; GPx: glutathione
	peroxidase.			
	Hp/HEPE:	hydroperoxy/hydroxy-eicosapentaenoate;	Hp/HETE:
	hydroperoxy/hydroxy-eicosatetraenoate;	Hp/HDoHE:	hydroperoxy/hydroxy-
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