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Introduction

Several epidemiological studies and randomized control trials have indicated an inverse relationship between the dietary intake of long-chain omega-3 polyunsaturated fatty acids (PUFAs), including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and the primary and secondary prevention of cardiovascular diseases [START_REF] Delgado-Lista | Long chain omega-3 fatty acids and cardiovascular disease: a systematic review[END_REF][START_REF] Dinicolantonio | Omega-3s and cardiovascular health[END_REF]. Indeed, in 1999 the GISSI-P trial showed that dietary supplementation with omega-3 PUFAs (1 g/day) significantly decreased the risk of cardiovascular death (GISSI-Prevenzione Investigators, 1999). Similarly, EPA supplementation in Japanese patients with a history of coronary artery diseases is associated with a significant reduction of major coronary events, especially non-fatal events [START_REF] Yokoyama | Effects of eicosapentaenoic acid on major coronary events in hypercholesterolaemic patients (JELIS): a randomised open-label, blinded endpoint analysis[END_REF]. The beneficial cardiovascular effect of omega-3 PUFAs has been attributed, at least in part, to their ability to improve the blood lipid profile, particularly by decreasing the triglyceride level [START_REF] Delgado-Lista | Long chain omega-3 fatty acids and cardiovascular disease: a systematic review[END_REF][START_REF] Shaikh | Efficacy of a unique omega-3 formulation on the correction of nutritional deficiency and its effects on cardiovascular disease risk factors in a randomized controlled VASCAZEN® REVEAL Trial[END_REF]. Additional mechanisms have also been suggested, including anti-atherosclerotic effects, antihypertensive effects, anti-inflammatory effects and inhibition of platelet aggregation [START_REF] Calder | Omega-3 fatty acids and inflammatory processes[END_REF][START_REF] Stone | Fish consumption, fish oil, lipids, and coronary heart disease[END_REF]. Moreover, the beneficial cardiovascular effect of omega-3 PUFAs may also be due to the improvement of the endothelial function. Indeed, our previous study demonstrated that amongst several omega-3 PUFAs formulations, EPA:DHA 6:1 was identified as a potent stimulator of the endothelial formation of nitric oxide (NO), and also, to a lesser extent, of endothelium-dependent hyperpolarization (EDH) in porcine coronary arteries [START_REF] Zgheel | Redox-Sensitive Induction of Src/PI3-kinase/Akt and MAPKs Pathways Activate eNOS in Response to EPA:DHA 6:1[END_REF]. The increased endothelial NO formation is mediated by a redoxsensitive activation of Src/PI3-kinase/Akt and MAPKs pathways leading to endothelial NO synthase (eNOS) activation, which is dependent on both ratio and purity of the EPA:DHA formulation [START_REF] Zgheel | Redox-Sensitive Induction of Src/PI3-kinase/Akt and MAPKs Pathways Activate eNOS in Response to EPA:DHA 6:1[END_REF].

The spontaneous contraction of arteries, such as the coronary artery in Prinzmetal angina, has been described as an independent risk factor of cardiovascular events [START_REF] Macalpin | Some observations on and controversies about coronary arterial spasm[END_REF].

Coronary artery spasms are generally more frequent at sites of atherosclerotic lesions, which are characterized by an endothelial dysfunction [START_REF] Zaya | Provocative Testing for Coronary Reactivity and Spasm[END_REF]. The local activation of platelets at sites of endothelial dysfunction has been suggested to contribute to vascular injury, in part, by releasing vasoactive factors including serotonin (5-HT) and by stimulating the formation of vasoconstrictor prostanoids [START_REF] Kim | Dietary omega-3 fatty acids and endotheliumdependent responses in porcine cerebral arteries[END_REF][START_REF] Komori | Endothelium-dependent relaxation in response to aggregating platelets in porcine femoral veins and its modulation by diet[END_REF]Shimokawa et al., 1988aShimokawa et al., , 1988b;;[START_REF] Shimokawa | Angiographic demonstration of hyperconstriction induced by serotonin and aggregating platelets in porcine coronary arteries with regenerated endothelium[END_REF].

The long-term consumption of fish oil has been shown to improve endothelium-dependent vasodilatations in patients with coronary artery diseases, and also endothelium-dependent relaxations of coronary artery rings from hypercholesterolemic and atherosclerotic pigs (Shimokawa and Vanhoutte, 1988;[START_REF] Tagawa | Long-Term Treatment with Eicosapentaenoic Acid Improves Exercise-Induced Vasodilation in Patients with Coronary Artery Disease[END_REF]. Moreover, EPA induced endothelium-dependent and -independent relaxations of isolated sheep pulmonary arteries by increasing the formation of NO and by blunting the calcium pathway leading to relaxation [START_REF] Singh | Eicosapentaenoic acid-induced endothelium-dependent and -independent relaxation of sheep pulmonary artery[END_REF]. Altogether, these findings suggest that omega-3 PUFAs could exert a beneficial effect against platelets-induced vasospasms. Therefore, the present study aims to determine the ability of different ratios of EPA and DHA to inhibit aggregating plateletsinduced contractions in porcine coronary artery and human internal mammary artery rings and, if so, to determine the role of the endothelium and the underlying mechanism. internal mammary artery segments not used for bypass surgery. IMA were immediately collected and placed in chilled Krebs solution at 4°C, cleaned and cut in rings of 4-5 mm in length before the evaluation of vascular reactivity. The vasorelaxant effect or acetylcholine, bradykinin and EPA:DHA 6:1 was determined by constructing a concentration-relaxation curve following contraction of IMA rings to about 70% of the maximal contraction with U46619. In some experiments, rings were exposed to an inhibitor for 30 min before contraction. Neither the removal of the endothelium nor the different pharmacological tools affected the basal tension (data not shown).

Platelets

Platelets freshly isolated from blood of healthy human donors and suspended in Tyrodealbumin buffer were kindly provided by the local Blood Transfusion Center (Etablissement Français du Sang-Alsace, Strasbourg). The suspension of platelets was adjusted to 600 000 platelets/µl. Thereafter, increasing numbers of platelets were added to the Krebs solution in the organ chamber triggering their subsequent aggregation and degranulation. In some cases, rings were incubated in the presence of a pharmacological agent for 30 min before the addition of either platelets or 5-HT.

Statistical analysis

All values are expressed as means ± S.E.M. of n different experiments. Statistical analysis was performed using Student's paired t-test or an analysis of variance test followed by Bonferroni's post-hoc test as appropriate using Graphpad Prism software (version 5.04 for Windows, GraphPad Software, INC, CA, USA). P < 0.05 was considered as statistically significant.

Results

EPA:DHA 6:1 inhibits platelets-induced contractions in coronary artery rings: role of 5-HT and endothelial NO

Addition of increasing numbers of washed human platelets to organ baths induced concentration-dependent contractions in coronary artery rings, which were similar in rings with or without endothelium (Fig. 1A). The platelets-induced contractions were abolished in the presence of ketanserin, a 5-HT2 receptor antagonist, but not in the presence of the cyclooxygenase inhibitor indomethacin, indicating a major role of platelet-derived 5-HT (Fig. 1A andB). Although the EPA:DHA 1:1 formulation at 0.4 % v/v did not affect plateletinduced contractile responses in rings either with or without endothelium, EPA:DHA 6:1 at 0.4 % v/v abolished the contractile response in rings with endothelium but not in those without endothelium (Fig. 1C andD). The inhibitory effect of EPA:DHA 6:1 was prevented in the presence of the eNOS inhibitor N G -nitro-L-arginine (NLA) whereas it was not affected by inhibitors of EDH (TRAM-34 plus apamin, inhibitors of intermediate (IKCa) and small (SKCa) conductance calcium-activated potassium channels, respectively) or cyclooxygenases (indomethacin, Fig. 1E). These findings indicate that EPA:DHA 6:1 is a superior omega-3 PUFAs formulation reducing the activated platelets-induced 5-HT-mediated contractile responses in coronary artery rings most likely through an increased endothelial formation of NO.

EPA:DHA 6:1 inhibits 5-HT-induced contractions in coronary artery rings by increasing endothelial NO

Next, experiments were performed to determine whether omega-3 PUFAs attenuate contractions induced by 5-HT in coronary artery rings, and to clarify the role of the EPA:DHA ratio and the endothelium. In rings with endothelium, the EPA:DHA 1:1 formulation (0.4 % v/v) slightly but significantly attenuated the 5-HT-induced contractions only at the highest concentration (10 -5 M, Fig. 2A). In contrast, EPA:DHA 6:1 strongly inhibited 5-HT-induced contractions in a concentration-dependent manner (Fig. 2B). Indeed, EPA:DHA 6:1 at concentrations of 0.2 and 0.4 % v/v significantly reduced the contractile responses assessed at 10 -5 M of 5-HT by 57.5±2.1 and 93.2±0.5 %, respectively (Fig. 2B).

Although, EPA:DHA 6:1 markedly reduced 5-HT-induced contractile responses in rings with endothelium, no such effect was observed in those without endothelium (Fig. 2C). In addition, EPA:DHA formulations at a ratio of either 1:1 or 6:1 did not affect contractions induced by the thromboxane A2 analogue U46619 (Fig. 3). These findings indicate that EPA:DHA 6:1 is a superior omega-3 PUFAs formulation that preferentially attenuates the 5-HT-induced contractile responses in intact coronary artery rings.

Since EPA:DHA 6:1 is a superior stimulator than EPA:DHA 1:1 of the endothelial formation of NO and also, to some extent, of EDH [START_REF] Zgheel | Redox-Sensitive Induction of Src/PI3-kinase/Akt and MAPKs Pathways Activate eNOS in Response to EPA:DHA 6:1[END_REF], the role of NO and EDH in the ability of EPA:DHA 6:1 to inhibit the 5-HT-induced contraction was investigated. In the presence of indomethacin, the inhibitory effect of EPA:DHA 6:1 on 5-HT-induced contractile responses was abolished in the presence of the eNOS inhibitor NLA and not affected by inhibitors of EDH (TRAM-34 plus apamin, inhibitors of IKCa and SKCa, respectively), indicating a major role of NO (Fig. 4A andB). To determine the sensitivity of the 5-HTinduced contractile response to the inhibitory effect of NO, rings without endothelium were exposed to a low concentration of the NO donor sodium nitroprusside (SNP, 100 nM) prior to the construction of a concentration-contraction curve. Preliminary studies have indicated that SNP at 100 nM induced about 20-30 % relaxation of porcine coronary artery rings (data not shown). SNP (100 nM) markedly attenuated 5-HT-induced contractile responses, whereas those to U46619 were reduced only slightly but significantly at concentrations greater than 1µM (Fig. 5A andB). Altogether, these findings indicate that EPA:DHA 6:1 effectively inhibits 5-HT-induced contractile responses mainly by increasing the endothelial formation of NO.

EPA:DHA 6:1 is a superior inhibitor of 5-HT-induced contractile responses in human internal mammary artery rings

To determine the clinical relevance of the present findings, experiments were performed with human internal mammary artery (IMA) rings obtained from patients undergoing bypass surgery. Like with porcine coronary artery rings, EPA:DHA 1:1 did not affect the 5-HTinduced contractile responses in IMA rings, whereas they were abolished by EPA:DHA 6:1 at 0.4 % v/v (Fig. 6A andB). Moreover, the inhibitory effect of EPA:DHA 6:1 was abolished by NLA and not affected by inhibitors of EDH, indicating a pivotal role of the NO pathway (Fig. 6C). In contrast to contractions induced by 5-HT, those induced by U46619 were not affected by EPA:DHA 6:1 at 0.4 % v/v (Fig. 6D). In addition, EPA:DHA 6:1 as well as bradykinin and acetylcholine, two physiological agonists, induced concentration-dependent relaxations in human IMA rings (Fig. 7). These relaxations were abolished by NLA and not affected by inhibitors of EDH (Fig. 7A-C). Moreover, the relaxation induced by EPA:DHA 6:1 was significantly more pronounced than that to either bradykinin or acetylcholine (Fig. 7 A-D).

Altogether, these findings indicate that EPA:DHA 6:1 is a potent inhibitor of 5-HT-induced contractile responses in IMA rings most likely due to its ability to stimulate the endothelial formation of NO.

Discussion

The major novel findings of this study indicate that EPA:DHA 6:1, an omega-3 PUFAs formulation, effectively prevents activated platelets-induced 5-HT-mediated contractions in porcine coronary artery and 5-HT-mediated contractions in human internal mammary artery rings most likely by stimulating the endothelial formation of NO.

The inhibition of the activated platelets-and 5-HT-induced contractions in coronary arteries is dependent on the EPA:DHA ratio, with the 6:1 ratio being more potent than the 1:1 ratio.

These results are in line with our previous study indicating that the EPA:DHA 6:1 is a superior omega-3 PUFAs formulation for the induction of endothelium-dependent relaxations mediated by NO, and, to a lesser extent, EDH [START_REF] Zgheel | Redox-Sensitive Induction of Src/PI3-kinase/Akt and MAPKs Pathways Activate eNOS in Response to EPA:DHA 6:1[END_REF]. Indeed, although EPA and DHA alone evoked similar endothelium-dependent relaxations, their combination EPA:DHA 6:1 and 9:1 demonstrated superiority to the formulation EPA:DHA 1:1, 3:1, 1:3, 1:6 and 1:9.

Although the mechanism explaining such a synergistic effect remains unclear, it might involve differences in the integration of omega-3 PUFAs into membrane lipids and/or that the stability of the omega-3 PUFAs requires an optimal EPA:DHA ratio. EPA but not DHA has also been shown to cause cerebral microvascular vasodilatation involving arachidonic acid metabolites [START_REF] Ellis | Effect of fish oil n-3 fatty acids on cerebral microcirculation[END_REF], whereas DHA but not EPA supplementation improved forearm microvascular reactivity in overweight hyperlipidemic men [START_REF] Mori | Differential effects of eicosapentaenoic acid and docosahexaenoic acid on vascular reactivity of the forearm microcirculation in hyperlipidemic, overweight men[END_REF].

The inhibitory effect of EPA:DHA 6:1 requires the presence of a functional endothelium and since it is prevented by an inhibitor of eNOS, it implies a major role of the endothelial formation of NO. Similarly, EPA:DHA 6:1 also effectively inhibited the 5-HT-induced contractions in human internal mammary artery rings by an endothelium-dependent NOmediated mechanism. Previous studies have also shown that chronic ingestion of omega-3 PUFAs, in particular EPA, improved endothelium-dependent NO-mediated relaxations in porcine coronary artery rings as well as the forearm endothelium-dependent vasodilatation in humans [START_REF] Shimokawa | Effects of dietary supplementation with cod-liver oil on endothelium-dependent responses in porcine coronary arteries[END_REF][START_REF] Tagawa | Long-Term Treatment with Eicosapentaenoic Acid Improves Exercise-Induced Vasodilation in Patients with Coronary Artery Disease[END_REF].

In addition to the direct activation of the endothelial formation of NO, studies have suggested that omega-3 PUFAs might also exert beneficial effects by inhibiting the aggregation and activation of platelets [START_REF] Abeywardena | Longchain n-3 polyunsaturated fatty acids and blood vessel function[END_REF]. Indeed, dietary supplementation of human volunteers with fish oil rich in omega-3 PUFAs is associated ex vivo with a reduced susceptibility of platelets to aggregation [START_REF] Von Schacky | Long-term effects of dietary marine omega-3 fatty acids upon plasma and cellular lipids, platelet function, and eicosanoid formation in humans[END_REF]. Moreover, EPA and DHA inhibited platelet reactivity by a direct inhibition of the thromboxane receptor [START_REF] Swann | Eicosapentaenoic acid and docosahexaenoic acid are antagonists at the thromboxane A2/prostaglandin H2 receptor in human platelets[END_REF]. In the present study, platelets-induced contractions in porcine coronary artery rings involved mainly a 5-HT-mediated mechanism, as indicated by the prevention of the contractions in the presence of ketanserin, an antagonist of 5-HT2 receptors. Moreover, the contraction induced by aggregating platelets in coronary artery rings was not affected by indomethacin, ruling out the involvement of prostanoids.

Previous studies have indicated that in the rat mesenteric artery and aorta, EPA and DHA inhibited contractions in response to both a thromboxane A2 analogue and prostaglandin F2α involving TP and FP receptors, respectively (Shimokawa and Vanhoutte, 1988;[START_REF] Zellers | Heterogeneity of endothelium-dependent and endothelium-independent responses to aggregating platelets in porcine pulmonary arteries[END_REF]. However, the present findings indicate that although EPA:DHA 6:1 effectively inhibited the 5-HT-induced contraction in porcine coronary artery rings, the contraction induced by the thromboxane A2 analogue was not affected. Moreover, contractions induced by activated platelets in coronary artery rings, and the inhibitory effect of EPA:DHA 6:1 on platelet-induced contractions were both not affected by indomethacin, indicating that vasoactive prostanoids are not involved. Altogether, the present findings and the previous ones suggest that the role of prostanoids on the vascular effects of omega-3 PUFAs might depend on the species and/or the vascular bed.

To determine whether the observations in porcine coronary artery rings have a potential relevance for human blood vessels, the effect of EPA:DHA on 5-HT-induced contractions was assessed in human IMA rings. In cardiac surgery, the IMA is often used for coronary artery bypass graft, and is known to have a similar reactivity as the coronary artery (Shimokawa et al., 1988a). In addition, previous studies have indicated that the endothelium of the IMA expresses eNOS, releases NO and is subjected to potent NO-mediated relaxations in response to acetylcholine [START_REF] He | Expression and Function of Endothelial Nitric Oxide Synthase Messenger RNA and Protein Are Higher in Internal 16 Mammary Than in Radial Arteries[END_REF][START_REF] Shapira | Enhanced nitric oxide-mediated vascular relaxation in radial artery compared with internal mammary artery or saphenous vein[END_REF]. Moreover, the presence of 5-HT receptors has been demonstrated in IMA, and their activation by 5-HT has been suggested to contribute to vasospasms [START_REF] Rosenfeldt | Pharmacology of coronary artery bypass grafts[END_REF], in particular in arteries with an endothelial dysfunction [START_REF] Komori | Endothelium-dependent relaxation in response to aggregating platelets in porcine femoral veins and its modulation by diet[END_REF]. In the present study, 5-HT induced potent concentration-dependent contractions of IMA rings, which were significantly inhibited by EPA:DHA 6:1, but not by 1:1 at 0.4% v/v. In addition, EPA:DHA 6:1 also induced concentration-dependent NO-mediated relaxations in IMA rings and inhibited the 5-HTinduced contractions by a NO-dependent mechanism. Of interest, the ability of EPA:DHA 6:1 to induce endothelium-dependent NO-mediated relaxation in IMA rings was greater than that induced by physiological agonists including acetylcholine and bradykinin. Indeed, both physiological agonists induced only partial relaxations of IMA rings (less than 55%) indicating that IMAs obtained from patients undergoing coronary artery bypass graft surgery have an endothelial dysfunction. Taken together, these findings suggest that EPA:DHA 6:1 is a potent stimulator of the endothelial formation of NO, and, hence, may help to prevent platelet activation which can contribute to local vasospasms and possibly also to the arterial response to injury. Indeed, previous studies have indicated that platelets contribute to vascular remodeling via different mechanisms including recruitment of immune cells into the arterial wall, formation of inflammatory mediators, shedding of deleterious microparticles, chemokines release, and direct cell-cell interaction [START_REF] Lannan | Thrombosis, platelets, microparticles and PAH: more than a clot[END_REF][START_REF] Nording | Platelets in Inflammation and Atherogenesis[END_REF]. coronary artery remodeling in a model of left ventricular hypertrophy [START_REF] Yang | Coronary Artery Remodeling in a Model of Left Ventricular Pressure Overload Is Influenced by Platelets and Inflammatory Cells[END_REF].

Moreover, platelets promoted arterial remodeling through the GPIbα-mediated interaction with endothelial cells and the release of platelet dense granules [START_REF] Chandraratne | Critical role of platelet glycoprotein ibalpha in arterial remodeling[END_REF][START_REF] King | Platelet Dense-Granule Secretion Plays a Critical Role in Thrombosis and Subsequent Vascular Remodeling in Atherosclerotic Mice[END_REF].

In conclusion, the present findings indicate that EPA:DHA 6:1 is able to effectively prevent the platelets-induced 5-HT-mediated contractions in porcine coronary and human internal mammary artery rings most likely through an increased endothelial formation of NO, and, hence, may help to protect the cardiovascular system. The present findings using the human internal mammary artery further highlight the potential protective effect of omega-3 PUFAs on the human vasculature.
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