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Background: Metabolic syndrome (MetS) is associated with altered lipoprotein metabolism and impairment in the functionality of small, dense HDL particles secondary to compositional alterations.

Objective: To investigate the capacity of a lifestyle program to improve the composition and antioxidative function (AOX) of small dense HDL3c in MetS.

Methods: Patients with MetS (n=33) not taking lipid-lowering drugs were recruited to follow a 12-week educational program to reduce caloric intake and to increase physical activity. HDL subfractions were preparatively isolated by isopycnic density gradient ultracentrifugation. AOX of HDL3c was assessed as its capacity to inhibit LDL oxidation induced by an azoinitiator.

Results: AOX of HDL3c was significantly improved (mean reduction in the propagation rate of LDL oxidation by HDL3c, -6.8%, p=0.03) and systemic oxidative stress, assessed as plasma levels of 8-isoprostanes, tended to decrease in normocholesterolemic MetS patients (LDL-cholesterol (LDL-C) <130 mg/dl), but not in patients with elevated LDL-C levels and in the whole study population. Both in the whole study population and in the normocholesterolemic subgroup, lifestyle intervention resulted in a significant degree of normalisation of HDL3c composition, (enrichment in apolipoprotein A-I and cholesteryl esters, depletion in triglycerides), which was more pronounced at LDL-C<130 mg/dl.

Conclusion:

In patients with MetS, a lifestyle program improves AOX of small, dense HDL in subjects with normal LDL-C levels. Correction of HDL composition, involving partial normalisation of apoA-I content and core lipid composition, two central features of the lipid hydroperoxide-inactivating capacity of HDL, may account for this effect.

Introduction

Metabolic syndrome (MetS) is characterized by a constellation of cardiovascular (CV) risk factors, including atherogenic dyslipidemia, abnormal glucose tolerance, hypertension, and visceral obesity, which are intimately associated with insulin resistance and hyperinsulinemia.

Lipid abnormalities associated with MetS typically include high plasma levels of triglycerides (TG) and low levels of high-density lipoprotein (HDL)-cholesterol (HDL-C). In addition, MetS is associated with altered profiles of HDL and low-density lipoprotein (LDL) subfractions characterized by increased proportions of dysfunctional small, dense, LDL and HDL particles [START_REF] Hulthe | The metabolic syndrome, LDL particle size, and atherosclerosis: the Atherosclerosis and Insulin Resistance (AIR) study[END_REF][START_REF] Pascot | Reduced HDL particle size as an additional feature of the atherogenic dyslipidemia of abdominal obesity[END_REF]. Such alterations in lipoprotein subfraction distribution reflect metabolic perturbations associated with insulin resistance and accumulation of visceral fat, which result in enrichment of LDL and HDL particles in TG with concomitant depletion in cholesterol.

Such metabolic alterations are in large part due to elevated activity of cholesteryl ester transfer protein (CETP) in the presence of elevated levels of triglyceride-rich lipoprotein acceptors (3); indeed, CETP mediates the transfer of cholesteryl esters from HDL to proatherogenic apoB-lipoproteins, with heterotransfer of TG mainly from very low-density lipoprotein to HDL [START_REF] Chapman | Cholesteryl ester transfer protein: at the heart of the action of lipid-modulating therapy with statins, fibrates, niacin, and cholesteryl ester transfer protein inhibitors[END_REF]. Such compositional modifications are accompanied by marked alterations in the biological function of the lipoproteins [START_REF] Hansel | Alterations in lipoprotein defense against oxidative stress in metabolic syndrome[END_REF]. On the one hand, the preponderance of small, dense LDL particles, which are highly susceptible to oxidative modification, increases the overall oxidizability of the circulating LDL pool. On the other hand, the capacity of HDL, and primarily of potently antioxidative, small, dense HDL3c particles to protect LDL from oxidation, is deficient among patients with MetS (5), and equally among patients with Type 2 diabetes [START_REF] Nobecourt | Defective antioxidative activity of small dense HDL3 particles in type 2 diabetes: relationship to elevated oxidative stress and hyperglycaemia[END_REF] and in those with isolated low HDL-C levels [START_REF] Kontush | A normotriglyceridemic, low HDL-cholesterol phenotype is characterised by elevated oxidative stress and HDL particles with attenuated antioxidative activity[END_REF]. Importantly, under these conditions, the antioxidative activity of HDL3c was negatively correlated with elevated systemic oxidative stress, which was itself quantified as plasma
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4 concentrations of 8-isoprostanes and oxidized LDL (oxLDL), two biological markers known to be associated with CVD [START_REF] Carmena | Atherogenic lipoprotein particles in atherosclerosis[END_REF].

Although the results of the VA-HIT Study [START_REF] Rubins | Gemfibrozil for the secondary prevention of coronary heart disease in men with low levels of high-density lipoprotein cholesterol. Veterans Affairs High-Density Lipoprotein Cholesterol Intervention Trial Study Group[END_REF] and Helsinki Heart Study [START_REF] Frick | Helsinki Heart Study: primaryprevention trial with gemfibrozil in middle-aged men with dyslipidemia. Safety of treatment, changes in risk factors, and incidence of coronary heart disease[END_REF] have shown that increasing levels of HDL-C and lowering those of triglycerides and non-HDL-C with gemfibrozil reduces risk of CHD in patients not taking statins, recent trials of agents aimed specifically to increase HDL-C (including CETP inhibitors) have failed to confer protection against CVD in patients under statin therapy. One possible explanation for such negative results involves the lack of beneficial effects conferred by HDL-targeting drugs on the antiatherogenic function of HDL despite their positive effects on HDL-C levels. Indeed, a recent meta-regression analysis by Hourcade-Potelleret et al. suggests that the use of HDL-C as a surrogate marker of coronary events associated with abnormalities of HDL metabolism is not sufficient and that markers of HDL function may be more relevant [START_REF] Hourcade-Potelleret | Clinical benefit from pharmacological elevation of highdensity lipoprotein cholesterol: meta-regression analysis[END_REF]. In order to reduce CV risk among patients with high levels of TG-rich lipoproteins and low plasma HDL-C levels, the European Atherosclerosis Society Consensus panel recommends lifestyle modifications as the first step in therapeutic intervention. 11 Indeed, despite a relatively weak impact on HDL-C levels [START_REF] Bays | Obesity, adiposity, and dyslipidemia: a consensus statement from the National Lipid Association[END_REF][START_REF] Chapman | Triglyceride-rich lipoproteins and high-density lipoprotein cholesterol in patients at high risk of cardiovascular disease: evidence and guidance for management[END_REF], lifestyle modifications aimed at increasing physical activity and improving nutritional habits may reduce CV risk even in the absence of major alterations of traditional CV risk factors [START_REF] Estruch | Primary prevention of cardiovascular disease with a Mediterranean diet[END_REF].

We hypothesize that beneficial effects of lifestyle modifications might be partially related to enhanced function of defective HDL particles. So far, few studies have examined the effect of lifestyle changes and/or weight loss on the anti-atherosclerotic function of HDL particles [START_REF] Casella-Filho | Effect of Exercise Training on Plasma Levels and Functional Properties of High-Density Lipoprotein Cholesterol in the Metabolic Syndrome[END_REF][START_REF] Roberts | Effect of a short-term diet and exercise intervention on inflammatory/anti-inflammatory properties of HDL in overweight/obese men with cardiovascular risk factors[END_REF][START_REF] Iborra | Aerobic exercise training improves the role of high-density lipoprotein antioxidant and reduces plasma lipid peroxidation in type 2 diabetes mellitus[END_REF][START_REF] Wang | Prolonged caloric restriction in obese patients with type 2 diabetes mellitus decreases plasma CETP and increases apolipoprotein AI levels without improving the cholesterol efflux properties of HDL[END_REF]. In a follow-up of our initial studies which documented impaired antioxidative and antiapoptotic activities of small, dense HDL in MetS, we assessed the effect of weight loss induced by diet and exercise on the subfraction profile of plasma HDL particles, on the antioxidative function of small, dense HDL3c and on biological markers of oxidative stress.
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Due to the heterogeneity of our population including both patients with high and desirable LDL-C plasma levels, we decided a priori to stratify analyses by LDL-C levels choosing the cutoff proposed by NCEP-ATPIII to distinguish optimal to above optimal values and borderline to very high values [START_REF] Mendez | SOD isoforms and signaling in blood vessels: evidence for the importance of ROS compartmentalization[END_REF]. 

Material and Methods

Subjects

Diet and exercise intervention

Once enrolled in the program, patients were questioned by a dietician. An individually tailored program was prescribed to each patient with priorities depending of the lipid profile at baseline. Thus, in the presence of high LDL-C levels, the primary objectives were to reduce the intake of saturated fats, trans-fats and cholesterol replacing them by unsaturated fats.

When patients displayed high plasma TG levels, recommendations were focused on the reduction of alcohol intake and of calories from refined carbohydrates, while encouraging the consumption of fibre from vegetables, legumes and whole grains. All patients were encouraged to reduce the size of the portions to reduce the total daily caloric intake. In addition, patients were advised to perform 150 min/week of endurance exercises of moderate intensity. The program was prescribed individually to each of the participant by a sports doctor. An informed consent of all participating subjects was obtained. Each patient provided informed consent to the study, which was in accordance with French ethical standards.

Blood samples

Fasting venous blood samples were drawn on ice into tubes without any anticoagulant and into tubes containing EDTA (final concentration: 1 mg/ml) from the ante-cubital vein of each subject after a 12 h fast. EDTA plasma and serum were separated by centrifugation at 4°C, mixed with sucrose (final concentration, 0.6%) as a cryoprotectant for lipoproteins [START_REF] Rumsey | Human plasma LDL cryopreserved with sucrose maintains in vivo kinetics indistinguishable from freshly isolated human LDL in cynomolgus monkeys[END_REF] and frozen at -80°C under nitrogen. Total cholesterol (TC) [START_REF] Allain | Enzymatic determination of total serum cholesterol[END_REF] and TG [START_REF] Fossati | Serum triglycerides determined colorimetrically with an enzyme that produces hydrogen peroxide[END_REF] concentrations were determined by an automated enzymatic method (Konelab, Thermoclinical Labsystems, Cergy Pontoise, France and Biomerieux, Marcy L'Etoile, France, respectively). HDL-C was
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determined by a direct method (Konelab) [START_REF] Egloff | Multicenter evaluation on different analyzers of three methods for direct HDL-cholesterol assay[END_REF]. LDL-C was calculated using Friedewald's equation at TG ≤340 mg/dl (3.9 mmol/L) or directly measured at TG >340 mg/dl (3.9 mmol/L) but <700 mg/dl (8 mmol/L), using a Konelab kit [START_REF] Bayer | Multicenter evaluation of four homogenous LDL-cholesterol assays[END_REF]. Blood samples were taken for analysis of complete blood count, potassium, uraemia, creatinine, uric acid, liver enzymes, fasting glucose, fasting insulin and HbA1c. The Homeostasis Model Assessment of insulin resistance (HOMA-IR) index was calculated by dividing by 22.5 the product of fasting glucose (expressed as mmol/L) and fasting insulin (expressed as mIU/L). 8-Isoprostane concentration was determined in plasma by ELISA (Cayman Chemical, Ann Arbor, MI); oxLDL was measured in plasma by ELISA (Mercodia, Sweden).

HDL subfraction profiling

The distribution of serum HDL subclasses was determined by gradient gel electrophoresis [START_REF] Blanche | Characterization of human high-density lipoproteins by gradient gel electrophoresis[END_REF]. After serum density adjustment to 1.019 g/ml with potassium bromide, (VLDL+IDL) lipoproteins were first separated by ultracentrifugation of 3 ml serum at 90,000 rpm (560,196 g) for 4 h at 10°C (NVT rotor Beckman XL 90). After removing the upper layer, the density of the lower layer was adjusted to 1.21 g/ml, followed by a second ultracentrifugation step at 90,000 rpm (560,196 g) for 4 h at 10°C. The upper layer (density <1.21 g/ml) contained LDL+HDL lipoproteins. LDL and HDL size was then determined by electrophoresis (70 V for 1 h then 180 V for 24 h) in a non-denaturing polyacrylamide gradient gel (Spiragel 1.5-25%, Lara-Spiragel, Couternon, France) using Tris/boric acid/NaN 3 buffer (pH 8.3). Markers of known molecular weight, i.e. thyroglobulin, ferritin, catalase, lactate dehydrogenase and albumin (High Molecular Weight Calibration Kit for native electrophoresis, Amersham Biosciences), were run simultaneously with lipoproteins isolated from MetS patients and from a normolipidemic healthy donor, in order to ensure reproducibility. Gels were fixed and stained with Coomassie Brillant Blue G250/perchloric acid for 2 h, and destained with acetic acid-ethanol for at least 24 h, and finally scanned with an optical densitometer (Sebia-Hyris2,
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Evry, France). The mean apparent diameters of the isolated lipoprotein subfractions were determined by comparison with calibration curves constructed with proteins of known Stokes diameters (High Molecular Weight Protein calibration kit; Pharmacia, Uppsala, Sweden). The calibration curve was constructed with albumin (7.1 nm), lactate dehydrogenase (8.16 nm), catalse (9.7 nm), ferritin (12.2 nm) and thyroglobulin (17 nm). To calculate the percentage distribution of HDL subclasses, areas under the scanned curves were integrated within the size limits, on a HYRYS densitometer (Sebia) at 570 nm, and normalized to the total area considered as 100%. [START_REF] Vekic | Small, dense LDL cholesterol and apolipoprotein B: relationship with serum lipids and LDL size[END_REF] The normal ranges for HDL subfractions were: HDL2b (12.9-9.71 nm), 18-30%; HDL2a (9.71-8.77 nm), 18-32%; HDL3a (8.77-8.17 nm), 20-42%; HDL3b (8.17-7.76 nm), 7-15%, and HDL3c (7.76-7.21 nm), 4-10%. The coefficients of variation for these measurements were between 4.3 and 10.4%.

Isolation and chemical composition of HDL subfractions

Five major subfractions of HDL (i.e. large, light HDL2b and HDL2a and small, dense HDL3a, HDL3b, and HDL3c) were isolated by isopycnic density gradient ultracentrifugation [START_REF] Chapman | A density gradient ultracentrifugal procedure for the isolation of the major lipoprotein classes from human serum[END_REF]. Total protein, TC, cholesteryl ester (CE), free cholesterol (FC), phospholipid (PL), and TG contents of isolated lipoprotein subfractions were determined as described elsewhere [START_REF] Chapman | A density gradient ultracentrifugal procedure for the isolation of the major lipoprotein classes from human serum[END_REF].

Total lipoprotein mass was calculated as the sum of total protein, CE, FC, PL, and TG [START_REF] Kontush | Small, dense HDL particles exert potent protection of atherogenic LDL against oxidative stress[END_REF].

Measurement of antioxidative activity of HDL

Antioxidative activity of small, dense HDL3c was assessed toward reference LDL isolated from EDTA plasma of one healthy normolipidemic control subject and used throughout the study. Before oxidation, EDTA and KBr were removed from LDL and HDL preparations by exhaustive dialysis against Dulbecco's PBS (pH 7.4) for 24 h at 4°C with 3 baths of 8 hours each. Before the dialysis, PBS was treated with Chelex 100 ion-exchange resin (BioRad, Marnes-la-Coquette, France) to remove transition metal ions in order to prevent artefactual lipid peroxidation. LDL oxidation was performed in the presence of a water-soluble azo-
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initiator 2,2-azobis-(2-amidinopropane) hydrochloride (AAPH). LDL (10 mg TC/dl) was incubated at 37°C in Dulbecco's PBS (pH 7.4) in the presence of 1mM AAPH; HDL3c (10 mg total mass/dl) were added to LDL directly before oxidation. PBS solution was treated with Chelex 100 ion exchange resin for 1 h to remove contaminating transition metal ions.

Accumulation of conjugated dienes was measured as the increment in absorbance at 234 nm [START_REF] Kontush | Antioxidative activity of ubiquinol-10 at physiologic concentrations in human low density lipoprotein[END_REF]. The kinetics of diene accumulation revealed two characteristic phases, the lag and propagation phases. For each curve, the duration of each phase, average oxidation rates within each phase and amount of dienes formed at the end of the propagation phase (maximal amount of dienes) were calculated.

Statistical analysis

Means ± SD are shown for all continuous variables. The paired Student's t-test was used to compare differences in clinical and biological parameters at the beginning versus the end of the study. Pearson's correlation coefficients were computed to assess associations between continuous variables. Since distributions of TG, hs-CRP, 8-isoprostanes and HOMA-IR levels were skewed, logarithmic transformations of these variables were performed before statistical analysis. The primary endpoint of the study was the amelioration of HDL antioxidative activity. On the basis of our earlier data on the defective antioxidative function of HDL in MetS, [START_REF] Hansel | Metabolic syndrome is associated with elevated oxidative stress and dysfunctional dense high-density lipoprotein particles displaying impaired antioxidative activity[END_REF] we considered that the inclusion of 26 patients was sufficient to detect, with a β=0.10 and a α=0.05, a significant improvement of >15% (SD: 15) in the antioxidative activity of HDL, measured as the duration of the propagation phase, between the baseline and the end of the lifestyle intervention as well as a decrease of >15% in the oxidation rate in the 
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Results

Impact of the lifestyle intervention on clinical and biological characteristics

The clinical and biological characteristics of the population at baseline and the effect of the intervention are summarized in Table 1, and Figures 1. The mean weight loss was 4.5 kg (p<0.001) corresponding to a 4.5% reduction (p<0.001) of the weight measured at baseline and to a 1.53 kg/m 2 reduction of BMI (p<0.001). A parallel decrease of 6 cm in WC (-4.9 %) was observed (p<0.001). Plasma TG (-20.5%, p<0.001) and aminotransferase (up to -11.6%, p<0.01) levels significantly decreased during the intervention, whereas HDL-C increased (+ 8.9%, p<0.005). LDL-C, fasting blood glucose and HOMA-IR index remained unchanged.

Importantly, TG (-29.4%, p<0.01) and HOMA-IR (-34.2%, p<0.001) decreased significantly in the subgroup of patients with LDL-C≤130 mg/dl, whereas such changes were nonsignificant among patients with LDL-C>130 mg/dl (-13.0%; p=0.08, +19.9%; p=0.61 respectively). In addition, hs-CRP tended to decrease only among patients with LDL-C≤130 mg/dl (p=0.10).

Impact of lifestyle intervention on HDL profile and function and on biomarkers of oxidative stress in the entire population

Compared with baseline, the distribution and the composition of HDL particles (estimated by gradient gel electrophoresis according to size or following fractionation by ultracentrifugation according to density) were significantly modified by the intervention (Table 2 andTable 3).

Decrease in the ratio of HDL3c to HDL2b and increase in the CE to TG ratio in HDL3c were observed. By contrast, the apoAI content of HDL particles was unaltered. Antioxidative activity of small, dense HDL3c did not show any significant variation at the end of the study as compared to baseline (Table 4 and Figure 1C). Plasma levels of 8-isoprostanes were similarly unaltered, whereas oxLDL (expressed as the oxLDL to LDL-C ratio which takes 

Impact of the intervention on HDL quality and function and on measures of oxidative stress according to baseline LDL-C levels

A post-hoc analysis revealed that in the subgroup of patients with LDL-C≤130 mg/dl, the proportion of large, buoyant HDL2b increased whereas that of HDL3c decreased, resulting in a decrease in the ratio of HDL3c to HDL2b (Table 2). The content of TG in HDL3c was also altered (Table 3), resulting in a significant increase in the CE/TG ratio (Table 1).

The rate of LDL oxidation in the propagation phase in the presence of HDL3c decreased significantly between baseline and the end of the study in this subgroup (-6.8%, p = 0.03), whereas the duration of the propagation phase tended to increase (+ 5.3%, p=0.07; Table 4 and Figure 1C). Accordingly, there was a trend to a decrease in the maximal concentration of conjugated dienes in the presence of HDL3c (-4.0%, p=0.11). Plasma 8-isoprostanes also decreased significantly after the intervention in this subgroup (-44.4 pM, p= 0.03) and the reduction of oxLDL (as the ratio to LDL-C) was of a borderline significance (-9.8 µIU/mg, p = 0.06; Table 4 and Figure 1D). By contrast, no change in the distribution of HDL subfractions was observed in the subgroup of patients with LDL-C>130 mg/dl (Table 2).

Similarly, in this subgroup, the content of HDL3c in CE and TG as well as the CE/TG ratio remained unaltered between the beginning and the end of the intervention (Table 2, and 3).

The change in the chemical composition of HDL3c tended to be different between groups (p=0.06 for apoA1/TW; p=0.09 for the ratio CE to TG)

In addition, among patients with LDL-C>130 mg/dl, we observed a significant increase in the maximal concentration of conjugated dienes and a concordant non-significant increment in the rate of LDL oxidation in the propagation phase in the presence of HDL3c, both consistent with a reduction of the antioxidative protection conferred by HDL3c particles (Table 4 and 
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Figure 1C

). A trend to an increase in plasma 8-isoprostanes (p=0.12) was also observed but plasma oxLDL did not change during the intervention (Table 4 and Figure 1D).

Comparisons between the effects observed in the two subgroups defined by the level of LDL-C showed that the change in the rate of LDL oxidation in the propagation phase in the presence of HDL3c was significantly lower in subjects with lower LDL-C levels (-6.8% ± 11.2) as compared to those with higher LDL-C (+2.4% ± 2.4; p=0.007; Figure 1C). The change in the maximal diene concentration also differed significantly between the subgroups, documenting a more favorable alteration of HDL function in normocholesterolemic patients (p = 0.006; Figure 1C). In the multivariate analysis, after adjustment for systolic and diastolic blood pressure whose values differed at baseline between the two subgroups, the difference of the rate of oxidation of LDL between the subgroups remained significant (p=0.02),whereas the significance for the difference between the subgroups in the maximal diene concentration (p=0.08) and the duration of the propagation phase (p=0.10) was not maintained, although the results remained consistent with those obtained using univariate analysis.
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Discussion

The present investigation reveals that a three-month lifestyle intervention aimed to induce weight loss improves the antioxidative activity of small, dense HDL3c and reduces systemic oxidative stress among patients with MetS displaying optimal/near-optimal levels of LDL-C, in parallel to reductions in weight, BMI and WC. However, in the entire population of MetS patients including subjects with high LDL-C levels, the intervention failed to improve HDL function and to reduce oxidative stress despite reductions in weight, BMI and WC.

In earlier studies, we reported that patients with MetS and Type 2 diabetes featured defective antioxidative activity of HDL and elevated oxidative stress. HDL particles comprise multiple individual molecular species differing in antioxidative properties. In this study, we focused on the HDL3c subfraction, since our previous studies revealed its potent antioxidative activity [START_REF] Kontush | Small, dense HDL particles exert potent protection of atherogenic LDL against oxidative stress[END_REF]. We hypothesized that weight loss accompanied by a decrease in WC may reverse abnormalities of HDL3c function and oxidative stress observed in MetS. The results obtained in the present longitudinal study are consistent with this hypothesis. In view of the heterogeneity of plasma LDL-C levels in our population, we further analyzed the results by separately considering patients with optimal (or near-optimal) levels of LDL-C of ≤130 mg/dl on the one hand, and those with suboptimal (high or borderline high) LDL-C levels of >130 mg/dl on the other. Whereas HDL function improved and oxidative stress decreased in subjects with LDL-C≤130 mg/dl, the effects were opposite in the subgroup with LDL-C>130 mg/dl. Accordingly, differences in these parameters between the two subgroups were statistically significant.

Two hypotheses can be proposed to explain the differential effect of our lifestyle program in the two subgroups. First, patients with high LDL-C may display a greater degree of HDL dysfunctionality with a lesser potential for functional improvement as compared patients with lower levels of LDL-C. However, in our study, antioxidative activity of HDL3c
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15 did not differ between the two subgroups at baseline, which does not favor this hypothesis.

We cannot however exclude that other baseline characteristics might have differed between the subgroups to influence the ability of lifestyle intervention to enhance HDL function.

Second, the contrasting results observed according to baseline LDL-C levels can be due to the differences in the diet prescribed by a dietitian and followed by the patients.

Indeed, in the present study, qualitative dietary counseling was based mainly on plasma lipid levels. Thus, among patients with LDL-C≤130 mg/dl, the need to decrease an intake of alcohol and carbohydrates and to replace refined cereals for wheat grains was emphasized, whereas fat intake was not discouraged. Thus, the diet in this subgroup was close to the Mediterranean diet. Patients with LDL-C>130 mg/dl were more likely to be advised to reduce primarily dietary fats, saturated fats and cholesterol, a recommendation often accompanied by an increase in carbohydrate intake if the amount of unsaturated fat is not elevated [START_REF] Schwingshackl | Comparison of effects of long-term lowfat vs high-fat diets on blood lipid levels in overweight or obese patients: a systematic review and meta-analysis[END_REF]. This notion is supported by the improvements over the study in plasma TG levels, HOMA-IR and by a trend to increased LDL-C in patients with LDL-C≤130 mg/dl, which are all the classical consequences of a low carbohydrate diet. These observations contrast with a non-significant decrease in TG and HOMA-IR among patients with LDL-C>130 mg/dl, consistent with an insufficient reduction in carbohydrate intake and in foods with a high glycemic index.

Compositionally, the improvement in HDL antioxidative activity can be explained by the alterations in HDL3c in patients with LDL-C≤130 mg/dl. Indeed, we previously showed a positive relationship between antioxidative activity of HDL3c and its content of apoA-I and CE (expressed as the CE/TG ratio). The reduction of carbohydrate in the diet reduces the accumulation of VLDL, thereby decreasing the transfer of TG from VLDL to HDL and the concomitant transfer of CE from HDL to VLDL by the action of the CETP. Structurally, the relationship between TG enrichment of HDL and impairment of antioxidative activity can reflect altered conformation of the central and C-terminal domains of apoA-I (32, 33), which
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can modify the accessibility of Met residues to lipid hydroperoxides. Moreover, replacement of CE by TG in recombinant HDL decreases the conformational stability of apoA-I (32), resulting in TG-containing particles which readily lose apoA-I.

Importantly, the subgroup of patients with LDL-C≤130 mg/dl displayed a significant reduction of biomarkers of oxidative stress. This finding is consistent with the improvement of HDL antioxidative activity in this subgroup as the latter parameter is negatively correlated with biomarkers of oxidative stress [START_REF] Hansel | Metabolic syndrome is associated with elevated oxidative stress and dysfunctional dense high-density lipoprotein particles displaying impaired antioxidative activity[END_REF]. By contrast, the non-significant increase in biomarkers of oxidative stress in patients with LDL-C>130 mg/dl paralleled by decreased antioxidative activity of HDL3c is consistent with a possible pro-oxidant impact of the diet proposed in this population.

Data available on the effects of lifestyle modification on HDL function are sparse. An intervention of 6 months including moderate energy restriction diet and moderate intensity exercise induced a reduction in biomarkers of insulin resistance and oxidative stress [START_REF] Rector | Exercise and diet induced weight loss improves measures of oxidative stress and insulin sensitivity in adults with characteristics of the metabolic syndrome[END_REF].

However, this study did not directly evaluate HDL function . Roberts et al. [START_REF] Roberts | Effect of a short-term diet and exercise intervention on inflammatory/anti-inflammatory properties of HDL in overweight/obese men with cardiovascular risk factors[END_REF] showed an improvement in anti-inflammatory activity of HDL after a short 21-day intervention including moderate physical activity and a diet characterized by reduced fat intake and increased consumption of non-refined carbohydrates and fibers. The authors suggested that the conversion of HDL from a pro-inflammatory to anti-inflammatory particle may improve its protective effect against LDL oxidation. Neither these results, nor those in our present study, can distinguish between the relative effects on HDL of physical activity vs. dietary changes alone. Two studies [START_REF] Casella-Filho | Effect of Exercise Training on Plasma Levels and Functional Properties of High-Density Lipoprotein Cholesterol in the Metabolic Syndrome[END_REF][START_REF] Iborra | Aerobic exercise training improves the role of high-density lipoprotein antioxidant and reduces plasma lipid peroxidation in type 2 diabetes mellitus[END_REF] Both the strengths and limitations of the present study need to be acknowledged. The major strength includes direct measurements of HDL function in thoroughly selected and wellcharacterized MetS patients, whereas the main limitations involve the lack of assessment of dietary intake and physical activity and the absence of distinction between their effects. However, weight loss was achieved via prescription, which is in line with a real-life setting.

In our previous cross-sectional study [START_REF] Hansel | Metabolic syndrome is associated with elevated oxidative stress and dysfunctional dense high-density lipoprotein particles displaying impaired antioxidative activity[END_REF], differences in BMI and WC between MetS patients and healthy control subjects were about 5 times greater than changes induced by lifestyle intervention in our population. In addition, we failed to demonstrate a significant effect of the lifestyle program on the antioxidative function of HDL and on oxidative stress in the whole study population. However, earlier data (5) predict a reduction of 3.5% in the rate of LDL oxidation in the propagation phase, which is close to what we have observed.

In conclusion, we report that lifestyle modifications may improve HDL antioxidative activity in MetS patients with normal LDL-C levels. As the decision to divide the subjects in two categories was a post-hoc analysis, our data need however to be regarded as hypothesisgenerating. Further studies are required to address our hypothesis that the quality of the diet impacts antioxidative functions of HDL via correction of HDL composition beyond the effect of weight loss. Taken together with the results of two recent clinical trials, LOOK-AHEAD [START_REF] Look | Cardiovascular effects of intensive lifestyle intervention in type 2 diabetes[END_REF] and PREDIMED [START_REF] Estruch | Primary prevention of cardiovascular disease with a Mediterranean diet[END_REF], our data suggest that the cardioprotective properties of a Mediterranean diet, as compared to a low-fat diet among patients with diabetes and/or MetS may, in part, reflect partial normalization of defective cardioprotective HDL function. OxLDL/LDL-C (µ IU/mg) 67 [START_REF] Estruch | Primary prevention of cardiovascular disease with a Mediterranean diet[END_REF] 104 [START_REF] Frick | Helsinki Heart Study: primaryprevention trial with gemfibrozil in middle-aged men with dyslipidemia. Safety of treatment, changes in risk factors, and incidence of coronary heart disease[END_REF] 139 [START_REF] Kontush | Small, dense HDL particles exert potent protection of atherogenic LDL against oxidative stress[END_REF] 47.8 (54.3) 55. 4 (16.8) 65 [START_REF] Chapman | Triglyceride-rich lipoproteins and high-density lipoprotein cholesterol in patients at high risk of cardiovascular disease: evidence and guidance for management[END_REF] 104 [START_REF] Hourcade-Potelleret | Clinical benefit from pharmacological elevation of highdensity lipoprotein cholesterol: meta-regression analysis[END_REF] 141 [START_REF] Egloff | Multicenter evaluation on different analyzers of three methods for direct HDL-cholesterol assay[END_REF] 48. 

  Thirty-three consecutive subjects (25 men and 8 women) were recruited at the Cardiovascular Prevention Unit of the Hopital La Pitié-Salpêtrière (Paris, France) where they participated in an educational program of 12 weeks aimed at losing weight and reducing cardiometabolic risk. All patients participating in this program were asked to follow their usual lifestyle habit and to maintain the same weight (+/-1 kg) during the month preceding their inclusion in the program without any changes. Patients with MetS as defined by the American Heart Association/International Diabetes Federation/International Atherosclerosis Society consensus (20) were included if they were aged between 18 and 70 years and if they took part in the two visits scheduled at our unit at an interval of 3 months+/-10 days. Exclusion criteria were BMI ≥40 kg/m², use of lipid-lowering agents, anti-inflammatory drugs, hormonal replacement therapy, contraceptive agents or antioxidant supplements in the 4 weeks prior the inclusion, existence of a clinical or biological (hs-CRP>10 mg/l) inflammatory state, uncontrolled hypothyroidism assessed by plasma TSH levels, renal, hepatic, gastrointestinal, pulmonary or oncological disease, and adherence to a specific diet. Patients were allowed to receive antihypertensive and antidiabetic drugs if such treatment was prescribed for at least 4 weeks preceding the recruitment and remained unchanged during the study. Patients underwent a complete medical examination at the beginning and at the end of the intervention. Waist circumference (WC) was measured at a level midway between the lower M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 rib margin and the iliac crest with the subject standing and wearing only underwear. All patients underwent blood pressure monitoring on their right or left arm at rest for 10 min. The mean of the values excluding the first measure was used for the systolic and diastolic blood pressure.

  propagation phase. Due to incertitude of the effects of the lifestyle educational program, we increased the sample size and recruited 40 consecutive patients. Biochemical analyses were not performed in 7 patients due to blood samples hemolysis, resulting in a final sample size of M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT according to LDL-C levels based on the cutoff proposed by NCEP-ATPIII (19), (1) the subgroup of patients with MetS and normal (optimal/near-optimal) LDL-C (≤130 mg/dl) and(2) the subgroup of patients with MetS and supranormal (borderline-high/ high/very high) LDL-C levels (>130 mg/dl).The difference between the two subgroups for the change in oxidative stress and antioxidative function of HDL were analyzed in univariate and multivariate analysis after adjustment for variables whose values differed at baseline (p<0.05) between the two subgroups of patients (LDL-C>130 mg/dl vs LDL-C≤130 mg/dl). The STATISTICA computer program, version 6.0 (StatSoft, Maisons-Alfort, France) was used for all calculations. All statistical tests were two-sided at the 5% significance.

  in LDL-C) tended to decrease after the intervention (-5.5 µIU/mg, p = 0.06) Figure1D).

  have specifically assessed the impact of aerobic exercise training alone on HDL antioxidative properties, showing that either a single bout or a controlled 3month training program improves the ability of HDL to delay LDL oxidation among patients with Type 2 diabetes or MetS without altering HDL-C levels. Casella et al. (15) equally M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT demonstrated partial normalization of HDL composition after a physical activity program similar to that observed in our study.
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 304 Plasma levels of oxidative stress and antioxidative function of HDL3c (% relative to LDL oxidized in the absence of HDL3c) and measures of oxidative stress at baseline and at the end of the intervention in the whole population and in the two subpopulations defined by the levels of LDL-C at baseline are shown. Rate of prop. phase, oxidation rate in the propagation phase. Dur. of the prop. phase; duration of the propagation phase. Max conc. of CD. Maximal concentration of conjugated dienes. Percentages are calculated relative to corresponding values measured in LDL oxidized alone (in the absence of HDL). CD, conjugated Dienes Rate of prop. phase (%) Max conc. of CD (%) Dur. of the prop. phase ( %) 8-Isoprostanes (pM)
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Table 1 :

 1 Clinical and biological characteristics of the whole population and of the subgroups according to the baseline LDL-C level. Data are presented at baseline and at the end of the intervention. Waist Circ., waist circumference; BMI, body mass index: SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG,

						47 (11)		48 (9)		
			15 [45%]			9 [50%]		8 [53%]	
			4 [12%]			3 [17%]		1 [7%]	
		111 (12)	105 (10)	<0.001	112 (14)	105 (12)	<0.001	110 (10)	104 (8)	0.012
	Weight (kg)	98,3 (18.5)	93.8 (18.03)	<0.001	99.8 (20.3)	94 (20)	<0.001	97.0 (17.3)	93.7 (16.5)	0.019
	BMI (kg/m²)	33.0 (4.7))	31.2 (4.5)	<0.001	33.7 (5.4)	31.3 (5.3)	<0.001	31.8 (3.4)	30.7 (3.2)	0.024
	SPB (mm Hg)	125 (14)	125 (13)	0.75	131 (14)*	129 (15)	0.630	120 (12)	122 (11)	0.321
	DBP (mm Hg)	75 (9)	74 (9)	0.38	78 (8)*	76 (9)	0.099	72 (8)	72 (8)	0.855
	TC (mg/dl)	230 (046)	222 (46)	0.10	202 (39) **	195 (036)	0.183	256 (37)	2.45 (0.41)	0.262
	TG (mg/dl)	288 (147)	221 (141)	0.005	302 (168)	196 (133)	0.014	277 (130)	242 (147)	0.172
	LDL-C (mg/dl)	139 (38)	139 (36)	0.93	107 (0.21) **	114 (0.21) 0.089	165 (26)	160 (33)	0.528
	HDL-C (mg/dl)	40 (11)	43 (12)	0.001	39 (12)	44 (14)	0.044	41 (10)	43 (11)	0.125
	FBG (mM)	5.90 (1.01)	5.73 (1.81)	0.53	5.88 (1.28)	5.95 (2.58) 0.760	5.92 (0.75)	5.54 (0.70)	0.011
	HOMA-IR	4.76 (2.93)	3.97 (2.44)	0.52	4.86 (2.91)	4.15 (2.90) 0.002	4.69 (3.02)	3.81 (2.03)	0.123

triglycerides; FBG, fasting blood glucose; hs-CRP, high sensitive C reactive protein; HOMA-IR, Homeostasis Model Assessment of insulin resistance; ASAT, aspartate aminotransferase; ALAT, alanine aminotransferase; ɤ-GT, Gamma glutamyl transpeptidases. * p<0.05 vs. subgroup with LDL-C ≥130 mg/dl, ** p <0.01 vs. subgroup with LDL-C ≥130 mg/dl. Antidiabetics were metformin, sitagliptin, repaglinide and rosiglitazone. According to the exclusion criteria, none of the patients was taking lipid-

Table 2 :

 2 Proportions of HDL subfractions in plasma separated according to their size by electrophoresis and according to their density by ultracentrifugation and relative content in CE and TG and in apoA-I in HDL3c. Prot, proteins; TW, total weight; CE, cholesteryl ester; TG, triglycerides

		Whole population		Population with LDL-C ≤ 130 mg/dl	Population with LDL-C >130 mg/dl
		Baseline	End	p	Baseline	End	p	Baseline	End	p
		Mean (SD)	Mean (SD)		Mean (SD)	Mean (SD)		Mean (SD)	Mean (SD)	
	HDL3c % (Prot)	7 (3)	7 (3)	0.16	7 (3)	6 (4)	0.06	6 (3)	7 (3)	0.84
	HDL3c % (TW)	10 (1)	10 (1)	0.59	10 (1)	9 (1)	0.62	10 (1)	10 (2)	0.81
	HDL2b % (Prot)	11 (9)	13 (9)	0.02	11 (6)	14 (8)	0.03	11 (1)	12 (10)	0.27
	HDL2b % (TW)	11 (3)	12 (4)	0.02	11 (3)	3 (5)	0.07	11 (3)	12 (3)	0.19
	HDL3c/HDL2b (Prot)	0.85 (0.62)	0.69 (0.45)	0.05	0.84 (0.70)	0.61 (0.39)	0.10	0.86 (0.55)	0.77 (0.60)	0.34
	HDL3c/HDL2b (TW)	0.96 (0.33)	0.87 (0.33)	0.18	0.93 (0.31	0.84 (0.29)	0.26	0.98 (0.36)	0.91 (0.37)	0.44
	HDL3c CE/TG	2.42 (1.38)	3.22 (1.64)	0.04	2.05 (1.31)	4.50 (1.96)	0.02	2.72 (1.40)	2.95 (1.60)	0.64
	ApoA-I 3c/TW 3c	0.42 (0.04)	0.42 (0.05)	0.17	0.41 (0.03)	0.44 (0.03)	0.03	0.42 (0.05)	0.41 (0.06)	0.76

Table 3 :

 3 Chemical composition of HDL3c in the whole population at baseline and at the end of the study. Wt % the % of total mass. PL, phospholipids; TP, total proteins; TG, triglycerides; CE, cholesteryl esters; FC, free cholesterol
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Quality of diet impacts the functions of HDL beyond the effect of weight loss.