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LDL subclass lipidomics in atherogenic dyslipidemia: effect of statin therapy on bioactive lipids and dense LDL

Atherogenic LDL particles are physicochemically and metabolically heterogeneous. Can bioactive lipid cargo differentiate LDL subclasses, and thus potential ath-erogenicity? What is the effect of statin treatment? Obese hypertriglyceridemic hypercholesterolemic males [n = 12; lipoprotein (a) <10 mg/dl] received pitavastatin calcium (4 mg/day) for 180 days in a single-phase unblinded study. The lipidomic profiles (23 lipid classes) of five LDL subclasses fractionated from baseline and post-statin plasmas were de-termined by LC-MS. At baseline and on statin treatment, very small dense LDL (LDL5) was preferentially enriched (up to 3-fold) in specific lysophospholipids {LPC, lysophosphatidylinositol (LPI), lysoalkylphosphatidylcholine [LPC(O)]; 9, 0.2, and 0.14 mol per mole of apoB, respectively; all P < 0.001 vs. LDL1-4}, suggesting elevated inflammatory potential per particle. In contrast, lysophosphatidylethanolamine was uniformly distributed among LDL subclasses. Statin treatment markedly reduced absolute plasma concen-trations of all LDL subclasses (up to 33.5%), including LPC, LPI, and LPC(O) contents (up to 52%), consistent with reduction in cardiovascular risk. Despite such reductions, lipotoxic ceramide load per particle in LDL1-5 (1.5-3 mol per mole of apoB; 3-7 mmol per mole of PC) was either conserved or elevated. Bioactive lipids may constitute bio-markers for the cardiometabolic risk associated with spe-cific LDL subclasses in atherogenic dyslipidemia at baseline, and with residual risk on statin therapy.-Chapman, M.

dyslipidemia and pre-vention of ASCVD [START_REF] Grundy | AHA/ACC/AACVPR/AAPA/ABC/ ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA guideline on the man-agement of blood cholesterol: a report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines[END_REF][START_REF] Mach | ESC/ EAS guidelines for the management of dyslipidaemias: lipid modi-fication to reduce cardiovascular risk[END_REF]. In this context, LDL-C has proven to be an informative biomarker, both in cardiovascular risk stratification and as a measure of therapeutic response [START_REF] Langlois | Quantifying atherogenic lipopro-teins: current and future challenges in the era of personalized medi-cine and very low concentrations of LDL cholesterol. A consensus statement from EAS and EFLM[END_REF]. The measurement of the cholesterol carried by LDL as a metric of the cardiometabolic risk associated with the Abbreviations: ASCVD, atherosclerotic CVD; CE, cholesteryl ester; Cer, ceramide; CETP, cholesteryl ester transfer protein; COH, free cholesterol; DHC, dihexosylceramide; dhCer, dihydroceramide; GM3, monosialodihexosylganglioside; IL, interleukin;

Lp(a), lipoprotein (a); LPC(O), lysoalkylphosphatidylcholine; LPE, lysophosphatidylethanolamine; LPI, lysophosphatidylinositol; Lp-PLA2, lipoproteinassociated phospholipase A2; MetS, metabolic syndrome; MHC, monohexosylce-ramide; PAF, platelet-activating factor; PC(O), alkylphosphatidylcholine; PC(P), alkenylphosphatidylcholine; PE(O), alkylphosphatidylethanol-amine; PE(P), alkenylphosphatidylethanolamine; sdLDL, small dense LDL; TAG, triacylglycerol; THC, trihexosylceramide; vsdLDL, very small dense LDL.

totality of LDL particles in plasma provides incomplete information however [START_REF] Laufs | Pathological phenotypes of LDL particles[END_REF][START_REF] Ng | Dose-dependent effects of rosuvastatin on the plasma sphingolipidome and phospholipidome in the meta-bolic syndrome[END_REF][START_REF] Hilvo | PCSK9 inhibition alters the lipidome of plasma and lipoprotein fractions[END_REF][START_REF] Laaksonen | Plasma ceramides predict cardiovascular death in patients with stable coronary artery disease and acute coronary syndromes beyond LDLcholesterol[END_REF][START_REF] Boon | Ceramides contained in LDL are elevated in type 2 dia-betes and promote inflammation and skeletal muscle insulin resis-tance[END_REF][START_REF] Grammer | Low-density lipoprotein particle diameter and mortality: the Ludwigshafen Risk and Cardiovascular Health Study[END_REF]. For example, the sphingolipid-rich LDL subpopulation, by virtue of its susceptibility to aggregation, is independently predictive both of ASCVD progression and cardiovascular death in CAD patients [START_REF] Ruuth | Susceptibility of low-density lipoprotein particles to aggregate depends on particle lipidome, is modifiable, and associates with fu-ture cardiovascular deaths[END_REF]. Clearly then, the marked structural, physicochemical, and metabolic heterogeneity of LDL in both normolipidemic and dyslipidemic states suggests that particle sub-classes with elevated atherogenic potential exist within the circulating LDL pool [START_REF] Chapman | Further resolution of the low density lipoprotein spectrum in normal human plasma: physico-chemical characteristics of discrete subspecies separated by density gradient ultracentrifugation[END_REF][START_REF] Nigon | Discrete subspecies of human low-density lipoproteins are heterogeneous in their interaction with the cellular LDL receptor[END_REF][START_REF] Lund-Katz | Apolipoprotein B-100 conformation and particle surface charge in human LDL subspecies: implication for LDL receptor in-teraction[END_REF][START_REF] Packard | Apolipoprotein B metabolism and the distribution of VLDL and LDL subfractions[END_REF][START_REF] Berneis | Metabolic origins and clinical significance of LDL heterogeneity[END_REF][START_REF] Krauss | Lipids and lipoproteins in patients with type 2 diabetes[END_REF][START_REF] Diffenderfer | The composition and metabolism of large and small LDL[END_REF].

Production of LDL particles may occur via two major pathways: by extensive intravascular remodeling of hepatic VLDL precursors in a pathway involving both lipolytic (li-poprotein lipase and hepatic lipase) and lipid transfer ac-tivities, and a second pathway involving de novo hepatic secretion of LDL; the former pathway typically predomi-nates [START_REF] Packard | Apolipoprotein B metabolism and the distribution of VLDL and LDL subfractions[END_REF][START_REF] Berneis | Metabolic origins and clinical significance of LDL heterogeneity[END_REF][START_REF] Krauss | Lipids and lipoproteins in patients with type 2 diabetes[END_REF][START_REF] Diffenderfer | The composition and metabolism of large and small LDL[END_REF][START_REF] Chapman | Cholesteryl ester transfer protein: at the heart of the action of lipid-modulating therapy with statins, fibrates, niacin, and cholesteryl es-ter transfer protein inhibitors[END_REF]. In hypertriglyceridemic states, and particu-larly in those involving insulin-resistance such as type 2 diabetes or the prediabetic state of metabolic syndrome (MetS), small dense LDLs (sdLDLs) predominate in the LDL particle profile [START_REF] Packard | Apolipoprotein B metabolism and the distribution of VLDL and LDL subfractions[END_REF][START_REF] Krauss | Lipids and lipoproteins in patients with type 2 diabetes[END_REF][START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF]. The dense LDL profile is intimately linked to elevated plasma levels of TG-rich VLDLs and their remnants, which act as the preferential acceptors of elevated cholesteryl ester transfer protein (CETP)-mediated cholesteryl ester (CE) transfer from HDL, with attenuated CE transfer to LDL particles [START_REF] Krauss | Lipids and lipoproteins in patients with type 2 diabetes[END_REF][START_REF] Chapman | Cholesteryl ester transfer protein: at the heart of the action of lipid-modulating therapy with statins, fibrates, niacin, and cholesteryl es-ter transfer protein inhibitors[END_REF][START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF][START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF]. Concomitantly, attenuated VLDL lipolysis together with CETPmediated TG transfer from the VLDL pool to LDL contribute to the formation of TG-enriched LDL; these particles constitute a substrate for hepatic lipase, leading to formation of small LDL with a depleted neutral lipid core (TG and CE) content [START_REF] Krauss | Lipids and lipoproteins in patients with type 2 diabetes[END_REF][START_REF] Chapman | Cholesteryl ester transfer protein: at the heart of the action of lipid-modulating therapy with statins, fibrates, niacin, and cholesteryl es-ter transfer protein inhibitors[END_REF][START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF][START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF].

sdLDL particles are distinguished by a low lipid/protein ratio, small particle size favoring enhanced transcytosis across the arterial endothelium, enrichment in apoCIII facilitating electrostatic binding to arterial wall proteogly-cans with enhanced retention, a prolonged residence time in plasma reflecting low binding affinity for the LDL receptor as a result of an altered conformation of apoB100, an elevated affinity for LDL receptorindependent cell sur-face binding sites, and elevated susceptibility not only to oxidative damage, as indicated by the propensity to form hydroperoxides of CEs and phospholipids, but also to modification by glycation (13-15, 19, 21). sdLDL particles equally represent preferential transporters of lipoproteinassociated phospholipase A2 (Lp-PLA2), an enzyme impli-cated in oxidized phospholipid hydrolysis and formation of LPC [START_REF] Tselepis | PAF-degrading acetylhydrolase is preferentially associ-ated with dense LDL and VLDL-1 in human plasma. Catalytic char-acteristics and relation to the monocyte-derived enzyme[END_REF][START_REF] Rosenson | Modulation of oxidative stress, inflammation, and atherosclerosis by lipoprotein-associated phospholipase A2[END_REF]. Finally, the relationship of particle num-bers or concentrations of sdLDL to cardiovascular morbi-mortality in atherogenic dyslipidemia has been assessed in several prospective and cross-sectional epidemiological cohort studies [START_REF] Grammer | Low-density lipoprotein particle diameter and mortality: the Ludwigshafen Risk and Cardiovascular Health Study[END_REF][START_REF] Ruuth | Susceptibility of low-density lipoprotein particles to aggregate depends on particle lipidome, is modifiable, and associates with fu-ture cardiovascular deaths[END_REF][START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF][START_REF] Ai | Small dense LDL cholesterol and coronary heart disease: results from the Framingham Offspring Study[END_REF][START_REF] Shiffman | LDL subfractions are associated with inci-dent cardiovascular disease in the Malmo Prevention Project Study[END_REF][START_REF] Williams | Comparison of four methods of analysis of lipoprotein particle subfractions for their association with angio-graphic progression of coronary artery disease[END_REF]. Overall, the weight of evidence suggests that, despite inverse relationships to TG levels and those of buoyant LDL, elevated levels of small LDL particles appear to be associated with both atherosclerosis progression and cardiovascular events [START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF][START_REF] Ai | Small dense LDL cholesterol and coronary heart disease: results from the Framingham Offspring Study[END_REF][START_REF] Shiffman | LDL subfractions are associated with inci-dent cardiovascular disease in the Malmo Prevention Project Study[END_REF][START_REF] Williams | Comparison of four methods of analysis of lipoprotein particle subfractions for their association with angio-graphic progression of coronary artery disease[END_REF].

The advent of LC-MS has facilitated the molecular dissection of the lipid moiety of lipoprotein particles [START_REF] Laaksonen | Plasma ceramides predict cardiovascular death in patients with stable coronary artery disease and acute coronary syndromes beyond LDLcholesterol[END_REF][START_REF] Ruuth | Susceptibility of low-density lipoprotein particles to aggregate depends on particle lipidome, is modifiable, and associates with fu-ture cardiovascular deaths[END_REF][START_REF] Chapman | Further resolution of the low density lipoprotein spectrum in normal human plasma: physico-chemical characteristics of discrete subspecies separated by density gradient ultracentrifugation[END_REF][START_REF] Williams | Comparison of four methods of analysis of lipoprotein particle subfractions for their association with angio-graphic progression of coronary artery disease[END_REF]. Significantly, lipidomic analysis of LDL subclasses in atherogenic dyslipidemia may allow insight into questions of clinical and metabolic relevance: i) Does the lipidome of LDL subclasses reflect a continuum of lipid transport and metabolism across the LDL profile, and how does the LDL lipidome relate to that of precursor VLDL and IDL particles? ii) Alternatively, are there dis-continuities across the lipidomic profiles of LDL subclasses indicative of subclass-specific lipid metabolism, particu-larly with respect to sdLDL? iii) Are specific LDL subclasses characterized by preferential transport of bioactive lipids, such as ceramides (Cers), other sphingolipids, lysophos-pholipids, or plasmalogens, whose molecular and cellular actions are relevant not only to the pathophysiology of LDL in ASCVD but also to insulin resistance? iv) Is sub-class-specific remodeling revealed when the lipidome is normalized to either apoB100 (revealing overall particle composition on a molecular basis) or to PC (revealing both surfacespecific and surface-core lipid interrelation-ships) [START_REF] Ruuth | Susceptibility of low-density lipoprotein particles to aggregate depends on particle lipidome, is modifiable, and associates with fu-ture cardiovascular deaths[END_REF][START_REF] Ståhlman | Clinical dyslipidaemia is associated with changes in the lipid composition and inflamma-tory properties of apolipoprotein-B-containing lipoproteins from women with type 2 diabetes[END_REF][START_REF] Chaurasia | Ceramideslipotoxic inducers of metabolic disorders[END_REF][START_REF] Wallner | Plasmalogens: the neglected regulatory and scavenging lipid species[END_REF][START_REF] Meikle | Sphingolipids and phospho-lipids in insulin resistance and related metabolic disorders[END_REF][START_REF] Schmitz | Metabolism and athero-genic disease association of lysophosphatidylcholine[END_REF][START_REF] Han | Lysophosphatidylcholine as an effector of fatty acid-induced insulin resistance[END_REF]?

Statins, or HMG-CoA reductase inhibitors, constitute first line therapy for marked reduction of LDL-associated cardiovascular risk in prediabetic MetS subjects and in type 2 diabetes, and reduce levels of all LDL subclasses, includ-ing sdLDL, by 30% or more [START_REF] Goldstein | A century of cholesterol and coronaries: from plaques to genes to statins[END_REF][START_REF] Grundy | AHA/ACC/AACVPR/AAPA/ABC/ ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA guideline on the man-agement of blood cholesterol: a report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines[END_REF][START_REF] Mach | ESC/ EAS guidelines for the management of dyslipidaemias: lipid modi-fication to reduce cardiovascular risk[END_REF][START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF][START_REF] Caslake | Phenotype-dependent and -independent actions of rosuvas-tatin on atherogenic lipoprotein subfractions in hyperlipidaemia[END_REF][START_REF] Guerin | Action of atorvastatin in combined hyperlipidemia: preferen-tial reduction of cholesteryl ester transfer from HDL to VLDL1 par-ticles[END_REF]. Statin ac-tion modulates multiple pathways of lipid metabolism; however, these effects are not limited to inhibition of cho-lesterologenesis, but manifest in the lipidome of plasma li-poproteins, in which they may be clinically relevant [START_REF] Ng | Dose-dependent effects of rosuvastatin on the plasma sphingolipidome and phospholipidome in the meta-bolic syndrome[END_REF][START_REF] Caslake | Phenotype-dependent and -independent actions of rosuvas-tatin on atherogenic lipoprotein subfractions in hyperlipidaemia[END_REF][START_REF] Guerin | Action of atorvastatin in combined hyperlipidemia: preferen-tial reduction of cholesteryl ester transfer from HDL to VLDL1 par-ticles[END_REF][START_REF] Tarasov | Molecular lipids identify cardiovascular risk and are efficiently lowered by simvastatin and PCSK9 deficiency[END_REF][START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF][START_REF] Oesterle | Pleiotropic effects of statins on the cardiovascular system[END_REF][START_REF] Paumelle | Peroxisome proliferatoractivated receptors mediate pleiotropic actions of statins[END_REF][START_REF] Orsoni | Statin action enriches HDL3 in polyunsaturated phospholipids and plasmalogens and reduces LDL-derived phospholipid hydroperoxides in atherogenic mixed dyslipidemia[END_REF]. We hypothesize that statin treatment might reduce the circulating concentrations of deleterious bioactive lip-ids transported in the lipidome of LDL subclasses in MetS. Indeed, this hypothesis is not inconsistent with the effect of statin treatment on the plasma lipidome in MetS and in CAD patients [START_REF] Ng | Dose-dependent effects of rosuvastatin on the plasma sphingolipidome and phospholipidome in the meta-bolic syndrome[END_REF][START_REF] Tarasov | Molecular lipids identify cardiovascular risk and are efficiently lowered by simvastatin and PCSK9 deficiency[END_REF][START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF].

We therefore evaluated the impact of statin treatment on the cargo of 23 lipid classes in LDL subclasses [light buoyant LDL, LDL1-2; intermediate LDL, LDL3; sdLDL, LDL4-5, LDL5 representing very small dense LDL (vs-dLDL)] of prediabetic MetS subjects in the context of the CAPITAIN cohort; the VLDL+IDL population was equally included in our analyses in order to provide in-sight into their precursor-product relation with LDL. As Lp-PLA2 activity is relevant to the inflammatory dimen-sion of atherogenesis and is preferentially transported by sdLDL, the effect of statin treatment on its mass and activity were determined [START_REF] Tselepis | PAF-degrading acetylhydrolase is preferentially associ-ated with dense LDL and VLDL-1 in human plasma. Catalytic char-acteristics and relation to the monocyte-derived enzyme[END_REF][START_REF] Rosenson | Modulation of oxidative stress, inflammation, and atherosclerosis by lipoprotein-associated phospholipase A2[END_REF]. The CAPITAIN cohort (Chronic and Acute effects of PITAvastatIN calcium on monocyte phenotype, endothelial function, and HDL atheroprotective function in patients with MetS; clinicaltrials.gov: NCT01595828) consists of a small extensively phenotyped cohort of moderately in-sulin-resistant obese males with MetS and a mixed dys-lipidemia at elevated cardiovascular risk [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF][START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF][START_REF] Orsoni | Statin action enriches HDL3 in polyunsaturated phospholipids and plasmalogens and reduces LDL-derived phospholipid hydroperoxides in atherogenic mixed dyslipidemia[END_REF][START_REF] Chapman | Effect of high-dose pitavastatin on glucose homeostasis in patients at elevated risk of newonset dia-betes: insights from the CAPITAIN and PREVAIL-US studies[END_REF]. This cohort received high dose pitavastatin calcium (4 mg/day) for 180 days in an open label design (sup-plemental Fig. S1); pitavastatin calcium was selected as a model statin given evidence-based neutrality on glu-cose homeostasis [START_REF] Vallejo-Vaz | Effect of pitavastatin on glucose, HbA1c and incident diabetes: a meta-analysis of randomized controlled clinical trials in individuals without diabetes[END_REF][START_REF] Braun | Effects of Pitavastatin on Insulin Sensitivity and Liver Fat: A Randomized Clinical Trial[END_REF][START_REF]Livazo Consolidated SmPC. Summary of Product Characteristics[END_REF].

MATERIALS AND METHODS

Clinical protocol, inclusion and exclusion criteria, patient cohort, dietary counseling, and compliance

Details of the clinical protocol, cohort of MetS subjects, inclu-sion and exclusion criteria, dietary counseling, and compliance are detailed in the supplemental data and have been reported previously [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF][START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF][START_REF] Orsoni | Statin action enriches HDL3 in polyunsaturated phospholipids and plasmalogens and reduces LDL-derived phospholipid hydroperoxides in atherogenic mixed dyslipidemia[END_REF][START_REF] Chapman | Effect of high-dose pitavastatin on glucose homeostasis in patients at elevated risk of newonset dia-betes: insights from the CAPITAIN and PREVAIL-US studies[END_REF][START_REF] Alberti | Metabolic syn-drome-a new world-wide definition. A consensus statement from the International Diabetes Federation[END_REF]. The study was performed in accor-dance with the ethical principles set forth in the Declaration of Helsinki and received approval from the Ethics Committee of Pitie-Salpetriere University Hospital. Written informed consent was given by each subject after the purpose and nature of the in-vestigation had been explained. No serious adverse events were reported during the study protocol.

Healthy normolipidemic control subjects

Plasma samples from overnight-fasted healthy control non-obese male subjects (n = 10) were selected from the Baker IDI biobank as indicated earlier [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF][START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF]. These subjects were con-suming a Western-type diet commensurate with their BMI (mean 23.1 ± 2.5 kg/m 2 ), were matched for age (49 ± 11 years), and were neither hypertensive (SBP = 119 ± 10), nor hyperglycemic (fasting blood glucose = 5.0 ± 0.7), nor dyslipidemic (supplemental Table S1); none displayed a history of CVD or type 2 diabetes. Written informed consent was given by each subject after the purpose and nature of the investigation had been explained.

Analytical and preparative methods

Analytical and preparative methods are equally detailed in the supplemental data. Preparative fractionation of apoB-containing lipoproteins (VLDL+IDL, LDL1-5 subclasses) in the native non-oxidized state was performed by isopycnic density gradient ultracentrifugation (see supplemental data) [START_REF] Nigon | Discrete subspecies of human low-density lipoproteins are heterogeneous in their interaction with the cellular LDL receptor[END_REF][START_REF] Lund-Katz | Apolipoprotein B-100 conformation and particle surface charge in human LDL subspecies: implication for LDL receptor in-teraction[END_REF][START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF][START_REF] Tselepis | PAF-degrading acetylhydrolase is preferentially associ-ated with dense LDL and VLDL-1 in human plasma. Catalytic char-acteristics and relation to the monocyte-derived enzyme[END_REF][START_REF] Chapman | A density gradient ultracentrifugal procedure for the isolation of the major lipoprotein classes from human serum[END_REF]. It is notable that this methodology facilitates isolation of nondena-tured lipoprotein subclasses, with no evidence for either lipid or protein oxidation during the procedure [START_REF] Zerrad-Saadi | HDL3mediated inactivation of LDL-associated phospholipid hydroperoxides is determined by the redox status of apolipoprotein A-I and HDL particle surface lipid rigidity: relevance to inflammation and atherogenesis[END_REF]. Furthermore, anal-ysis of the distribution of molecular species of CEs, tocopherols, and carotenoids among LDL subclasses, which are of immediate relevance to the oxidative susceptibility of these particles, confirmed their differential distributions, arguing strongly for the maintenance of native particle structure in individual LDL parti-cle subclasses during isolation [START_REF] Chancharme | Cholesteryl ester hydroperoxide lability is a key feature of the oxidative susceptibility of small, dense LDL[END_REF][START_REF] Goulinet | Plasma LDL and HDL subspecies are heterogeneous in particle contents of tocopherols and oxygenated and hydrocarbon carotenoids. Relevance to oxida-tive resistance and atherogenesis[END_REF]. The total LDL fraction (d 1.019-1.063 g/ml) was isolated by sequential ultracentrifugation from the plasma of each MetS and control subject as described earlier [START_REF] Chapman | A density gradient ultracentrifugal procedure for the isolation of the major lipoprotein classes from human serum[END_REF].

Lipid extraction of VLDL+IDL and LDL subfractions and lipidomic analyses

The order of apoB-containing subfraction samples and total LDL fractions from MetS and control groups was randomized prior to lipid extraction and analysis; samples were analyzed in triplicate and the average values taken for subsequent statistical analyses. Total lipid extraction from a 10 l aliquot of each sub-fraction was performed by a single phase chloroform:methanol (2:1) extraction, as described previously [START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF][START_REF] Orsoni | Statin action enriches HDL3 in polyunsaturated phospholipids and plasmalogens and reduces LDL-derived phospholipid hydroperoxides in atherogenic mixed dyslipidemia[END_REF].

Lipidomic analyses of lipid extracts of apoB-containing subfrac-tions (VLDL+IDL, LDL1-5) at baseline [day 0 (D0)] and follow-ing statin treatment [day 180 (D180)] and from total LDL fractions were performed by HPLC followed by ESI-MS/MS using an Agilent 1200 liquid chromatography system combined with an Applied Biosystems API 4000 Q/TRAP mass spectrometer with a turbo-ion spray source (350°C) and the Analyst 1.5 data system. The methodology, instrumentation, and internal standards were identical to those used in earlier studies; indeed, the conditions for MS/MS analysis of lipoprotein lipid classes and subclasses and the parameters of the assay performance were derived from a quality control plasma pool as detailed earlier [START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF][START_REF] Orsoni | Statin action enriches HDL3 in polyunsaturated phospholipids and plasmalogens and reduces LDL-derived phospholipid hydroperoxides in atherogenic mixed dyslipidemia[END_REF]. Techni-cal quality control samples were included throughout the run in every 20sample interval. (LPE), PI, lysophosphatidylinosi-tol (LPI), DAG, and triacylglycerol (TAG). The relative amounts of each molecular lipid species were calculated by expressing the peak area of each species relative to the peak area of the corresponding stable isotope or nonphysiological internal standard as described previously [START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF][START_REF] Meikle | Plasma lipid profiling shows similar associations with prediabetes and type 2 diabetes[END_REF]. In targeted lipidomics, use of a sta-ble isotope-labeled internal standard for each lipid species under investigation is not feasible. This approach does not provide abso-lute quantification but rather a close approximation of the actual concentration. Nonetheless, the precision of these measures is highly satisfactory (CV range 5-15%), and so the fold change (or percent change resulting from treatment) is accurate. A correc-tion factor of 10 was applied to the PC(P) species to account for the lower signal response of these lipid species relative to the PE (17:0/17:0) internal standard. Background measurements ob-tained from blank samples were then subtracted from all other samples in each run, including quality control samples. Concen-trations of total lipid classes were calculated from the sum of the individual molecular lipid species within each class. Results were expressed in picomoles of each lipid class per milliliter of plasma, in picomoles of each lipid class per picomole of apoB, and in nanomoles of each lipid class per micromole of PC.

Statistical analysis

The effect of pitavastatin calcium treatment on each parameter was determined by comparison of baseline values with corre-sponding values at D180 by the paired t-test. Data presented in the tables and figures are expressed as mean ± SEM for normally dis-tributed variables and as median (minimum-maximum) for asymmetrically distributed parameters; distribution normality was assessed using the Kolmogorov-Smirnov test. In view of the small size of our male cohort of MetS subjects (n = 12), all statistical analyses were conducted initially using parametric tests and con-firmed on the basis of a nonparametric test. P values were deter-mined with the paired t-test analysis for values displaying a Gaussian distribution and with the nonparametric Wilcoxon test for those that were asymmetrically distributed. Given the phenotypic homogeneity of our subjects [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF][START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF] and the consistency of their response to statin treatment (see Fig. 1) [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF], interindivid-ual variability was attenuated, typically leading to a symmetrical distribution for the majority of parameters determined. Correla-tion analyses of parameters in our data base were performed with the Pearson and Spearman tests as a function of the distribution of component values for a given parameter. For comparison of control subjects with MetS patients at baseline and D180, the non-paired t-test was performed. The determination of P for trend was made by repeated measures one-way ANOVA with a posttest for linear trend using GraphPad Prism® 4 software (GraphPad Soft-ware Inc., version 4.03); for analyses of molecular lipid species, GraphPad Prism versions 8.0 and 8.1 were used.

Using the data derived from mass spectrometric analyses of all lipid classes, the data were expressed in several ways: i) as absolute mass concentrations of each lipid class in individual lipopro-tein subclasses at baseline and after statin treatment; ii) as molar concentrations of each lipid class in individual lipoprotein sub-fractions relative to apoB at baseline and after statin treatment, in order to reflect the size and degree of lipidation of the par-ticle subfraction considered and to determine whether there were qualitative changes in lipoprotein lipid composition rela-tive to apoB on statin treatment on a per particle basis; and iii) as molar concentrations of each lipid class in individual lipo-protein subfractions relative to total moles of PC at baseline and after statin treatment, in order to inform as to whether statin treatment induced changes in the molar ratios of each lipid class in relation to those of the dominant charged surface lipid, PC. For each molar ratio of lipid class/apoB or lipid class/PC, the paired t-test was used to compare the value at baseline with the corresponding value on statin treatment in the same lipo-protein subfraction; equally, comparison of lipid class/apoB and lipid class/PC values between VLDL+IDL and each LDL subfraction, and between LDL subfractions themselves, was per-formed separately by Bonferroni's posttest to a two-way re-peated measure ANOVA. S1) [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF][START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF][START_REF] Orsoni | Statin action enriches HDL3 in polyunsaturated phospholipids and plasmalogens and reduces LDL-derived phospholipid hydroperoxides in atherogenic mixed dyslipidemia[END_REF]. Indeed, plasma levels of total cholesterol, TGs, VLDL+IDL mass, non-HDL-C, LDL-C, and apoB at baseline in the MetS group were markedly elevated (P < 0.05-0.0001) when compared with the lipid profile in the healthy normal con-trol group (supplemental Table S1). By contrast, both HDL-C and apoAI levels in control subjects were signifi-cantly higher relative to the MetS group both at baseline and post statin (P < 0.001).

RESULTS

Baseline phenotypic features of

Total plasma LDL mass (343.9 ± 7.3 mg/dl; supplemen-tal Table S2) was 1.5-fold higher in the MetS group at base-line relative to that in a group of control male subjects (225.1 ± 10.4 mg/dl; P < 0.001) as reported earlier [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF]; it is however pertinent that LDL mass concentrations (as d 1.019-1.063 g/ml) in different groups of healthy normo-lipidemic adult males have been observed to vary over a wide range in our laboratory (225-303 mg/dl; it is note-worthy that similar spectrophotometric assays and isolation methodology were used) [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF][START_REF] Tselepis | PAF-degrading acetylhydrolase is preferentially associ-ated with dense LDL and VLDL-1 in human plasma. Catalytic char-acteristics and relation to the monocyte-derived enzyme[END_REF][START_REF] Chapman | A density gradient ultracentrifugal procedure for the isolation of the major lipoprotein classes from human serum[END_REF][START_REF] Goulinet | Plasma LDL and HDL subspecies are heterogeneous in particle contents of tocopherols and oxygenated and hydrocarbon carotenoids. Relevance to oxida-tive resistance and atherogenesis[END_REF]. Such a wide range in plasma levels of LDL mass is reflected in turn in variation in the concentrations of individual LDL sub-classes (supplemental Table S2). Indeed, whereas the range of concentrations of LDL1-3 in controls was below the mean value in our MetS group at baseline, the range of levels of LDL4 and LDL5 in control groups overlapped with the corresponding values in the MetS group at base-line (supplemental Table S2).

Importantly, statin treatment normalized LDL mass, LDL-C and apoB levels (225.5 ± 12.6 mg/dl, 96.1 ± 5.8 mg/ dl, and 72.8 ± 5.1 mg/dl, respectively, and 31, 38 and 29%, respectively; all P < 0.0001) such that there were no longer any significant differences relative to the corre-sponding levels in the control subjects (supplemental Ta-ble S1) [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF]. Moreover, pitavastatin treatment at D180 lowered the concentrations (lipids + protein) not only of total LDL mass (241.6 mg/dl) but equally of all LDL subclasses to within the respective ranges seen among the con-trol groups (supplemental Table S2). In addition, TG levels were lowered ( 41%; P < 0.0005) to within the normal range (127.7 mg/dl; 1.44 mmol/l), although VLDL+IDL mass levels remained significantly higher in the post-statin MetS group relative to control subjects (P < 0.001) (supplemental Table S1) (4). Statin-mediated changes in lipid lev-els were associated with reductions in plasma CETP mass and activity ( 18% and 16%, respectively; P < 0.01), and with minor elevation in plasma LCAT activity (+3%; P < 0.001) [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF].

BMI was unchanged on statin treatment. As concerns sys-temic biomarkers of inflammation and oxidative stress, statin treatment mediated reduction in baseline plasma lev-els of oxidized LDL (84.0 ± 4.8 g/dl; 34%; P < 0.01); concomitantly, an increment of 24% was observed in post-statin paraoxonase activity (n = 12; 28.1 ± 0.01 mU/ l and 34.4 ± 0.01 mU/ l serum at D0 and D180, respectively; P < 0.01). Statin treatment lowered both baseline plasma Lp-PLA2 mass and activity (223 ± 17 ng/ml, 8% and 234 ± 11 UI/l, 18%, respectively; both P < 0.001). Equally, serum amyloid A concentrations were lowered after statin treat-ment by 27% (baseline 26.5 ± 3 mg/l; P < 0.05). Low levels of systemic inflammation at baseline, as determined by high sensitivity CRP (1.6 ± 0.2 mg/l) and secretory PLA2 mass (data not shown), were unchanged following statin treatment. The potential impact of statin treatment on sys-temic inflammation was equally evaluated by assay of sev-eral pro-and anti-inflammatory cytokines, soluble cytokine receptors, growth factors, and adhesion proteins in the CAPITAIN cohort at D0 and D180 (data not shown; see supplemental data for methodological details). Findings for interleukin (IL)-6 showed no significant change from baseline on statin treatment (D0, 1.8 ± 0.3 pg/ml; D180, 2.1 ± 0.4 pg/ml); similar observations were made for IL-1 , IL-1 , IL-2, IL-3, IL-4, IL-7, IL-8, IL-10, IL-12, IL-13, IL-15, TNF-, IFN-, and monocyte chemoattractant protein-1 (MCP-1).

Plasma mass concentrations and percent weight chemical compositions of the VLDL+IDL subfraction and LDL1-5 subclasses in dyslipidemic MetS subjects at baseline and effect of statin treatment

Elevated baseline levels of the total mass of the TG-rich VLDL+IDL fraction (mean 135.8 mg/dl) in our MetS sub-jects were consistent with elevated concentrations of rem-nant cholesterol and non-HDL-C, which were between 1.6-and 2.4-fold higher (P < 0.01) than seen in control subjects as reported earlier (supplemental Table S2) [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF][START_REF] Chapman | A density gradient ultracentrifugal procedure for the isolation of the major lipoprotein classes from human serum[END_REF][START_REF] Goulinet | Plasma LDL and HDL subspecies are heterogeneous in particle contents of tocopherols and oxygenated and hydrocarbon carotenoids. Relevance to oxida-tive resistance and atherogenesis[END_REF]. Among LDL subclasses, LDL3 and LDL4 each rep-resented 31% of total LDL mass at baseline [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF]. As typical of atherogenic dyslipidemia, sdLDL4+5 represented the major LDL subclass (46.5% of total LDL mass) (supple-mental Table S2). At baseline, percent TG content was al-most 4fold higher in LDL1 relative to LDL4, while percent CE content was 1.5-fold higher in the smaller LDL4 sub-class. In consequence, the CE/TG ratio (5.1:1) peaked in LDL4, consistent with lipolytic loss of TG and CETP-medi-ated enrichment in CE [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF]. Interestingly, LDL5 did not follow this significant trend; rather this subclass was en-riched in TG relative to LDL4, giving a lower CE/TG ratio (3.2:1) relative to LDL4 (supplemental Table S2).

On statin treatment at 180 days, plasma concentrations of all apoB-containing subfractions were reduced (LDL1-5, range 28% to 36% of total mass; VLDL+IDL, 28% of total mass), in line with reductions in lipid levels; as a con-sequence, the individual levels of LDL subclasses fell within the range typical of control subjects as noted above (supplemental Table S2) [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF][START_REF] Tselepis | PAF-degrading acetylhydrolase is preferentially associ-ated with dense LDL and VLDL-1 in human plasma. Catalytic char-acteristics and relation to the monocyte-derived enzyme[END_REF][START_REF] Chapman | A density gradient ultracentrifugal procedure for the isolation of the major lipoprotein classes from human serum[END_REF][START_REF] Goulinet | Plasma LDL and HDL subspecies are heterogeneous in particle contents of tocopherols and oxygenated and hydrocarbon carotenoids. Relevance to oxida-tive resistance and atherogenesis[END_REF]. Qualitative changes equally occurred; whereas progressive CE enrich-ment (and TG depletion) with an increase in the CE/TG ratio was detected across LDL subclasses, the inverse oc-curred in VLDL+IDL with diminution in the CE/TG ratio, an effect highly correlated with statin-mediated reduction in CETP activity. Furthermore, the ratio of total lipid mass (COH+CE+PL+TG) to apoB mass in each subfraction was not modified by statin treatment (supplemental Table S2), indicating that average particle sizes in respective subfrac-tions were similar before and after statin treatment.

Lipidomic analyses: plasma concentrations of 23 lipid classes in the VLDL+IDL subfraction and LDL1-5 subclasses in dyslipidemic MetS subjects at baseline

The VLDL+IDL subfraction (including IDLs as remnant particles) constituted the preferential carrier of TAGs and DAGs (95% and 60%; means 28 and 110 nmol/ml, respec-tively) at baseline (P < 0.001 vs. all LDL subclasses) (Fig. 1C,D; supplemental Table S3). Furthermore, the DAG content was elevated relative to TAGs, as reflected in a con-centration ratio of 1:3.89, presumably the result of accumu-lation during TAG lipolysis. The VLDL+IDL fraction was further distinguished by transport of >53% and >50% of total PE and PG, respectively, which were enriched 3-to11-fold and 3-to 10-fold, respectively, relative to those carried in LDL1-5 (P < 0.01 vs. all LDL subclasses), and by acting as the primary transport vehicle for Cer (P < 0.05-0.01 vs. all LDL subclasses) (Fig. 1K; supplemental Table S3). Some 15-30% of the majority of the remaining major lipid classes were equally transported by this subfraction (COH, CE, SM, PC, PC(P), PC(O), LPC, LPC(O), PE(P), PE(O), PE, LPE, PI, LPI, Cer, dhCer, MHC, DHC, THC, and GM3) (Fig. 1A,B,). Indeed, concentrations of COH, CE, SM, PC, PC(P), PC(O), LPC, LPC(O), PE(P), PE(O), LPE, PI, dhCer, MHC, DHC, THC, and GM3 were significantly higher in the VLDL+IDL subfraction as compared with LDL1, -2 and -5 (range of P values, <0.05-0.001). By con-trast, concentrations of COH, CE, PC, PC(P), PC(O), LPC, PE(P), PE(O), LPE, PI, LPI, and dhCer were not signifi-cantly different in VLDL+IDL relative to those transported by LDL3 and -4. At baseline, the absolute concentrations of 23 lipid classes were highest in the LDL3 and -4 subclasses relative to LDL1, -2, and -5 (range of P values from <0.05 to <0.001); indeed, lipid class concentrations transported in LDL3 and -4 accounted for 45-70% of the total for individual lipid classes, indicating that these two LDL subclasses approxi-mated to surrogates for the total LDL fraction (Fig. 1A-V; supplemental Table S4). Minor differences in individual lipid cargos between LDL3 and -4 were nonsignificant, with the exception of Cer and dhCer, in which the LDL3 concentration was superior to that in LDL4 (P < 0.05 for both), and for LPI cargo, which was highest in LDL4 (LDL4 vs. LDL3 and LDL5, P < 0.05; vs. LDL1 and LDL2, P < 0.001) (Fig. 1P-Q).

Concentrations of cholesterol (COH and CE) at baseline in LDL3 and LDL4 ranged from 140 to 160 and 180 to 190 nmol/ml plasma/subfraction, respectively) (P < 0.001 for LDL3 and LDL4 vs. LDL1, -2, and -5 for both lipid classes) (Fig. 1A,B).

Absolute concentrations of bioactive lysophospholipids across LDL subclasses were highest for LPC (range 500-2,800 pmol per LDL fraction per milliliter of plasma), intermediate for LPE (range 100-400 pmol per LDL sub-fraction per milliliter of plasma), and lowest for LPI (5-40 pmol per LDL subfraction per milliliter of plasma) and LPC(O) (6-35 pmol per LDL subfraction per milliliter of plasma) (Fig. 1I,J,N,P). When expressed relative to the parent phospholipid, molar ratios of each lysophospho-lipid in LDL1-5 were: LPC, 0.02; LPC(O), 0.0002; LPI, 0.003; and LPE, 0.26; indeed, some 25% of PE was in the lyso form.

vsdLDL5 was distinguished from LDL1 and LDL2 by the lowest cargo of both TAG and DAG (P < 0.05 vs. LDL1-4), but equally by higher loads of lysophospholipids (LPC, LPC(O), and LPI; all P < 0.05), with the exception of LPE (Fig. 1C,D,I,J,P; supplemental Table S3). Furthermore, LDL5 carried the lowest cargo of Cer and dhCer at base-line versus LDL1-4 (<10% in both cases; P < 0.05) (Fig. 1Q,R; supplemental Table S3). Quantitatively, vsdLDL5 accounted for the transport of minor amounts (5-10% of to-tal) of COH, CE, PC, SM, other sphingolipids, and plasmalogens and 10-15% of total lysophospholipids [LPC, LPC(O), LPE, and LPI] among all LDL subclasses (Fig. 1A-V; supplemental Table S3). Moreover, an elevated DAG/ TAG ratio distinguished LDL5 from LDL1-3 (0.01 < P < 0.05) (supplemental Fig. S2A-J).

Effect of statin treatment on plasma concentrations of 23 lipid classes in the VLDL+IDL subfraction and in LDL1-5 subclasses in dyslipidemic MetS subjects

Despite consistency in confirming statin-mediated reduction in baseline VLDL+IDL mass as quantitated by ab-sorptiometric assays (supplemental Table S2; 28%; P < 0.01), mass spectrometric data failed to achieve signifi-cance (supplemental Table S3; reductions of 28% or less across all lipid classes); the explanation may lie in the fact that the latter analyses do not allow accurate determination of absolute lipid concentrations, and equally that large in-ter-individual variations in VLDL+IDL levels occurred (SEM values >10% for some lipid classes) [START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF][START_REF] Meikle | Plasma lipid profiling shows similar associations with prediabetes and type 2 diabetes[END_REF]. The VLDL+IDL fraction was distinct as the major carrier of Cer both before and after statin treatment (vs. LDL1-5; P < 0.05-0.001) (Fig. 1Q). By contrast, VLDL+IDL and LDL3 transported similar concentrations of dhCer at both base-line and D180 time points; nonetheless, VLDL+IDL dhCer cargo was higher than that of LDL1-3 and LDL5 (P < 0.05-0.001) (Fig. 1R).

Statin treatment significantly and systematically diminished plasma concentrations of the majority of lipid classes across LDL1-5 relative to baseline (up to 50%), and approximately in proportion to the statinmediated re-duction in the respective LDL subclasses (Fig. 1A-V; sup-plemental Table S2). Thus, individual profiles for the quantitative distribution of lipid classes across LDL1-5 sub-classes post statin displayed an overall similarity to the cor-responding profiles at baseline, with some exceptions (Fig. 1A-V). The major exception involved LDL subclass cargos of Cer and dhCer, whose concentrations were not sig-nificantly reduced in any LDL subclass (Fig. 1Q,R). It is noteworthy that the concentrations of dhCer and Cer transported in LDL3 were superior to those in LDL4 (each P < 0.05) (Fig. 1Q,R). Interestingly, a relatively invariant mass ratio of Cer:dhCer of 6:1 was observed across a apoB-containing subfractions and was not significantly changedby statin treatment (supplemental Table S3). As at baseline, vsdLDL5 was distinct in transporting higher absolute levels of lysophospholipids (LPC, LPC(O), and LPI, but not LPE) as compared with LDL1 and -2 (P < 0.05 for each), despite the fact that the mass concentration of these LDL subclasses post statin differed little (23.9, 30.7, and 29.4 mg/dl, respectively, for LDL1, -2, and -5) (Fig. 1I,J, P; supplemental Table S2). Levels of the major lipid classes (COH, CE, TAG, and PC) were systematically lowered (range 21% to 41%, respectively) relative to baseline values within each LDL subclass (Fig. 1A-C, F; supplemental Table S3). Similar patterns were seen for DAG and SM (Fig. 1D,E; supple-mental Table S3); decrements in the low plasma concen-trations of DAG cargo in LDL1-5 were particularly pronounced (range 35% to 52%; P < 0.01 for LDL2-5). Although PE levels were reduced in all LDL subfractions (29-50%), significance was attained only in LDL2-4 (Fig. 1K; supplemental Table S3); LPE levels were not signifi-cantly reduced however (supplemental Table S3). Plasma levels of the major lysophospholipid, LPC, were markedly lowered by pitavastatin calcium in all LDL subfractions ( 35% to 52%; P < 0.01), as were those of LPC(O) (range 32% to 49%) (Fig. 1J, L; supplemental Table S3). Furthermore, transport of PI was significantly reduced in LDL1-5 ( 35% to 50%; P < 0.02), while decrement in LPI achieved significance in LDL4 and -5 only ( 37%; P < 0.03) (Fig. 1O,P; supplemental Table S3). Concentra-tions of MHC, DHC, THC, and GM3 were significantly re-duced (range 23% to 48%) by statin treatment across all LDL subfractions (Fig. 1S-V); reductions in MHC, DHC, and GM3 did not however attain significance in LDL3. Both PC and PE plasmalogen levels trended to de-crease across all LDL subfractions upon statin treatment; significance against baseline was however attained only for PC(P) in LDL1 and -2, the minor LDL subfractions (P < 0.05) (Fig. 1G, L; supplemental Table S3). Comparison of statin-mediated changes in concentra-tions of lipid classes reported earlier in whole plasma in MetS subjects at baseline [START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF] with those in the lipidome of LDL1-5 at D180 revealed consistent and significant statin-mediated reductions (range 24% to 52%) in most lipid classes across LDL subfractions [MHC, DHC, THC, GM3, SM, PC, PC(O), LPC, LPC(O), PE, PI, COH, CE, DAG, and TAG] (Fig. 1A-V; supplemental Table S3). However, while dhCer and total Cer levels were significantly reduced in to-tal plasma [START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF], no change occurred in LDL1-5 (supple-mental Table S3), suggesting that changes in Cer levels may have occurred independently in HDL. It is equally noteworthy that several additional lipid classes, present in low abundance and primarily ethanolamine-containing phospholipids [PE(O), PE(P), and LPE], LPI (with the ex-ception of significant reductions in LDL4 and -5), and PC(P) (with the exception of the minor subfractions LDL1 and -2), showed nonsignificant trends to reduction in lev-els in both plasma and LDL1-5 on statin treatment (Fig. 1G,P; supplemental Table S3).

Baseline lipidomic profiles in the VLDL+IDL subfraction and LDL1-5 subclasses in dyslipidemic MetS subjects: normalization to moles of apoB and PC

At baseline, lipidomic data for individual lipid classes in apoB-containing subfractions normalized to apoB (pico-moles of lipid per picomoles of apoB) revealed five distinct baseline profiles across the 22 lipid classes (Fig. 2A-V; sup-plemental Fig. S2A-F): i) A predominantly monotonic pro-file from VLDL+IDL through LDL1-5, as exemplified by COH, CE, PC, PC(P), PC(O), PE(P), and PE(O) (Fig. 2A,B,F,G,H,L,M). ii) A profile characterized by a peak of enrichment in lipid/apoB molar ratios in VLDL+IDL as ex-emplified by profiles for TAG, DAG, PE, and PI, with marked discontinuities relative to lower ratios in LDL1-5 (Fig. 2C,D,K,O; supplemental Fig. S2C,E,I,O,R). iii) A profile dominated by marked lysophospholipid particle enrichment relative to apoB in vsdLDL5, indicative of marked discontinuity relative to molar ratios in VLDL+IDL and LDL1-4; these lysolipids were LPC and LPC(O) (P < 0.001 in all cases) and LPI (0.001 < P < 0.01 vs. LDL1-3 and LDL4) (Fig. 2I,J,P; supplemental Fig. S,T). In marked contrast, and despite the elevated proportion of LPE rela-tive to PE across LDL subclasses (supplemental Table S3), the molar ratio of LPE/apoB was similar across all LDL subclasses, with no preferential enrichment in LDL5 (range 0.8-1.4 pmol per picomoles of apoB) (Fig. 2N); LPE therefore constitutes an internal control for the specific enrichment of LPC, LPC(O), and LPI on a per particle basis in LDL5. iv) A profile featuring a significant disconti-nuity in Cer/apoB and in dhCer/apoB profiles between dense LDL4-5 on the one hand, and LDL1-3 on the other; indeed molar ratios of Cer/apoB and dhCer/apoB indi-cated particle depletion (up to 2-fold lower) in these Cers in LDL4-5 relative to LDL1-3 and VLDL+IDL (supplemen-tal Fig. S2X,V). v) An overall convex profile as exemplified by the sphingolipids, SM, MHC, DHC, THC, and GM3 (Fig. 2E, Q-V; supplemental Fig. S2G,H,).

To gain insight into molecular relationships between surface-exposed polar lipids in apoB-containing subfrac-tions at baseline, lipid profiles were normalized to pico-moles of PC (Fig. 3A-U 

Effect of statin treatment on the lipidomic profiles of the VLDL+IDL subfraction and LDL1-5 subclasses in dyslipidemic MetS subjects: normalization to moles of apoB or to moles of PC

Normalization to moles apoB. Minor statin-mediated changesoccurred in the profiles of the molar ratios of several lipid classes across the apoB-containing subfrac-tions relative to baseline (typically <15% change), with con-servation in large part of intersubfraction differences for individual lipid classes seen at D0 (Fig. 1A-V; supplemental Fig. S2A-J). However, statin treatment induced marked modification in the lipid/apoB molar ratio in specific apoB-containing lipoprotein subfractions as follows: i) in-crease in the PE/apoB ratio by 31% in VLDL+IDL (0.001 < P < 0.01; Fig. 2K; supplemental Fig. S2O); ii) decrease in the LPE/apoB ratio by 19% in LDL4 (0.01 < P < 0.05; Fig. 2N; supplemental Fig. S2P,Q); iii) increment in the Cer/ apoB ratio in both LDL3 and LDL5 (22% and 28%, respec-tively) (0.001 < P < 0.01; Fig. 2Q; supplemental Fig. S2U,V), and increase in the dhCer/apoB ratio by 35% in LDL3 on statin treatment (P < 0.01 < P < 0.05; Fig. 2R); iv) impor-tantly, the elevated lipid/apoB ratios for LPC (Fig. 2I), LPC(O) (Fig. 2J), and LPI (Fig. 2P) specific to LDL5 at baseline were not altered by statin treatment (P < 0.001 for the three lipid classes and versus LDL1-4; supplemental Fig. S2K,L,N,T).

Normalization to moles of PC. When expressed relative to PC, a polar surface lipoprotein lipid, a trend to amplifica-tion of differences between profiles for hydrophilic lipids at baseline and on statin treatment was seen as compared with profiles expressed relative to apoB. Thus, the Cer/PC ratios (Fig. 3P) were significantly increased in all subfractions relative to baseline: i.e., VLDL+IDL, LDL1, LDL2, LDL3, LDL4, and LDL5, +21% (0.01 < P < 0.01), +17% (P < 0.001), +21% (P < 0.001), +27% (P < 0.001), +24% (0.01 < P < 0.05), and +22% (0.001 < P < 0.01), respectively, indicative of largely uniform particle enrichment in Cer; the signifi-cance of inter-subfraction differences at baseline and after statin is shown in supplemental Fig. S2U andV. A second sphingolipid, dhCer, was equally enriched by statin action relative to baseline (LDL2, +28%, 0.01 < P < 0.05; LDL3, +40%, 0.001 < P < 0.01; LDL4, +31%, 0.01 < P < 0.05) with the exception of LDL1 and -5 (Fig. 3Q; supplemental Fig. S2W,X). For the lysolipid LPC (Fig. 3H), statin action de-pleted LDL1, LDL2, LDL3, and LDL5 ( 18, 17, 12, and 13%; 0.01 < P < 0.05 for all subfractions, respectively; supplemental Fig. S2L). A trend to reduction in molar PI content relative to PC (Fig. 3N) was observed in all LDL subfractions, with significant decreases in both light and dense LDL ( 13% in LDL1; 14% in LDL2, 17% in LDL4; all 0.01 < P < 0.05) and in LDL5 ( 15%; P < 0.001).

Finally, lipid normalization to PC revealed significant statin-mediated particle enrichment specific to the lipi-dome of buoyant LDL1 in LPC(O), MHC, DHC, THC, and GM3 (Fig. 3I, R-U).

Comparison of lipid class concentrations in the total LDL fraction in healthy control subjects with those of MetS subjects at baseline: normalization by statin treatment

As noted in our earlier reports and above, LC-MS analy-ses do not allow precise determination of absolute lipid concentrations in either plasma or lipoprotein fractions, and it is for this reason that they cannot be compared di-rectly with lipid measurements in such samples obtained by clinical assays, as exemplified by the data in supplemental Table S1 [START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF][START_REF] Orsoni | Statin action enriches HDL3 in polyunsaturated phospholipids and plasmalogens and reduces LDL-derived phospholipid hydroperoxides in atherogenic mixed dyslipidemia[END_REF]. Rather, LC-MS lipid quantitation allows comparison of data within a single data set obtained with the same LC-MS technology, which extends to lipid extrac-tion, LC-MS resolution of molecularly defined lipid classes and their constituent species, and detection and quantitation of these lipids using a suitable standard(s). Thus, when comparing absolute lipid class levels in plasma determined with clinical spectrophotometric assays against those in iso-lated lipoprotein subfractions, multiple factors contribute to variance in absolute values. Major factors include: i) li-poprotein losses during isolation (i.e., percent recovery), and ii) the fact that clinical assays regroup lipid classes that are quantitated individually by MS; for example, both free and esterified cholesterol are estimated together in LDL-C assays, whereas they are quantitated separately by LC-MS. Indeed, earlier LC-MS analyses of plasma in MetS subjects in CAPITAIN revealed that levels of COH were not signifi-cantly elevated at baseline, whereas LDL-C assays (includ-ing both free and esterified cholesterol) revealed a 1.5-fold increment (P < 0.0001); it is also noteworthy that LDL-C assays integrate the cholesterol content of Lp(a) [START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF]. Fur-thermore, phospholipids are separated into up to 18 sub-classes by LC-MS, while frequently only those containing choline are measured clinically. It was of interest, however, to compare the lipid class profile in total LDL (d 1.019-1.063 g/ml) isolated from a healthy normolipidemic control group with that in a cor-responding LDL fraction from the MetS group at baseline, and subsequently with the post-statin MetS LDL fraction (supplemental Table S4). Importantly however, such a comparison provides data that represent the summed aver-age for each lipid class among the LDL1-5 subclasses, and will not therefore reveal the more subtle differences in the relative concentration of individual lipid classes across LDL subclasses at baseline or those resulting from pitavastatin treatment.

Supplemental Table S4 shows that both TAG and DAG levels were 1.7-fold elevated in MetS at baseline versus the control group, consistent with the hypertriglyceridemia de-tected upon enzymatic assay of glyceride glycerol (supple-mental Table S1). CE was nonsignificantly elevated in MetS (13%), with no increment in COH relative to the control group. The remaining 18 lipid classes were within 20% of levels in the control group. The only exception was a minor lipid, PG, whose level was 2-fold elevated in the MetS group (P < 0.01).

When the LDL lipid class profile of the post-statin MetS group was compared with that of the control subjects, a marked trend to normalization was observed. Lev-els of both COH and CE were normalized, consistent with the nonsignificant difference between LDL-C values in controls and the MetS group at baseline. The major exception concerned the supranormal TAG levels in MetS post statin (P < 0.0004), which while decreased rela-tive to pre-statin levels, remained elevated relative to the control levels, consistent with clinical findings in supple-mental Table S1. 

Lp-PLA2 activity and mass across the VLDL+IDL subfraction, LDL1-5 subclasses, and apoAI-containing lipoprotein subfractions at baseline: effect of statin treatment

The distributions of Lp-PLA2 mass and activity among apoB-containing and apoAI-containing lipoprotein subfrac-tions as a function of density at baseline (D0) and after 180 days of pitavastatin calcium treatment (D180) are shown in Fig. 4. Some 26% of total lipoprotein-associated Lp-PLA2 mass was carried in dense LDL4 and -5 at baseline, in con-trast to VLDL+IDL, LDL1, LDL2, and LDL3, which together accounted for <10%; by comparison, HDL2bassociated Lp-PLA2 mass (23% of total plasma mass) predominated among HDL subfractions. Following statin treatment, a reduction of 37% (P < 0.05) in total lipoprotein-associated enzyme mass was observed; this reduction occurred pri-marily in dense LDL4 ( 83% relative to baseline) with a smaller decrement in dense LDL5 ( 23%). Overall, Lp-PLA2 mass associated with HDL subfractions dimin-ished by 31%.

The density profile of Lp-PLA2 activity paralleled that of mass, the bulk (58%) residing in dense LDL5 and HDL2b subfractions at D0 (Fig. 4). LDL5 was the major enzyme carrier among apoB-containing lipoproteins at baseline, representing 66% of total across apoB-containing subfrac-tions, and 24% of that of all plasma lipoprotein-associated activity. As seen for enzyme mass, HDL2b-LpPLA2 activity predominated among HDL subfractions, accounting for 34% of HDL-associated activity. Pitavastatin calcium treat-ment effected a 40% reduction in total lipoprotein-asso-ciated enzyme activity (P < 0.05); this decrement primarily resulted, on the one hand, from preferential reduction in dense LDL5associated Lp-PLA2 ( 56%, P < 0.03) and, on the other, from a 45% reduction in HDL2b-associated activity.

DISCUSSION

We present the first comprehensive quantitative and qualitative analysis of the lipidomic profiles of atherogenic apoB-containing lipoprotein subclasses (VLDL+IDL and five LDL particle subpopulations) in hypertriglyceridemic hypercholesterolemic prediabetic obese male subjects ex-hibiting the MetS; such profiles encompass 23 distinct lipid classes. We have equally evaluated the effect of pitavastatin calcium treatment for 180 days on these profiles, with a focus on bioactive lipids relevant to the pathophysiology of ASCVD.

At baseline, our novel and salient findings highlight: i) As the predominant carrier of the neutral lipids TAG and DAG, VLDL+IDL particles (d <1.019 g/ml) equally repre-sented the primary transport vehicle not only for PE and PI but also for Cers (50% and 48%, respectively, of total in apoBcontaining particles), consistent with their secretion in hepatic VLDL. Marked preferential particle enrichment of VLDL+IDL in TAG, DAG, PE, and PI was further empha-sized when data were normalized to either apoB or PC. Moreover, the VLDL+IDL fraction was deficient in SM, ex-hibiting the lowest SM/PC ratio of all apoB-containing subclasses, indicative of elevated surface fluidity conducive to lipase activity. ii) When normalized to apoB, VLDL+IDL and LDL1-5 displayed monotonic profiles for major sur-face-exposed lipids implicated in maintenance of particle integrity, i.e., COH, SM, and PC, thereby implying a con-certed metabolic remodeling of VLDL+IDL across LDL subclasses to LDL5. iii) Monotonic profiles equally occurred for both PC and PE plasmalogens across all apoB-contain-ing particle subfractions when normalized to either apoB or PC; their potent scavenger activity for reactive oxygen species is consistent with a key protective role of labile lipoprotein lipids against oxidative stress. iv) While the LDL3 and -4 subclasses accounted for the major cargos of both PE and PI across LDL1-5, these bioactive lipids were distin-guished by monotonic particle profiles in LDL subclasses ( 5 and 20 pmol/mol apoB, respectively). v) vsdLDL5 particles were preferentially enriched in three bioactive lysophospholipids, LPC, LPC(O), and LPI (as molar ratios relative to apoB or PC), revealing a marked discontinuity in particle composition relative to LDL1-4. Such preferen-tial transport may further enhance the pro-inflammatory potential of vsdLDL5 (see Fig. 5). vi) By contrast, a fourth lysophospholipid, LPE, was uniformly distributed across LDL1-5 (1-1.5 mol per mole of apoB; 2.5-3 mol per mole of PC); in this way, LPE acted as an internal control for ly-sophospholipid distribution among LDL subclasses. vii) Lipotoxic Cers were deficient in the end products of the intravascular metabolism of LDL, i.e., LDL4 and -5 (1 mol per mole of apoB) Following statin therapy, our findings highlight: i) Despite efficacious reduction of LDL1-5 subclass levels, LDL5 particles maintained preferential enrichment in LPC, LPC(O), and LPI relative to apoB and PC. ii) VLDL+IDL and LDL1-3 were principle transporters of Cer species (>95%) at baseline and post statin, with a marked disconti-nuity at the interface of LDL3 with LDL4 and -5 to signifi-cantly lower levels (as moles per mole of apoB). iii) Uniquely among the 23 lipid classes, plasma concentrations of Cer and dhCer were either unchanged or insignificantly de-creased post statin, despite significant reductions in parti-cle numbers (as apoB) in all apoB-containing subfractions [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF]. Post-statin particle enrichment in both Cer and dh-Cer (up to 40% in LDL3 per mole of PC) accounted for the maintenance of both Cer and dhCer levels. iv) When com-pared with the lipid profile in healthy control subjects, pitavastatin calcium treatment substantially normalized the key features of atherogenic dyslipidemia in MetS and at-tenuated biomarkers of oxidative stress and inflammation. Only TG levels in MetS remained superior to those of con-trol subjects post statin, but nonetheless fell within the up-per limit of the normal range. Concentrations of LDL subclasses fell within the range seen in control groups, while lipid class profiles were largely normalized with the exception of TAG.

Considered together, these data are of immediate rele-vance to the pathophysiological mechanisms operative in atherogenesis upon retention of LDL particles in the arte-rial intima (Fig. 5).

Metabolic and compositional continua of major and minor lipid classes across LDL particle subclasses

Consistent with the overall reduction in particle size from LDL1 to LDL5 of approximately 25 to 21 nm reported earlier insubjects of similar hypertriglyceridemic phenotype (63), the absolute decrements in molar contents of COH, CE, TAG, DAG, SM, PC, and Cer were 50, 180, 100, 10, 35, 35, and 1.5 per mole of apoB (Fig. 2A-F, Q); such decrements are comparable in large part to those re-ported for LDL (d 1.019-1.063 g/ml) in subjects present-ing with dyslipidemic type 2 diabetes [START_REF] Ståhlman | Clinical dyslipidaemia is associated with changes in the lipid composition and inflamma-tory properties of apolipoprotein-B-containing lipoproteins from women with type 2 diabetes[END_REF]. Each of the bulk lipids (COH, PC, and SM) is implicated in maintenance of particle integrity [START_REF] Segrest | Structure of apolipoprotein B-100 in low-density lipoproteins[END_REF][START_REF] Mcnamara | Differences in LDL subspecies involve alterations in lipid composi-tion and conformational changes in apolipoprotein B[END_REF][START_REF] Hevonoja | Structure of low-density lipoprotein (LDL) particles: basis for understanding molecular changes in modified LDL[END_REF]. However, when expressed rela-tive to a major surface lipid, PC, the profiles for both COH and SM became convex with significant differences between all subfractions (Fig. 3A,E), suggestive of distinct molecular lipid packing relationships between surface lip-ids, to which the lipid/apoB ratio was insensitive. Interest-ingly, both COH and SM favor tighter surface packing in the LDL surface lipid monolayer [START_REF] Ibdah | Molecular packing of high-density and low-density lipoprotein surface lipids and apolipoprotein A-I binding[END_REF].

Overall monotonic profiles for molar lipid ratios to apoB and to PC occurred equally for both PC and PE plasmalo-gens [including the ether phospholipids PC(O) and PE(O)] (Fig. 2G,H,L,M), implying the existence of meta-bolic and/or physicochemical constraints for these lipids from LDL1 through to LDL5 particles [START_REF] Lund-Katz | Apolipoprotein B-100 conformation and particle surface charge in human LDL subspecies: implication for LDL receptor in-teraction[END_REF][START_REF] Segrest | Structure of apolipoprotein B-100 in low-density lipoproteins[END_REF][START_REF] Mcnamara | Differences in LDL subspecies involve alterations in lipid composi-tion and conformational changes in apolipoprotein B[END_REF][START_REF] Hevonoja | Structure of low-density lipoprotein (LDL) particles: basis for understanding molecular changes in modified LDL[END_REF][START_REF] Ibdah | Molecular packing of high-density and low-density lipoprotein surface lipids and apolipoprotein A-I binding[END_REF]. The maintenance of the protection of labile lipids against oxi-dative stress (such as CEs and nonplasmalogen phospho-lipids containing polyunsaturated fatty acids) may underlie this compositional feature, as plasmalogens act as highly potent scavengers of reactive oxygen species due to their vinyl ether bond [START_REF] Wallner | Plasmalogens: the neglected regulatory and scavenging lipid species[END_REF]. Importantly, the molar ratios of both major plasmalogens [PC(P) and PE(P)] to apoB and to PC (each 6 and 15 pmol per picomole of apoB, re-spectively) were maintained upon statin treatment.

As low abundance lipids, both PE/apoB and PI/apoB ratios were equally invariant from LDL1-5 at 5 and at 20 pmol per picomole of apoB, respectively, in the surface monolayer of LDL particles. PI, a bioactive polar lipid, is a key anionic lipid in the LDL surface; typically, it contains polyunsaturated arachidonic acid as an eicosanoid precur-sor, playing critical roles in cell membranes, via interfacial binding of proteins, in regulation of protein activity at the cell interface and in cell signaling cascades [START_REF] Balla | Phosphoinositides: tiny lipids with giant impact on cell regulation[END_REF]. Whether LDL-bound PIs may act as precursors to cellular phosphoinositides is indeterminate. Overall, statin treatment reduced the bulk cargo of PE and PI transported in LDL subclasses in the range of 30-50%, with minor variation in molar lipid/apoB ratios.

Bioactive lysophospholipids are differentially distributed across LDL1-5 subclasses

A highly distinct lipid/apoB profile at baseline revealed specific lysophospholipid enrichment (up to 2-fold) in vs-dLDL5, involving three lysophospholipid classes, LPC, LPC(O), and LPI (all P < 0.001 vs. LDL1-4 and VLDL+IDL) (Fig. 2I,J,P). The degree of enrichment was moderately attenuated when expressed relative to PC but remained sig-nificant (Fig. 3H,I,O). By contrast, no enrichment was found in the particle content of LPE in LDL5, despite the elevated ratio of LPE/PE (1:4 across LDL1-5) relative to those for LPC, LPC(O), and LPI [1:50-60 for LPC:PC; 1:4,000-5,000 for LPC(O); and 1:120 for LPI in LDL5], indicating that the enrichment in LPC, LPC(O), and LPI is preferential in LDL5, LPE representing a positive control for these findings. Of LPC, LPC(O), and LPI, the former was most abundant both on a particle basis (LDL5, 8 pmol per picomole apoB) and in absolute plasma concentra-tions in LDL5 [50fold greater levels than LPI or LPC(O)]. As polar lipids may exchange between lipoprotein par-ticles, it is relevant to consider the stability of the associa-tions of bioactive polar lipids between LDL subclasses during the density gradient isolation procedure. Thus, marked consistency in the relative contents of individual polar bioactive lipids in the same LDL subclass was ob-served when compared between different subjects in the MetS group. Furthermore, the molar ratios of each lipid class to either apoB or PC displayed discontinuities among LDL subclasses, clearly indicating that a uniform ratio representing an equilibrium state was not established across LDL subclasses in several instances (Figs. 2,3). In-deed, the most remarkable example of a marked discon-tinuity in molar ratios, and thus disequilibrium in the distribution of lipid classes between LDL subclasses, after the completion of the isolation procedure was seen in the lysophospholipid profile [LPC, LPC(O), and LPI; typically P < 0.001] in LDL5 versus LDL1-4 (Fig. 2I,J,P). Furthermore, the enrichment of the LDL5 subclass in these three lysolipids was maintained under statin treat-ment, thereby further validating the isolation procedure. Further evidence for the specificity of the enrichment of LDL5 in LPC, LPC(O), and LPI can be drawn from the fact that a fourth lysophospholipid, LPE, was present at similar molar ratios to apoB (range 1.0-1.5 pmol per pi-comole of apoB) across all LDL subclasses (supplemental Fig. S2Q), with no statistically significant difference be-tween them (exception of LDL1 vs. LDL4; P < 0.05). The absence of enrichment of LPE in LDL5 can thus be con-sidered as a positive control for the isolation procedure. These findings argue strongly for the stability of the associations of polar bioactive lysophospholipids with apoB in respective LDL subclasses during the isolation procedure. The same arguments apply to the VLDL+IDL fraction, which showed consistent and markedly distinct contents of several nonpolar and polar lipid classes, i.e., DAG, TAG, and PE, as compared with the LDL1-5 subclasses. 

LPC enrichment of vsdLDL5, impact of statin treatment, and relevance to atherogenesis and insulin resistance

Which mechanisms might underlie such preferential enrichment in LDL5? LPC has at least four major origins in plasma: i) from the action of endothelial lipase on li-poprotein-bound PCs; ii) from the action of LCAT on PCs in HDL, the latter cleaving PC to donate the sn-2 fatty acid to COH in the process of COH esterification catalyzed by LCAT; iii) from the cleavage of dense LDL-bound oxidized phospholipids by Lp-PLA2; indeed, LPC enrichment of LDL5 occurred concomitantly with its el-evated Lp-PLA2 activity (up to 40-fold relative to LDL1-4; Fig. 4); and iv) from hepatic secretion of nascent VLDL precursor particles enriched in LPC, a quantitatively sig-nificant LPC source [START_REF] Sekas | Origin of plasma lysophosphatidylcholine: evidence for direct hepatic se-cretion in the rat[END_REF]. As albumin is the major trans-port vehicle for LPC in plasma (69% of total LPC at D0, with 12% each in LDL and HDL in the present study), it is of immediate relevance that the vsdLDL5 subfraction was not contaminated with HDL-apoAI or albumin [START_REF] Chapman | Duality of statin action on lipoprotein subpopulations in the mixed dyslipidemia of metabolic syndrome: quantity vs quality over time and implication of CETP[END_REF]. In vivo kinetic studies in hypertriglyceridemic subjects document the formation of LDL5 as the end product of the intravascular remodeling of VLDL precursors [START_REF] Packard | Apolipoprotein B metabolism and the distribution of VLDL and LDL subfractions[END_REF][START_REF] Berneis | Metabolic origins and clinical significance of LDL heterogeneity[END_REF][START_REF] Krauss | Lipids and lipoproteins in patients with type 2 diabetes[END_REF][START_REF] Diffenderfer | The composition and metabolism of large and small LDL[END_REF]; nonetheless, it cannot be excluded that part of the LDL5 pool might result from a specific pathway involving direct secretion of LPCenriched vsdLDL particles by the liver, particularly given the association of a genetic vari-ant of sortilin with hepatic lipoprotein production and elevated sdLDL levels [START_REF] Krauss | Lipids and lipoproteins in patients with type 2 diabetes[END_REF][START_REF] Strong | Hepatic sortilin regulates both apolipoprotein B secretion and LDL catabolism[END_REF]. Alternatively, could vs-dLDL act as a preferred acceptor of LPCs among LDL subfractions? Neither the SM/apoB ratio nor the SM/PC ratio provides any indication of surface lipid packing or fluidity specific to LDL5, as these ratios are within the range of other LDL subfractions (Figs. 2E,3E). There-fore, the possibility arises that the prolonged residence time of LDL5, which is almost 2fold that of buoyant LDL and reflects its attenuated binding affinity for the LDL receptor [START_REF] Nigon | Discrete subspecies of human low-density lipoproteins are heterogeneous in their interaction with the cellular LDL receptor[END_REF][START_REF] Berneis | Metabolic origins and clinical significance of LDL heterogeneity[END_REF][START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF], favors accumulation of LPCs in this subclass [START_REF] Diffenderfer | The composition and metabolism of large and small LDL[END_REF]. Such accumulation may be amplified by Lp-PLA2-mediated hydrolysis of oxidized PCs under baseline conditions, a hypothesis consistent with moder-ate elevation in oxidized LDL levels and with high Lp-PLA2 cargo specific to LDL5 (Fig. 4). Furthermore, small dense LDLs in atherogenic dyslipidemia are themselves highly susceptible to oxidative modification under condi-tions of oxidative stress [START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF][START_REF] Chancharme | Cholesteryl ester hydroperoxide lability is a key feature of the oxidative susceptibility of small, dense LDL[END_REF]. The biological relevance of LPC enrichment in LDL5 to the pathophysiology of atherosclerosis is of considerable interest given the elevated propensity for arterial entry and retention of these particles (Fig. 5) [START_REF] Laufs | Pathological phenotypes of LDL particles[END_REF][START_REF] Berneis | Metabolic origins and clinical significance of LDL heterogeneity[END_REF][START_REF] Diffenderfer | The composition and metabolism of large and small LDL[END_REF][START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF]. Indeed, despite the major cargo of LPC carried in albumin, this plasma protein does not accumulate in the arterial intima, in contrast to LDL particles [START_REF] Curmi | Effect of transmural pressure on low density lipoprotein and albumin transport and dis-tribution across the intact arterial wall[END_REF]. LPC, a markedly hydro-philic lysophospholipid, may diffuse out from subintimally retained LDL particles into the aqueous phase to exert a spectrum of pro-atherogenic and proinflammatory effects on endothelial cells, monocytes, macrophages, and smooth muscle cells (Fig. 5) [START_REF] Schmitz | Metabolism and athero-genic disease association of lysophosphatidylcholine[END_REF]. Moreover, the action of auto-taxin on LPC represents a major pathway for formation of lysophosphatidic acid, a potent pro-inflammatory cell sig-naling molecule with action on vascular cell function [START_REF] Yatomi | Lysophospholipids in laboratory medicine[END_REF]. Furthermore, LPC acts as an effector of fatty acidinduced insulin resistance [START_REF] Han | Lysophosphatidylcholine as an effector of fatty acid-induced insulin resistance[END_REF].

The predominant LDL3 and dense LDL4 subclasses transported approximately 2-fold greater absolute amounts of LPC in plasma as compared with LDL5. Significantly, pitavastatin markedly reduced plasma levels of LPC across LDL1-5 ( 35% to 52%; LDL4 and -5, respectively; 0.01< P < 0.05), paralleling the concomitant decrease in the con-centrations of the respective LDL subclasses (Fig. 1I,J, P; supplemental Table S2). As noted above, (pitava)statin treatment attenuated both inflammation and systemic oxidative stress as indicated by reduction in levels of oxLDL, Lp-PLA2, and serum amyloid A, and increment in PON ac-tivity; reduction of Lp-PLA2 is a statin class effect [START_REF] Tsimihodimos | Atorvastatin preferentially reduces LDLassociated platelet-activat-ing factor acetylhydrolase activity in dyslipidemias of type IIA and type IIB[END_REF][START_REF] Albert | The effect of statin therapy on lipoprotein associated phospholipase A2 levels[END_REF]. Nonetheless, the elevated molar ratio of LPC/apoB re-mained stable in LDL5 under statin treatment, despite a pronounced decrement in LDL5-associated Lp-PLA2 activ-ity ( 56%), thereby suggesting that Lp-PLA2 activity is not rate limiting to the metabolic pathway responsible for pref-erential LPC transport in this subclass. Such marked statin-mediated reduction in LDL5-associated Lp-PLA2 activity may however attenuate its direct pro-inflammatory role in human atherosclerotic plaque tissue by attenuating in situ LPC and thence LPA production [START_REF] Gonçalves | Evidence supporting a key role of Lp-PLA2-generated lyso-phosphatidylcholine in human atherosclerotic plaque inflamma-tion[END_REF].

Lyso-platelet-activating factor cargo of vsdLDL5 and effect of statin treatment

The second lysophospholipid enriched in LDL5, lyso-platelet-activating factor (PAF), i.e., LPC(O), the precursor of PAF, can potentially trigger both inflammatory and thrombotic cascades. Indeed monocyte-derived macro-phages and foam cells, typical components of human ath-erosclerotic plaques, may acylate lyso-PAF to active PAF [START_REF] Dentan | Phagocytic activation induces formation of platelet-activating factor in human monocyte-derived macrophages and in macrophage-foam cells. Relevance to the inflammatory reaction in atherogenesis[END_REF]. It is therefore relevant that the low plasma concentrations of LPC(O) were uniformly reduced (30-49%; P < 0.01) across LDL1-5 following statin treatment, although the higher LPC(O)/apoB ratio in LDL5 ( 1 mol per six LDL5 particles) was maintained. Like LPC, LPI is a bioactive lipid formed by the action of phospholipase A2 on oxidized PI and may activate sev-eral intracellular signaling pathways upon binding to the ubiquitous orphan GPR55 receptor, including those un-derlying inflammation, obesity, and diabetes [START_REF] Piñeiro | Lysophosphatidylinositol sig-nalling: new wine from an old bottle[END_REF]. As for LPC, plasma LPI levels trended to reduction in all LDL subclasses on statin treatment ( 25% to 42%), but in absolute terms, were 50-fold or more lower than those of LPC. Nonetheless, the elevated LPI/apoB molar ratio at baseline was maintained in vsdLDL5 on statin treatment at 0.15-0.17 pmol per picomole of apoB (i.e., 1 mol per six LDL particles). Taken together, the reductions in to-tal (plasma) LPC and LPI cargo in LDL5 under statin treatment are consistent with substantial reduction in its putative pro-inflammatory and proatherogenic potential in the arterial intima. However, both of these lysophos-pholipids may be of pathophysiological relevance under baseline dyslipidemic conditions in MetS subjects when LDL5 plasma concentration and particle numbers are elevated (Fig. 5).

LPI cargo of vsdLDL5 and arterial inflammation

Cer load in LDL subclasses is refractory to statin action

Cers, and their immediate precursors, the dhCers, were minor lipids in the plasma cargos of LDL1-5 subclasses (<750 pmol per milliliter of plasma; 1-3 mol and 0.2-0.4 pmol per picomole of apoB per particle, respectively); the lowest molar ratios occurred in dense LDL4 and -5. The overall convex form of these subclass profiles became more pronounced on expression relative to total PC, am-plifying the surface Cer content in LDL1-3 to four to six molecules per 1,000 PC molecules, and to three to four molecules in LDL4-5; such amplification of Cer contents arises from the progressively diminishing PC content from LDL1 to LDL5 relative to a single constant copy of apoB (Fig. 2F). Significant discontinuity occurred in both Cer and dhCer particle profiles at the interface of LDL3 with sdLDL4 and -5. Given that the surface lipid packing of SM and PC was similar in the surface monolayer of LDL1, -4, and -5 (as indicated by similar SM/PC molar ratio), then surface lipid fluidity would not appear to account for the lower content of Cers and dhCers in the lipid surface mo-saic of dense LDL4 and -5. Rather, a metabolic determi-nant appears probable, such as a direct pathway involving greater conversion of SM to Cer in LDL1-3 than in LDL4-5 by SMase action, for example.

In contrast to the statin-mediated normalization of LDL-C, non-HDL-C, and apoB levels (range 29% to 55% from baseline) and of LDL1-5 subfraction mass ( 28% to 36%) in our MetS subjects, absolute plasma concentra-tions of both Cers and dhCers transported in LDL1-5 were unaltered by statin treatment. Indeed, a significant in-crease in molar particle ratios to both apoB and to PC (Cers, +17% to +27% in Cer/PC ratios; dhCers, up to +40% in dhCer/PC ratio) was observed across LDL subclasses. Clearly then, the content of these sphingolipids is prefer-entially conserved and even elevated as LDL particle num-bers diminish and as the molar content of other lipid classes relative to apoB diminishes in parallel with the fall in size and molecular weight [START_REF] Chapman | Further resolution of the low density lipoprotein spectrum in normal human plasma: physico-chemical characteristics of discrete subspecies separated by density gradient ultracentrifugation[END_REF][START_REF] Berneis | Metabolic origins and clinical significance of LDL heterogeneity[END_REF][START_REF] Ståhlman | Clinical dyslipidaemia is associated with changes in the lipid composition and inflamma-tory properties of apolipoprotein-B-containing lipoproteins from women with type 2 diabetes[END_REF][START_REF] Luc | Further resolution and comparison of the heterogeneity of plasma lowdensity lipo-proteins in human hyperlipoproteinemias: type III hyperlipopro-teinemia, hypertriglyceridemia and familial hypercholesterolemia[END_REF]. An increment in the Cer/apoB ratio was equally observed in the VLDL+IDL subfraction (+21%) at D180, indicating that statin-mediated hepatic enrichment of precursor VLDL in Cers may lead to increments in Cer/PC ratios in downstream LDL1-5 subclasses.

May additional mechanisms contribute to both the main-tenance of plasma levels of Cer and dhCer in LDL sub-classes, and indeed to a trend to elevation in molar particle contents of Cer and its precursor, dhCer, across LDL sub-classes on statin therapy? Does statin action impact the principle pathways of Cer production by desaturase action on dhCer on the one hand, and by SMase action on SM? Statins inhibit Rab prenylation by reduction of isoprenoid production from mevalonate, the immediate product of their target enzyme; upregulation of the synthetic pathway to cellular glucosylceramides results, potentially involving enhanced production of Cer [START_REF] Binnington | Inhibition of Rab prenylation by statins induces cellular glycosphingolipid remodelling[END_REF]. Moreover, acid SMase activity in liver cells is dose-dependently regulated by meva-lonate levels; lower mevalonate levels induced by statin ac-tion are associated with enhanced SMase activity (74), leading to enhanced Cer formation [START_REF] Chen | Mevalonate inhibits acid sphingomyelinase activity, increases sphingomyelin levels and inhibits cell proliferation of HepG2 and Caco-2 cells[END_REF][START_REF] Bismuth | Ceramide: a common pathway for atherosclerosis?[END_REF]. Clearly, sev-eral candidate mechanisms may contribute to our qualita-tive and quantitative findings on Cer and dhCer in LDL subclasses following prolonged statin treatment.

Implications of LDL Cers in glucose homeostasis, inflammation, and atherosclerosis

Cers are currently viewed not only as lipotoxic inducers of disturbed glucose homeostasis and insulin resistance in prediabetic and diabetic states but also equally as key actors in the pathophysiology of atherosclerosis [START_REF] Laaksonen | Plasma ceramides predict cardiovascular death in patients with stable coronary artery disease and acute coronary syndromes beyond LDLcholesterol[END_REF][START_REF] Chaurasia | Ceramideslipotoxic inducers of metabolic disorders[END_REF]. Elevated levels of apoB-containing lipoproteins, and particularly sdLDL, have been implicated in the pathophysiology of such lipotoxicity [START_REF] Krauss | Lipids and lipoproteins in patients with type 2 diabetes[END_REF]. Indeed, LDL-associated Cers can in-duce insulin resistance both in vivo and in vitro, while de-pletion of Cers from LDL rendered them ineffective in antagonizing insulin action [START_REF] Boon | Ceramides contained in LDL are elevated in type 2 dia-betes and promote inflammation and skeletal muscle insulin resis-tance[END_REF]. Such findings imply that apoBcontaining lipoproteins can donate Cers and related sphingolipids to insulin-sensitive cells, potentially via the LDL receptor pathway and/or by LDL receptor-indepen-dent mechanisms, with subsequent inhibition of intracel-lular insulin signaling. The LDL Cer cargo may equally induce a pro-inflammatory response in macrophages via tolllike receptor-dependent and -independent pathways [START_REF] Boon | Ceramides contained in LDL are elevated in type 2 dia-betes and promote inflammation and skeletal muscle insulin resis-tance[END_REF].

Is the present finding of the maintenance of Cer and dhCer contents in the LDL subclasses of dyslipidemic MetS subjects upon statin treatment therefore relevant or not relevant to risk of conversion from a prediabetic state to type 2 diabetes? Meikle et al. [START_REF] Meikle | Plasma lipid profiling shows similar associations with prediabetes and type 2 diabetes[END_REF] originally observed that levels of several plasma lipid classes in addition to Cers and dhCers were positively associated with prediabetes and dia-betes, including DAG, TAG, CE, PE, PG, and PI. As noted above, all of these lipid classes, with the marked exception of Cers and dhCers, were markedly reduced on (pitava) statin therapy, suggesting that the net balance of these ef- fects on glucose homeostasis is neutral as reported earlier [START_REF] Vallejo-Vaz | Effect of pitavastatin on glucose, HbA1c and incident diabetes: a meta-analysis of randomized controlled clinical trials in individuals without diabetes[END_REF][START_REF] Braun | Effects of Pitavastatin on Insulin Sensitivity and Liver Fat: A Randomized Clinical Trial[END_REF][START_REF]Livazo Consolidated SmPC. Summary of Product Characteristics[END_REF]. Elevated plasma Cer levels are independently associated with major adverse cardiovascular events [START_REF] Laaksonen | Plasma ceramides predict cardiovascular death in patients with stable coronary artery disease and acute coronary syndromes beyond LDLcholesterol[END_REF][START_REF] Chaurasia | Ceramideslipotoxic inducers of metabolic disorders[END_REF]. Further-more, strong evidence for a proatherogenic role of Cers has been provided from animal models of atherosclero-sis; such effects involve several mechanisms, including pro-motion of lipoprotein transport into the arterial wall, platelet activation, and endothelial dysfunction via uncou-pling of NO signaling pathways [START_REF] Chaurasia | Ceramideslipotoxic inducers of metabolic disorders[END_REF][START_REF] Meikle | Sphingolipids and phospho-lipids in insulin resistance and related metabolic disorders[END_REF]. Indeed, Cers can themselves act as signaling molecules, eliciting target cell responses that include differentiation, proliferation, apop-tosis, and inflammation involving production of reactive oxygen species and cytokine gene expression [START_REF] Bismuth | Ceramide: a common pathway for atherosclerosis?[END_REF]. The maintenance of Cer cargo in LDL subclasses following statin therapy suggests, therefore, that these lipids may contribute to the residual cardiovascular risk associated with this therapeutic class (2-4). Moreover, preliminary data suggest that maintenance of Cer cargo in LDL is com-mon to several HMG-CoA inhibitors (P. J. Meikle and M. J. Chapman, unpublished observations), suggesting it to be a class effect.

Limitations

Limitations in the CAPITAIN study concern the small cohort size (n = 12) and restriction of recruitment to males; these were compensated partially by selection of male sub-jects exhibiting a phenotypically consistent mixed dyslipid-emia, which included parameters of glucose homeostasis together with multiple rigorous inclusion and exclusion criteria (see supplemental data). Volunteers displaying dyslipidemic MetS acted as their own controls in this es-sentially mechanistic investigation. This approach in part limited confounding effects due to differences in statin response emanating from genotypic background [START_REF] Degorter | Clinical and pharmacogenetic predictors of circulating atorvastatin and rosuvastatin concentrations in routine clinical care[END_REF], and from potential differences in baseline phenotype which would have arisen relative to a placebo group. Moreover, line and violet cross symbols, Lp-PLA2 activity at D180. key assumptions relating to the additivity of drugplacebo effects in randomized clinical trials have recently been questioned [START_REF] Hall | Drug-placebo additivity in ran-domised clinical trials[END_REF]. We do however recognize that regression to the mean in human studies may lead to overestimation of treatment effects in the absence of a placebo control group. Further to these considerations, the high precision and reproducibility of the lipidomic analysis provided sufficient power to clearly identify lipid species and classes that were significantly altered in response to statin therapy, even with correction for multiple comparisons [START_REF] Meikle | Statin action favors normalization of the plasma lipidome in the ath-erogenic mixed dyslipidemia of MetS: potential relevance to statin-associated dysglycemia[END_REF][START_REF] Orsoni | Statin action enriches HDL3 in polyunsaturated phospholipids and plasmalogens and reduces LDL-derived phospholipid hydroperoxides in atherogenic mixed dyslipidemia[END_REF][START_REF] Meikle | Plasma lipid profiling shows similar associations with prediabetes and type 2 diabetes[END_REF]. In addition, conditions of blood collection, plasma separa-tion, and storage were rigorously controlled in a Clinical Unit, on the one hand, in order to minimize any potential for oxidative lipoprotein modification and, on the other hand, to minimize potential variation in lipid and lipopro-tein parameters in relation to diet, BMI, or physical activity. A statin comparator was lacking in our clinical protocol; importantly, comparable data to those presented here on interrelationships between the lipidomes of LDL subclasses in MetS at baseline and on pitavastatin calcium treatment are not yet available for another member of this therapeutic class. Our original findings now require validation in a large prospective study over a longer period in an independent cohort of mixed dyslipidemic MetS subjects to include women, preferably with a statin comparator.

CONCLUSIONS

For the first time, novel quantitative and qualitative in-sights into the complex lipid cargo of LDL subclasses and of their VLDL and IDL precursors in obese prediabetic dys-lipidemic MetS subjects are presented, going well beyond LDL-C. Moreover, statin therapy has been used as a probe of the metabolically and structurally imposed constraints on the lipidomes of apoB-containing lipoprotein particles [to the exclusion of Lp(a)]. The marked and preferential elevation in particle content (as molar ratio to apoB or PC) of three lysophospholipids, LPC, LPC(O), and LPI, in vs-dLDL5 relative to LDL1-4, was established. Such particle enrichment was refractory to statin action, highlighting not only LDL subclass-specific lipid remodeling but also po-tential amplification of the pro-atherogenic actions of LDL5 of long plasma residence at the arterial wall by bio-active proinflammatory lysophospholipids (Fig. 5). De-spite the maintenance of the (molar) particle content atherogenesis in dyslipidemic individuals. of such lysophospholipids on statin treatment, it is critical to point out that their absolute plasma concentrations, as cargo lipids in LDL, were markedly diminished post statin. Such findings are entirely consistent with the observed action of pitavastatin calcium in reducing cardiovascular events in the REAL-CAD trial [START_REF] Taguchi | High-dose versus low-dose pitavastatin in Japanese patients with stable coro-nary artery disease (REAL-CAD): a randomized superiority trial[END_REF].

The marked exception to the efficacious statinmediated reduction in the majority of the 23 lipid classes was repre-sented by Cer species and dhCers. On the one hand, statin therapy did not significantly lower circulating concentra-tions of these two sphingolipids either across LDL subclasses or in the VLDL+IDL fraction, and, on the other hand, statin treatment induced elevation (range 10-40% relative to baseline) in both Cer and Fig. 5. Arterial entry and retention of vsdLDL5: relevance to atherogenesis. The small particle size of vsdLDL particles (LDL5) favors en-hanced arterial wall entry by endothelial transcytosis [START_REF] Chapman | Further resolution of the low density lipoprotein spectrum in normal human plasma: physico-chemical characteristics of discrete subspecies separated by density gradient ultracentrifugation[END_REF][START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF][START_REF] Huang | SR-B1 drives endothelial cell LDL transcytosis via DOCK4 to promote atherosclerosis[END_REF]. These particles are preferentially enriched in three bioactive lysophospho-lipids: LPC, 9 mol per LDL5 particle; LPC(O), i.e., lyso-PAF, 1 mol per seven LDL5 particles; and LPI, 1 mol per six LDL5 particles, and equally in Lp-PLA2. sdLDLs display elevated binding affinity for proteoglycan components of the extracellular matrix, favoring enhanced intimal retention [START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF]. Complexes of dense LDL5 particles with proteoglycans (PG) and glycosaminoglycans (GAG) are avidly taken up by human monocyte-derived macrophages (HMDMs) [START_REF] Hurt-Camejo | Differential uptake of proteoglycan-selected subfractions of low-density lipoprotein by human macrophages[END_REF]. Systemic oxidative stress is a characteristic of dyslipidemic MetS subjects (53); LDL5 lipids are highly susceptible to oxidative modification [START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF]. Oxidative modification leads to scavenger receptor uptake in HMDMs with con-version to proinflammatory prothrombotic foam cells, key components of atherosclerotic plaques [START_REF] Goldstein | A century of cholesterol and coronaries: from plaques to genes to statins[END_REF][START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF]. Hydrophilic lysophospholipids [LPC, LPC(O), LPI] may diffuse out from LDL5 particles into the aqueous phase in arterial tissue. LPC can exert a spectrum of biological effects via two pathways: the indirect pathway involving autotaxin-mediated hydrolysis of LPC with formation of lysophosphatidic acid (LPA), a potent cell signaling mediator acting through multiple G-coupled receptors [START_REF] Schmitz | Metabolism and athero-genic disease association of lysophosphatidylcholine[END_REF][START_REF] Yatomi | Lysophospholipids in laboratory medicine[END_REF]; and the direct pathway involving i) stimulation of biglycan expression and PG-chain elongation in vascular smooth muscle cells (VSMCs) with induction of an osteogenic phenotype in these same cells [START_REF] Chang | Lysophosphatidylcholine regulates synthesis of biglycan and the proteo-glycan form of macrophage colony stimulating factor[END_REF][START_REF] Vickers | Lyso-phosphatidylcholine induces osteogenic gene expression and phenotype in vascular smooth muscle cells[END_REF], ii) stimulation of monocyte chemoattractant protein-1 (MCP-1) expression in both VSMCs and vascular endothelial cells (ECs) [START_REF] Schmitz | Metabolism and athero-genic disease association of lysophosphatidylcholine[END_REF], iii) stimulation of VSMC migration [START_REF] Schmitz | Metabolism and athero-genic disease association of lysophosphatidylcholine[END_REF], iv) induction of adhesion protein expression in ECs and VSMCs [START_REF] Schmitz | Metabolism and athero-genic disease association of lysophosphatidylcholine[END_REF], v) stimulation of release of arachidonic acid from ECs via the PKC pathway [START_REF] Schmitz | Metabolism and athero-genic disease association of lysophosphatidylcholine[END_REF], and vi) induction of the production of IL-1 in HMDMs [START_REF] Liu-Wu | Lysophosphatidylcholine induces the production of IL-1beta by human monocytes[END_REF]. Together these effects of LDL5associated LPC indicate a key role for these particles in the acute and chronic inflammatory dimensions of atherogenesis [START_REF] Borén | Low-density lipoproteins cause atherosclerotic cardiovascu-lar disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European Atherosclerosis Society Consensus Panel[END_REF][START_REF] Schmitz | Metabolism and athero-genic disease association of lysophosphatidylcholine[END_REF][START_REF] Chang | Lysophosphatidylcholine regulates synthesis of biglycan and the proteo-glycan form of macrophage colony stimulating factor[END_REF][START_REF] Gonçalves | Evidence supporting a key role of Lp-PLA2-generated lyso-phosphatidylcholine in human atherosclerotic plaque inflamma-tion[END_REF]. By contrast, LPC suppresses tissue factor expression in human monocytes [START_REF] Engelmann | Tissue factor expression of human monocytes is suppressed by lysophosphatidylcholine[END_REF]. The degree to which LDL5associated lyso-PAF may be transformed to active pro-inflammatory PAF depends largely on the potential for its acylation by HMDMs in situ [START_REF] Dentan | Phagocytic activation induces formation of platelet-activating factor in human monocyte-derived macrophages and in macrophage-foam cells. Relevance to the inflammatory reaction in atherogenesis[END_REF]. Finally, the LPI/GPR55 axis may initiate a wide range of cellular responses, including cytokine and chemokine secretion, cell proliferation and migra-tion, and platelet aggregation [START_REF] Balla | Phosphoinositides: tiny lipids with giant impact on cell regulation[END_REF][START_REF] Piñeiro | Lysophosphatidylinositol sig-nalling: new wine from an old bottle[END_REF]. Considered together, these findings indicate that the enhanced intimal entry, retention, and oxida-tion of lysophospholipid-laden LDL5 particles may exert a spectrum of biological actions in arterial tissue, which together favor accelerated dhCer particle cargos (as molar ratios) in all LDL subclasses. The metabolic be-havior of these bioactive sphingolipids is thus distinct, warranting further research both on their transport by and metabolism in both VLDL and IDL particles and in down-stream LDL subclasses, and equally on their potential role in the insulin resistance and high cardiovascular risk typi-cal of MetS. Finally, these original findings highlight the potential therapeutic targeting of deleterious bioactive lipids in LDL particles in atherogenic dyslipidemia, as exemplified by Cers, with a view to attenuation of their putative patho-genic roles in cardiometabolic disease. Such targeting of Cers may equally allow attenuation of residual cardiometa-bolic risk beyond LDL-C lowering.
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 1 Fig. 1. Plasma concentrations of individual lipid classes across the apoB-containing lipoprotein subfrac-tions (VLDL+IDL, LDL1-5) at baseline (D0), and the effect of pitavastatin calcium treatment (4 mg/day) for 180 days (D180) in obese mixed dyslipidemic male MetS subjects. Values are expressed as mean ± SEM (n = 12) in picomoles of each lipid class per milliliter of plasma; absolute values are presented in supplemen-tal Table S1. Density ranges: VLDL+IDL <1.019 g/ml, LDL1 = 1.019-1.023 g/ml, LDL2 = 1.023-1.029 g/ml, LDL3 = 1.029-1.039 g/ml, LDL4 = 1.039-1.050 g/ml, and LDL5 = 1.050-1.063 g/ml. Open columns repre-sent baseline values; filled columns represent values after statin treatment at D180. ***P < 0.001; **0.001 < P < 0.01; and *0.01 < P < 0.05 versus D0. A-V: COH (A); CE (B); TAG (C); DAG (D); SM (E); PC (F); PC(P) (plasmalogen) (G); PC(O) (H); LPC (I); LPC(O) (J); PE (K); PE(P) (plasmalogen) (L); PE(O) (M); LPE (N); PI (O); LPI (P); Cer (Q); dhCer (R); MHC (S); DHC (T); THC (U); GM3 (V).
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  ; supplemental Fig. S2AK-AL); such normalization accentuated the overall form of several lipidomic profiles, principally concerning COH (Fig. 2A vs. Fig. 3A), CE (Fig. 2B vs. Fig. 3B), and the sphingolipids, Cer, dhCer, MHC, DHC and THC (Fig. 2Q vs. Fig. 3P; Fig. 2R vs. Fig. 3Q; Figs 2S vs. Fig. 3R; Fig. 2T vs. Fig. 3S; Fig. 2U vs. Fig. 3T).
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Fig. 2 .

 2 Fig. 2. Molar ratios of individual lipid classes normal-ized to moles of apoB in plasma VLDL+IDL, LDL1, LDL2, LDL3, LDL4, and LDL5 subfractions from obese mixed dyslipidemic male MetS subjects at baseline (D0) and after pitavastatin calcium treatment [4 mg/day for 180 days (D180)]. Values are expressed as mean ± SEM (n = 12) in picomoles of each lipid class per picomole of apoB. Percent change (%) was calculated relative to baseline values. ***P < 0.001; **0.001 < P < 0.01; and *0.01 < P < 0.05 versus D0. Density ranges: VLDL+IDL <1.019 g/ml, LDL1 = 1.019-1.023 g/ml, LDL2 = 1.023-1.029 g/ml, LDL3 = 1.029-1.039 g/ml, LDL4 = 1.039-1.050 g/ml, and LDL5 = 1.050-1.063 g/ml. Lines and square symbols in blue represent data at baseline, D0; red lines and triangular symbols represent data following 180 days of pitavastatin treatment (D180). A-V: COH (A); CE (B); TAG (C); DAG (D); SM (E); PC (F); PC(P) (plasmalogen) (G); PC(O) (H); LPC (I); LPC(O) (J); PE (K); PE(P) (plasmalogen) (L); PE(O) (M); LPE (N); PI (O); LPI (P); Cer (Q); dhCer (R); MHC (S); DHC (T); THC (U); GM3 (V).
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Fig. 3 .

 3 Fig. 3. Molar ratios of individual lipid classes nor-malized to moles of PC in VLDL+IDL, LDL1, LDL2, LDL3, LDL4, and LDL5 subfractions from obese mixed dyslipidemic male MetS subjects at baseline (D0) and after pitavastatin calcium treatment [4 mg/ day for 180 days (D180)]. Values are expressed as mean ± SEM (n = 12) in femtomoles of lipid class per picomole of PC. Percent change (%) was calculated relative to baseline values (D0). ***P < 0.001; **0.001 < P < 0.01; and *0.01;<;P < 0.05 versus D0. Density ranges: VLDL+IDL <1.019 g/ml, LDL1 = 1.019-1.023 g/ml, LDL2 = 1.023-1.029 g/ml, LDL3 = 1.029-1.039 g/ml, LDL4 = 1.039-1.050 g/ml, and LDL5 = 1.050-1.063 g/ml. A-U: COH (A); CE (B); TAG (C); DAG (D); SM (E); PC(P) (plasmalogen) (F); PC(O) (G); LPC (H); LPC(O), lysoalkylphosphtidylcholine (I); PE (J); PE(P) (plasmalogen) (K); PE(O) (L); LPE (M); PI (N); LPI (O); Cer (P); dhCer (Q); MHC (R); DHC (S); THC (T); GM3 (U).
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Fig. 4 .

 4 Fig. 4. Lp-PLA2 activity and mass across VLDL+IDL and LDL1-5 subfractions as a function of density at baseline and effect of pitavastatin calcium treatment [4 mg/day for 180 days (D180)]. Lipoprotein subfractions were isolated from plasma as indicated in the Materials and Methods section, and LpPLA2 mass (expressed as nanograms per milliliter; n = 3; for all data points for apoB-containing lipoproteins at D0 and D180, the mean value for SEM was 6.1 IU/l) and activity (expressed as IU/l; n = 4; for all data points for apoB-containing lipoproteins at D0 and D180, the mean value for SEM was 2.8 IU/l; see the Materials and Methods). Blue line and blue diamond symbols, Lp-PLA2 mass at D0; red line and red square symbols, Lp-PLA2 mass at D180; green line and green triangular symbols, Lp-PLA2 activity at D0, and violet

  

MetS subjects, plasma lipid and lipoprotein profile, lipid transfer proteins, and pro-inflammatory and anti-inflammatory biomarkers: comparison with control subjects and effect of statin treatment

  

	As outlined earlier, MetS subjects in the CAPITAIN
	study at baseline were obese (BMI = 31.7 ± 0.5),
	moder-ately insulin resistant (HOMA-IR = 2.7 ± 1.7),
	hypertriglyc-eridemic (fasting TG = 212.4 ± 17.1
	mg/dl; 2.40 ± 0.53 mmol/l), and hypercholesterolemic
	(LDL-C = 153 ± 6.2 mg/dl; 3.96 ± 0.55 mmol/l; apoB
	= 102.0 ± 4.2 mg/dl and non-HDL-C = 185.9 ± 15.8
	mg/dl; 4.81 ± 1.41 mmol/l) with low levels of
	lipoprotein	(a)	[Lp(a)]	(median	8.8	mg/dl)
	(supplemental Table			
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