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Abstract Atherogenic mixed dyslipidemia associates with oxi-
dative stress and defective HDL antioxidative function in met-
abolic syndrome (MetS). The impact of statin treatment on the
capacity of HDL to inactivate LDL-derived, redox-active
phospholipid hydroperoxides (PCOOHs) in MetS is indeter-
minate. Insulin-resistant, hypertriglyceridemic, hyperten-
sive, obese males were treated with pitavastatin (4 mg/day) for
180 days, resulting in marked reduction in plasma TGs (—41%)
and LDL-cholesterol (—38%), with minor effects on HDL-
cholesterol and apoAl. Native plasma LDL (baseline vs.
180 days) was oxidized by aqueous free radicals under mild
conditions in vitro either alone or in the presence of the cor-
responding pre- or poststatin HDL2 or HDL3 at authentic
plasma mass ratios. Lipidomic analyses revealed that statin
treatment 7) reduced the content of oxidizable polyunsatu-
rated phosphatidylcholine (PUPC) species containing DHA
and linoleic acid in LDL; i) preferentially increased the con-
tent of PUPC species containing arachidonic acid (AA) in
small, dense HDL3; iii) induced significant elevation in the
content of phosphatidylcholine and phosphatidylethanol-
amine (PE) plasmalogens containing AA and DHA in HDL3;
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and iv) induced formation of HDL3 particles with increased
capacity to inactivate PCOOH with formation of redox-
inactive phospholipid hydroxide. Statin action attenuated
LDL oxidabilitylll Concomitantly, the capacity of HDL3 to
inactivate redox-active PCOOH was enhanced relative to
HDL2, consistent with preferential enrichment of PE plas-
malogens and PUPC in HDL3.—Orsoni, A., P. Thérond,
R. Tan, P. Giral, P. Robillard, A. Kontush, P. J. Meikle, and
M. J. Chapman. Statin action enriches HDL3 in polyunsatu-
rated phospholipids and plasmalogens and reduces LDL-
derived phospholipid hydroperoxides in atherogenic mixed
dyslipidemia. J. Lipid Res. 2016. 57: 2073-2087.

Supplementary key words antioxidative activity ® low density lipopro-
tein @ high density lipoprotein 3 ® lipidomics ® metabolic syndrome dis-
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By virtue of efficacious lowering of circulating levels of
LDL-cholesterol (LDL-C), statins, or HMG-CoA inhibi-
tors, stabilize vulnerable, lipid-rich atherosclerotic plaques,

Abbreviations: AA, arachidonic acid; AAPH, 2,2™-azobis(2-methyl-
propionamidine) dihydrochloride; CE, cholesteryl ester; CETP, choles-
teryl ester transfer protein; FC, free cholesterol; HDL-C, HDI-cholesterol;
LDL-C, LDL~cholesterol; LOOH, lipid hydroperoxide; Lp(a), lipopro-
tein (a); MetS, metabolic syndrome; PC, phosphatidylcholine; PC(O),
alkylphosphatidylcholine; PCOH, phospholipid hydroxide; PCOOH,
phospholipid hydroperoxide; PC-P, phosphatidylcholine plasmalogen;
PC(P), alkenylphosphatidylcholine; PE, phosphatidylethanolamine;
PE(O), alkylphosphatidylethanolamine; PE-P, phosphatidylethanol-
amine plasmalogen; PE(P), alkenylphosphatidylethanolamine; PL, phos-
pholipid; PUPC, polyunsaturated phosphatidylcholine; ROS, reactive
oxygen species; SBP, systolic blood pressure; TP, total protein content.

To whom correspondence should be addressed.
e-mail: john.chapman@upmc.fr

Journal of Lipid Research Volume 57,2016 2073


http://orcid/org/0000-0003-4250-6280
http://orcid/org/0000-0002-7655-2229
http://orcid/org/0000-0002-2593-4665
http://crossmark.crossref.org/dialog/?doi=10.1194/jlr.M071480&domain=pdf&date_stamp=2016-10-24
http://crossmark.crossref.org/dialog/?doi=10.1194/jlr.P068585&domain=pdf&date_stamp=2016-10-24

an effect that translates into a decrease in cardiovascu-
lar morbi-mortality (1-3). Statins primarily target hepatic
cholesterol production, with upregulation of LDL re-
ceptor expression subsequent to reduction in the cho-
lesterol content of hepatic cellular membranes and
activation of the sterol regulatory element-binding pro-
tein-2 transcription factor pathway (4). These agents
equally reduce plasma concentrations of atherogenic
TG-rich lipoproteins and remnants in dyslipidemic pa-
tients; furthermore, they induce a variable degree of el-
evation (typically <10%) in levels of HDL-cholesterol
(HDL-C) and equally of apoAl, which is manifested pri-
marily in large, cholesteryl ester (CE)-rich a-migrating
HDL particles (5-9). Such minor statin-mediated incre-
mentin HDL-C appears, however, to contribute to plaque
regression (10).

Several mechanisms potentially underlie statin-mediated
elevation in HDL-C and apoAl, encompassing hepatic
and intestinal assembly of nascent HDL particles, mod-
ulation of intravascular particle remodeling mediated
by lipid transfer proteins and lipases, lipoprotein lipid
transfer and exchange with circulating cells and tissues,
and finally, tissue catabolism of these particles (11).
Statins equally impact circulating levels of VLDL, IDL,
and LDL; furthermore, they may differentially impact
key pathways of cellular lipid metabolism in addition
to that of cholesterol synthesis in metabolic syndrome
(MetS) (4, 12-15). As a consequence, modification of
cellular lipid metabolism by statins may directly or indi-
rectly modulate the molecular lipid profile of HDL (11—
17). The multiplicity of molecular components in the
HDL lipidome, of which there are >250 species (18-20),
adds a further level of complexity to these processes,
however.

Importantly, emerging evidence suggests that the mo-
lecular composition of HDL particles is of immediate
relevance to their biological function and thus to their
capacity to exert atheroprotective effects; prominent
among these atheroprotective effects are antioxidative
activities (18, 20, 21). By contrast, it is now established
that HDL particles display defective biological activities
across a wide range of dyslipidemic states associated
with premature atherosclerotic vascular disease, and that
such dysfunction is intimately linked to alterations in
their lipidomic and proteomic profiles (22-27). With
respect to the lipidome, alterations in content of both
neutral core [triacylglycerols and CEs] and electrostati-
cally charged surface lipids [sphingolipids and phos-
pholipids (PLs)] are implicated in HDL dysfunction in
dyslipidemia (22-27). To what degree then might statin-
mediated modulation of HDL metabolism and particle
composition impact the HDL lipidome, and might such
modulation contribute to potential statin-mediated nor-
malization of defective HDL function in dyslipidemic
states?

Atherogenic mixed dyslipidemia occurs frequently
in the general population, typically presenting in sub-
jects with MetS or type 2 diabetes in association with a
cluster of cardiovascular risk factors, among which visceral
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obesity and insulin resistance are preponderant (6, 22—
25, 27, 28). Moreover, mixed dyslipidemias involve ele-
vated levels of TG-rich lipoproteins and small, dense
LDL, together with subnormal levels of HDL-C and
apoAl (17, 22, 23, 25, 28, 29). Furthermore, substantial
evidence attests to the defective antioxidative activity of
HDL in these cardiometabolic disorders, which are inti-
mately linked to the prevalence of oxidative stress (22—
25, 27, 29).

HDL particles may protect against oxidative stress via
several mechanisms, central among which appears to
be the capacity to accept phospholipid hydroperoxides
(PCOOHs) derived from polyunsaturated phosphatidyl-
choline (PUPC) species in LDL and to reduce them to
inactive hydroxides [phospholipid hydroxide (PCOH)]
via oxidation of methionine residues in apoAl and apoAll
(30-32). Equally, however, evidence is emerging that
HDL-associated plasmalogens, PLs containing a vinyl-
ether bond of high oxidative susceptibility, are implicated
in this potentially antiatherogenic process (26, 33-35).
Indeed, it is of immediate relevance that the oxidative
products of plasmalogens do not propagate lipid peroxi-
dation, thereby attenuating formation of proatherogenic
secondary oxidation products such as aldehydes (33, 35,
36). In clinical studies, plasmalogen levels were correlated
not only with the risk of coronary artery disease (CAD),
but also with the antiapoptotic activity of HDL (34). Fur-
thermore, as oxidative modification of LDL particles is
central to the pathophysiology of atherosclerotic vascular
disease, it is relevant that LDL enrichment in plasmalo-
gens leads to prolongation of the lag phase for conjugated
diene (CD) formation during copper-mediated oxidation
(37, 38).

The CAPITAIN study (An Open Label Study of the
Chronic and Acute Effects of Pitavastatin on Monocyte
Phenotype, Endothelial Dysfunction, and HDL Athero-
protective Function in Subjects with Metabolic Syn-
drome) was designed to provide insight into mechanisms
whereby statin treatment might impact dyslipidemia and
atheroprotective HDL function in subjects with key risk
factors of the MetS (i.e., visceral obesity, insulin resis-
tance, and mixed dyslipidemia) (14, 28, 39). We pres-
ently evaluate the question as to whether statin treatment
impacts the defective antioxidative activity of HDL in
MetS documented earlier (23-25, 27). Our experimental
approach is focused on the capacity of the statin-induced,
major HDL subfractions, HDL2 and HDL3, to attenuate
formation of atherogenic secondary products of lipid
oxidation in LDL by inactivation of redox-active PCOOH,
with conversion to redox-inactive PCOH. We equally fo-
cus on the relevance of the content of both plasmalogens
and polyunsaturated PLs in the pre- and poststatin HDL
subfractions and in the LDL substrate to such HDL anti-
oxidative activity. Our study design is distinguished by
the combination of lipidomic and HPLC analyses with an
in vitro experimental strategy providing a physiologically
relevant estimation of the capacity of HDL subfractions
to reduce LDIL-derived PCOOH at baseline and follow-
ing statin treatment.



MATERIALS AND METHODS

The CAPITAIN trial: criteria for recruitment and
characteristics of the patient cohort

The CAPITAIN Study (An Open Label Study of the Chronic
and Acute Effects of Pitavastatin on Monocyte Phenotype, Endo-
thelial Dysfunction, and HDL Atheroprotective Function in Sub-
jectswith Metabolic Syndrome; Clinical Trials.gov, #NCT01595828)
was monocentric and recruited 12 dyslipidemic Caucasian male
subjects with plasma LDL-C of 130-190 mg/dl (3.4-4.9 mM) and
a MetS phenotype determined according to strict International
Diabetes Federation (IDF) criteria (28). Inclusion criteria re-
quired participants to have central obesity (defined as a waist cir-
cumference =94 cm), plus any two of the following: i) elevated
TG level =1.7mM (>150 mg/dl); i) subnormal HDL-C <1.03 mM
(<40 mg/dl) in males; i) controlled hypertension [systolic
blood pressure (SBP) =130 mm Hg or diastolic blood pressure
(DBP) =85 mm Hg] or treatment for previously diagnosed hyper-
tension with a calcium channel blocker that did not require treat-
ment with a diuretic, beta-blocker, angiotensin converting enzyme
inhibitor, or angiotensin II receptor blocker; or iv) fasting plasma

TABLE 1.

glucose =5.6 mM (100 mg/dl). Exclusion criteria are detailed in
Table 1.

Patient characteristics and anthropometric data were as fol-
lows: mean age, 50 + 3 years; BMI, 31.7 + 0.5 kg/mQ; and waist
circumference, 110 = 3 cm. All subjects displayed atherogenic
mixed dyslipidemia with plasma TGs >150 mg/dl; the complete
plasma lipid profile of all participants is summarized in Table 2.
Detailed baseline parameters of glucose homeostasis and insulin
resistance in CAPITAIN subjects were reported earlier and re-
vealed a prediabetic state with insulin resistance (39). In addition,
all participants had been nonsmokers for at least 12 months prior
to inclusion and had previously smoked <25 cigarettes/day on a
regular basis. Study participants had no history of cardiovascular
disease or type 2 diabetes; they acted as their own controls in or-
der to limit confounding effects due to variation in genetic back-
ground and in baseline phenotype. The study was performed in
accordance with the ethical principles set forth in the Declaration
of Helsinki and received approval from the Ethics Committee of
Pitié-Salpétriere University Hospital. Written informed consent
was given by each subject after the purpose and nature of the in-
vestigation had been explained.

Exclusion criteria

All Subjects Included in the Study Did Not Meet Any of the Following Exclusion Criteria:

Women
Non-Caucasian

Excessive obesity defined as BMI above 35 kg/m” rounded to the nearest whole number

LDL-C >190 mg/dl at screening
Fasting TGs >400 mg/dl at screening

Diabetes mellitus, defined as a fasting glucose >7 mM, or taking diabetic therapy at screening
History of symptomatic cardiovascular disease including angina pectoris, acute myocardial infarction, or peripheral arterial disease

including intermittent claudication

History of symptomatic cerebrovascular disease, including cerebrovascular hemorrhage, transient ischemic attack, or carotid endarterectomy

A current smoker or have smoked in the preceding 12 months

Consume >10 g of alcohol (equivalent to one 100 ml glass of table wine) per day
Have received statins, fibric acid derivatives, bile acid sequestrants, cholesterol absorption inhibitors (including ezetimibe),

or nicotinic acid >500 mg per day in the previous year

Have uncontrolled hypertension (SBP =140 mm Hg or DBP =90 mm Hg). Patients may have their hypertension controlled with a calcium
channel blocker but must not receive treatment with a diuretic, beta-blocker, angiotensin converting enzyme inhibitor, or angiotensin II
receptor blocker . If the patient has previously received treatment with these therapies, they must have been discontinued at least 2 months
previously.

Any conditions that cause secondary dyslipidemia or increase the risk of statin therapy including alcoholism, autoimmune disease,
nephrotic syndrome, uremia, any viral hepatitis clinically active within 12 months before study entry, obstructive hepatic or biliary
disease, dysglobulinemia or macroglobulinemia, multiple myeloma, glycogen storage disease, porphyria, and uncontrolled
hypothyroidism or hyperthyroidism. Controlled thyroid disease [normal serum thyroid stimulating hormone and stable therapy
for at least 3 months] is permitted.

History of pancreatic injury or pancreatitis, or impaired pancreatic function/injury as indicated by abnormal lipase

Liver injury as indicated by serum transaminase levels (alanine aminotransferase/serum glutamic pyruvic transaminase, aspartate
aminotransaminase/serum glutamic oxaloacetic transaminase) >3 x upper limit of the reference range (ULRR).

Impaired renal function as indicated by serum creatinine levels >1.5 x ULRR at screening or estimated glomerular filtration rate (eGFR) by
Cockroft formula <60 ml/min.

History of any muscle disease or unexplained elevation (>3 x ULRR) of serum creatine kinase

Any surgical or medical condition that might significantly alter the absorption, distribution, metabolism, or excretion of the study drug,
including the following: history of major gastrointestinal tract surgery (e.g., gastrectomy, gastroenterostomy or small bowel resection),
gastritis or inflammatory bowel disease, current active ulcers, or gastrointestinal or rectal bleeding

Current obstruction of the urinary tract or difficulty in voiding likely to require intervention during the course of the study

Severe acute illness or severe trauma in the preceding 3 months

Evidence of symptomatic heart failure (New York Heart Association class III or IV): significant heart block or cardiac arrhythmia

History of uncontrolled complex ventricular arrhythmias, uncontrolled atrial fibrillation/flutter or uncontrolled supraventricular
tachycardias with a ventricular response rate of >100 beats/min at rest. Patients whose electrophysiological instability is controlled
with a pacemaker or implantable cardiac device are eligible.

History of drug abuse

History of allergy or intolerance to medication (including statins)

Current or recent (within 1 week) use of supplements or medications known to alter lipid metabolism including soluble fiber
(including >2 teaspoons Metamucil or psyllium-containing supplement per day) or other dietary fiber supplements, fish oils
containing omega-3 oils, “fat blockers” (e.g., orlistat), or other products at the discretion of the investigator

Any forbidden concomitant medication

Within the exclusion period defined in the National Register for Healthy Volunteers of the French Ministry of Health

Participation in any clinical trial with an investigational drug in the past 3 months preceding study entry

Forfeit their freedom by administrative or legal award or who are under guardianship
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TABLE 2. Characteristics of dyslipidemic metabolic syndrome subjects at baseline (D0) and impact of
pitavastatin (4 mg/day) treatment for 180 days

Lipid and Apolipoprotein

Parameters (mg/dl) Baseline D180 % Change P (D180 vs. Baseline)
Total cholesterol 2322 +17.6 161.7 +5.7 —-30% <0.0005
TGs 2159 £ 16.0 127.7 £ 8.1 —41% <0.0005
LDL-C 153.0 + 6.2 96.1 +5.8 -37% <0.0001
ApoB 102.0 + 4.2 728 £5.1 —29% <0.0001
HDL-C 46.3 + 2.8 48.2+3.6 +4% NS
ApoAl 100.3 +4.8 106.6 £ 5.7 +6% NS
LDL-C/HDL-C ratio 3.4+0.2 2.1+0.2 —38% <0.0001
Lp(a)” 8.8 (0.5-24.9) 8.5 (0.9-32.2) —3% NS
Total LDL 320.6 £ 20.0 225.5+12.6 -30% <0.0001
HDIL.2 103.7 + 6.2 96.0 + 8.9 —7% NS
HDL3 97.3+4.3 104.6 + 5.8 +8% NS

Lp(a), lipoprotein (a). Values are expressed as means = SEM (n = 12). Values for total native LDL, HDL2, and

HDLS3 are expressed as total mass (mg/dl).

“Due to its asymmetric distribution, Lp(a) levels are expressed as median (minimum-maximum).

Blood sampling

Briefly, all participants in the CAPITAIN trial underwent
screening within a 3-week period prior to inclusion and initiation
of study drug administration. Subsequently, all subjects were
treated with pitavastatin (4 mg/day) for a period of 180 days. The
last meal consumed prior to clinical examination and blood sam-
pling was a balanced mixed meal that contained 30-35% fat,
50-55% carbohydrate, and ~15% protein as counseled by the
study dietician (14). Blood samples were collected after over-
night fasting before initiation of statin treatment (baseline, D0)
and at 180 days (D180) after the final intake of drug. Blood sam-
ples were withdrawn in the Clinical Unit (14) by venipuncture
from the cubital vein into precooled (4°C) EDTA-containing
tubes (final concentration 1 mg/ml) at pretreatment (D0) and
posttreatment (D180) time points. Plasma was separated from
blood cells by low-speed centrifugation at 1,700 g for 20 min at
4°C; 0.6% sucrose was added to cryoprotect lipoproteins and
plasma aliquoted within 2 h of blood collection (40). After freez-
ing in liquid nitrogen, samples were stored at —80°C until analy-
sis. Earlier studies have documented the absence of lipid- or
protein-derived oxidation products in the component lipopro-
teins of such samples (32, 41).

Fractionation and preparative isolation of plasma
lipoprotein fractions

Using our single-step, isopycnic nondenaturing density gradi-
ent procedure, plasma lipoprotein subfractions were prepara-
tively isolated on the basis of their hydrated densities from plasma
samples corresponding to the baseline DO and D180 time points
by ultracentrifugation in a Beckman SW41 Ti rotor at 40,000 rpm
for 44 h in a Beckman Optima XPN-80 ultracentrifuge at 15°C
(42). Upon completion of ultracentrifugation, each gradient was
fractionated with a precision pipette into predefined volumes as
previously described (42); in this way, 12 subfractions were ob-
tained: VLDL + IDL (d <1.019 g/ml), LDL1 (d = 1.019-1.023 g/ml),
LDL2 (d = 1.023-1.029 g/ml), LDL3 (d = 1.029-1.039 g/ml),
LDL4 (d = 1.039-1.050 g/ml), LDL5 (d = 1.050-1.063 g/ml),
HDL2b (d = 1.063-1.091 g/ml), HDL.2a (d = 1.091-1.110 g/ml),
HDL3a (d =1.110-1.133 g/ml), HDL3b (d = 1.133-1.156 g/ml),
HDL3c (d = 1.156-1.179 g/ml), and finally the bottom ultracen-
trifugal residue containing plasma proteins (d >1.179 g/ml).

Reconstitution of total LDL, dense LDL, HDL2,
and HDL3

In order to study the susceptibility to oxidation of total native
LDL, or of the native dense LDL subfraction alone, or the oxidative
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susceptibility of LDL in the presence of the HDL2 or HDL3 frac-
tions, reconstitution of total LDL and HDL fractions was per-
formed from their respective gradient subfractions isolated from
either DO plasma samples or from those obtained after statin treat-
ment at D180, as follows: ¢) for total LDL (d = 1.019-1.063 g/ml),
an equal volume of each of subfractions LDL1 to LDL5 was mixed;
i) for dense LDL (d = 1.039-1.063 g/ml), equal volumes of LDIL.4
and LDL5 were pooled; i) for HDL2 (d = 1.063-1.110 g/ml), the
whole volume of HDL2b was mixed with that of HDL2a; and fi-
nally, 7v) the three component HDL3 subfractions were pooled in
order to obtain HDL3 (d = 1.110-1.179 g/ml).

Desalting of lipoprotein fractions

LDL, HDL2, and HDL3 were dialyzed separately on PD-10 de-
salting columns (GE Healthcare) with the spin protocol described
in the manufacturer’s instruction sheet. Briefly, each column was
equilibrated with PBS 1x containing 1 g/l of Chelex (BioRad);
each sample was then applied to the top of the column and elu-
tion performed by centrifugation at 1,000 g for 2 min: the eluate
contained the desalted fraction.

Determination of the % weight chemical compositions of
lipoprotein fractions

The weight % chemical composition of total LDL, dense LDL,
HDL2, and HDL3 at DO (baseline) and D180 (after treatment)
was determined as previously described, and included PL, TG,
free cholesterol (FC), CEs, and total protein (TP) (42). The total
mass of each fraction corresponded to the sum of the mass of the
individual lipid and protein components for each lipoprotein.
Coefficients of intra- and interassay variation for the individual
components ranged from 2% to 9%.

Lipoprotein oxidation with 2,2"-azobis(2-
methylpropionamidine) dihydrochloride

2,2"-Azobis (2-methylpropionamidine) dihydrochloride (AAPH;
Sigma-Aldrich), at a final concentration of 2 mM, was used to me-
diate oxidation of total or dense LDL (final concentration 10 mg
TP/dl) in the absence or presence of HDL2 or HDL3 (final con-
centration 20 mg TP/dl) at 37°C for 6 h (32); mixtures of LDL *
HDL2 or HDL3 represented lipoprotein fractions isolated at
DO on the one hand and at D180 on the other. The LDL/HDL
subfraction (2 or 3) mass ratio corresponds approximately to the
mass ratio of these lipoprotein fractions in normolipidemic hu-
man plasma. We used AAPH, a well-characterized aqueous azo-
initiator of oxidation to model free radical-induced LDL oxida-
tion via formation of lipid hydroperoxide (LOOH) as a key step



(43). Oxidation was terminated by addition of butylated hydroxy-
toluene and EDTA at final concentration of 10 pM for both (32).

Extraction of phosphatidylcholine, PCOOH, and
plasmalogens in mixtures of native or oxidized
lipoprotein fractions

Total phosphatidylcholine (PC) molecular species and total
plasmalogen species were extracted from total native LDL, native
HDL2, and native HDL3; PC and PCOOH were extracted from
nonoxidized (total LDL, dense LDL, from mixtures of total LDL +
HDL2, total LDL + HDL3, dense LDL + HDL2, and dense LDL +
HDL3) and from mixtures of oxidized total LDL. + AAPH, oxi-
dized dense LDL + AAPH, oxidized total LDL + HDIL2 + AAPH,
oxidized total LDL + HDL3 + AAPH, oxidized dense LDL + HDL2 +
AAPH, and oxidized dense LDL + HDL3 + AAPH. Samples cor-
responded to the DO and to the D180 time points. Extraction of
total molecular species of PC and PCOOH was performed on in-
dividual mixtures (500 pl aliquots) either in the absence of AAPH
(PC), or in the presence of AAPH (PCOOH + PC), by adding
methanol (2 ml) and hexane (5 ml) as previously described (32,
44). Extraction of total plasmalogen molecular species was per-
formed on each nonoxidized mixture (100 pl aliquots) with equal
volumes of methanol and hexane; each tube was vortexed for
1 min and centrifuged at 4,000 rpm for 10 min. The lower phase
was collected (2.25 ml for PC and PCOOH; 1 ml for plasmalogen)
and evaporated at 40°C under nitrogen. Acid hydrolysis, as previ-
ously described by Khaselev and Murphy (45) was performed on
plasmalogens, but with the exception that methanol (200 pl) was
used to dissolve the residue (as for PC and PCOOH); the residue
was then dissolved by vortexing for 1 min followed by centrifuga-
tion at 4,000 rpm for 5 min. Extractions were performed for all
mixtures at the DO and D180 time points.

Quantitation of PC, PCOOH, plasmalogens, and ApoAl
by HPLC

In the absence of validated MS methodology by which to iden-
tify and quantitate PCOOHs, total molecular species of PCOOH,
PC, and plasmalogens [the latter including both PC and phospha-
tidylethanolamine (PE) species containing a vinyl ether bond]
were identified and quantitated by reverse-phase HPLC (RP-
HPLC) using a Kromasil 100-3.5-C18 (2.1 x 150 mm) column at
40°C with an isocratic mobile phase containing methanol (94%;
v/v) and pH 5-10 mM ammonium acetate (6%;v/v) on an HPLC
(Shimadzu) system; under these conditions, PC and PE plasmalo-
gens coeluted. The duration of the elution was 40 min with a flow
rate at 0.3 ml/min; 20 pl of sample was injected. PCOOH were
detected by chemioluminescence (flow rate of 0.3 ml/min for
15 min/sample) in lipoprotein mixtures that had undergone oxi-
dation, whereas PC and plasmalogens were detected by UV absor-
bance at 205 nm. The interindividual assay coefficient of variation
for each PC and PCOOH molecular species was 3.5% and 9.5%,
respectively; the limit of PCOOH detection was 30 pmol. The in-
terindividual coefficients of variation for C18 (plasmalogen)-22:6
and C18 (plasmalogen)-20:4 were 1.6% and 2.9%, respectively.
The limits of detection for C18(plasm)-22:6 and C18(plasm)-20:4
were 2 pg/ml and 4 pg/ml, respectively (48 pmol and 100 pmol,
respectively).

Native and oxidized ApoAl were detected by UV absorbance at
214 nm after separation by RP-HPLC using an ACE 5 C18-300 (4.6 x
250 mm) column at 40°C with a gradient from 40% of acetonitrile
containing 0.1% trifluoroacetic acid (TFA) (solution A) and 60%
of water containing 0.1% TFA (solution B) to 65% of A and 35%
of B in 50 min at a 1 ml/min flow rate (32); 50 pl of each sample
was injected. Detection was performed on oxidized (following in-
cubation with AAPH) and nonoxidized lipoprotein samples at DO
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and D180: mixtures were as follows: total LDL + HDL2, total LDL
+ HDL3, and HDL2 and HDL3.

Purified standards for HPLC analyses

13SHydroperoxy-9Z,11E-octadecadienoic acid (Avanti Polar
Lipids) was used as standard to quantify PCOOH 16:0/18:2 and
PCOOH 18:0/18:2, while 15Shydroperoxy-57,87,117Z,13E-eicosa-
tetraenoic acid was used to quantify PCOOH 16:0/22:6 + 20:4 and
18:0/22:6 + 20:4. For identification and quantification of the ma-
jor PC species, standard calibration curves for the following
purified standards were determined: PC18:0/20:4, PC16:0/20:4,
PC18:0/18:2, PC16:0/18:2, PC16:0/22:6, and PC18:0/22:6 (from
Avanti Polar Lipids). Plasmalogen standards, C18 (plasmalogen)-
20:4PC and C18(plasmalogen)-20:6PC (Avanti Polar lipids) were
used following acid hydrolysis to identify lyso-PC species obtained
after hydrolysis and to quantify plasmalogens (as the PC and PE
species combined) in mixtures of lipoproteins before and after
exposure to AAPH. Under these conditions, and as a consequence
of the acid hydrolysis step, the lyso products of both the 16:0- and
18:0-containing species of PC and PE plasmalogens were quanti-
tated together.

Lipidomic analysis

Lipidomic analysis was performed by LC/electrospray ioniza-
tion-MS/MS using an Agilent 1200 LC system combined with an
Applied Biosystems APT 4000 Q/TRAP mass spectrometer with a
turbo-ion spray source (350°C) and Analyst 1.5 data system. The
methodology, instrumentation, and internal standards were iden-
tical to those used in earlier studies (14, 46); indeed, the condi-
tions 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 (46). The following
individual lipid classes and subclasses in LDL, HDL2, and HDL3
were analyzed and quantitated: PC, alkylphosphatidylcholine
[PC(O)], alkenylphosphatidylcholine [plasmalogen, PC(P)], PE,
alkylphosphatidylethanolamine [PE(O)], and alkenylphosphati-
dylethanolamine [plasmalogen, PE(P)]. 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 corre-
sponding stable isotope or nonphysiological internal standard as
described previously (46). A correction factor of 10 was applied to
the PE(P) species to account for the lower signal response of
these lipid species relative to the PE(17:0/17:0) internal standard.
Itis noteworthy that quantitation of plasmalogen species by HPLC
was consistent with that by MS. Concentrations of total lipid
classes were calculated from the sum of the individual lipid spe-
cies within each class. Concentrations of lipoprotein lipids were
expressed as nmol/mg of TP in each fraction.

Statistical analyses

The effect of statin treatment on each lipid parameter was de-
termined by comparison of baseline DO values with those ob-
tained on samples at the D180 time point by the paired #test. All
results are expressed as means + SEM for normally distributed
variables and as median (minimum-maximum) for asymmetri-
cally distributed parameters; distribution normality was assessed
using the Kolmogorov-Smirnov test.

Using the data derived from the MS analysis of plasmalogens, we
asked if there was a difference between the changes in plasmalogen
content observed in the lipoprotein subclasses (LDL, HDL2, and
HDL3) as a result of statin treatment. The change in each plasmalo-
gen species or subclass was calculated and expressed as nmol/mg
protein and as % change relative to baseline (DO0); repeated mea-
sures (RM) ANOVA with post hoc paired Student’s #test was then
used to evaluate the significance of differences on treatment.
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RESULTS

Baseline dyslipidemic profile and effect of statin
treatment

Our male cohort (n = 12) displayed the MetS phenotype
on the basis of three criteria, that is, central obesity (BMI =
31.7 + 0.5 kg/m2), baseline hypertriglyceridemia (mean
baseline TG level = 216 + 16.0 mg/dl; 2.4 mM), and ele-
vated SBP (131 = 11 mm Hg) (14, 28, 29). As in our previ-
ous studies in MetS, in which HDL-C levels were subnormal
(47 mg/dl) relative to the 50th percentile for the general
population (23), male subjects in CAPITAIN displayed sub-
normal mean HDIL-C and apoAl concentrations (46.3 mg/dl,
1.19 mM and 100.3 = 4.8 mg/dl, 2.6 mM, respectively). It
is, however, noteworthy that IDF proposed a lower cutoff
for HDL-C of 40 mg/dl (1 mM) for Europid males with
MetS (28). Significantly, our MetS group was equally hyper-
cholesterolemic (LDL-C, 153 + 6.2 mg/dl). Median Lp(a)
concentrations were <10 mg/dl; from our earlier studies
using density gradient fractionation of plasma lipopro-
teins, we estimate that contamination of LDL by Lp(a) rep-
resents <3% of LDL mass, and <10% mass of HDL2 and
HDLS3, respectively (47). After statin treatment for 180
days, plasma LDL-C levels decreased by 37% (P < 0.0001),
TGs by 41% (P < 0.0005), and apoB by 29% (P < 0.0001);
by contrast, despite small increments, there was no signifi-
cant change in HDL-C, apoAl, or Lp(a) upon treatment
(Table 2). Furthermore, there was no modification in total
mass of HDL2 or HDL3, despite a net increment in HDL3
mass relative to that of HDL2 on treatment (Table 3).

% Weight chemical compositions of native total LDL,
native HDL2, and native HDL3: effect of statin treatment
The % weight chemical compositions of both native
HDL2 and HDL3 were modified after statin treatment (Ta-
ble 3). Indeed, % weight TG content decreased by 42%
(P<0.01) in HDL2 and in HDL3 on treatment, consistent
with marked statin-mediated reduction in TG-rich lipopro-
tein levels and in cholesteryl ester transfer protein (CETP)
activity as a consequence of reduced numbers of apoB-
containing particle acceptors for CETP-mediated hetero-
transfer of CEs and TGs (12). Concomitantly, % weight CE
content increased by 12% and 10% (P < 0.05) in native

HDL2 and native HDL3, respectively. Moreover, elevation
in % FC content (+9%, P< 0.01) was documented in native
HDL2 and in PL (+5%, P< 0.01) in native HDL3. The ratio
CE/TG increased in HDL2 and in HDL3 by 74% (P<0.01)
and 77% (P<0.01), respectively, primarily reflecting fall in
TG content in the treatment phase. The ratio (TP + PL +
FC)/(CE + TG), which corresponds essentially to the ratio
of lipoprotein surface to core components, was elevated by
statin treatment specifically in HDL2 (8%, P < 0.05).
Changes in % weight chemical compositions trended to-
ward those in normolipidemic subjects, with the exception
of % PL content in poststatin HDL3, which increased by
25% (P<0.05) relative to normolipidemic subjects (18-21,
23).

The molecular compositions of the PC and PE lipidomes
in nonoxidized LDL, HDL2, and HDL3 and effect of
statin treatment

Six molecular species of PC (16:0/22:6PC, 16:0/20:4PC,
16:0/18:2PC; 18:0/22:6PC, 18:0,/20:4PC, and 18:0/18:2PC)
were identified by HPLC and quantitated by UV absorp-
tion. These species were analyzed in nonoxidized total
LDL (total native LLDL), nonoxidized HDL2 (native
HDL?2), nonoxidized HDL3 (native HDL3), and in oxi-
dized mixtures before (D0) and after a 180-day statin treat-
ment (D180). The PC content in nonoxidized mixtures
corresponded to the initial PC content before oxidation
with AAPH. Statin treatment significantly reduced the con-
tent of PC 16:0/22:6 (—23%, P < 0.01), PC 16:0/18:2
(—21%, P<0.001), PC 18:0/22:6 (—16%, P< 0.05) and PC
18:0/18:2 (—14%, P < 0.01) species in total native LDL
(data not shown); comparable observations were made in
dense LDL. These findings were entirely consistent with
the corresponding analyses by MS (Table 4), although
changes for the four PC species above did not attain signifi-
cance on statin treatment, an observation that may be ac-
counted for by differences in detection methodology and
the relative sensitivity of detection.

In contrast to LDL, the content of major PC species in
native HDL2 was not significantly modified after statin
treatment as determined by HPLC, whereas minor statin-
induced changes in the contents of the PC 35:4, 37:4, 38:4,
and 40:7 species (+24, +18, +19, and —14%, respectively)

TABLE 3. Weight % chemical composition of total native LDL, HDL2, and HDL3 from dyslipidemic metabolic syndrome subjects at baseline
(D0) and impact of pitavastatin (4 mg/day) treatment for 180 days (D180)

Total LDL HDL2 HDL3
DO D180 DO D180 DO D180
Total mass (mg/dl) 320.6 + 20.0 295.5 + 12.6° 103.7 + 6.2 96.1 +8.9 97.3+43 104.6 + 5.8
% TG 14.7+1.3 13.6 +0.9 109+1.7 6.3+0.7" 7.1+0.9 41+04"
% CE 415+1.3 41.3+0.7 205+ 0.7 231+1.1° 17.7+0.8 19.5 + 0.9
% FC 8103 8.5+0.2 3.4+0.1 3.7+0.1° 1.9+0.1 1.9+0.1
% PL 20.9+0.8 21.3+0.4 28.2+0.8 29.4 +0.7 25.1+ 0.6 26.4+ 0.6
% TP 148 +1.1 153+1.0 37.0+1.9 375+ 1.8 48.1+1.6 48115
CE/TG 3.2+0.4 3.2+0.2 2.4+0.3 41+04 3.0+0.4 5.3 +0.6"
(TP + FC + PL) /(CE + TG) 0.8+0.1 0.8+ 0.03 2.3+0.2 2.5 +0.2° 3.3+0.2 3.1+0.2

Values are expressed as means + SEM (n = 12). All components are expressed as % of total mass, except total mass (mg/dl).

“P<0.001.
0.001 < P< 0.01.
°0.01 < P< 0.05 vs. DO.
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TABLE 4. The molecular compositions of the PC and PE lipidomes as determined by LC/MS in total native LDL, HDL2, and HDL3 from MetS
subjects (D0) and % change from baseline (D0)*

LDL HDL2 HDL3

Lipid

(nmol/mg TP) DO % Change P DO % Change P DO % Change P
Total PC 1076 + 47 —-8.7 1.26E-01 639 + 27 0.6 8.72E-01 376 + 12 6.3 9.09E-02
Total PC(O) 32+1.5 —2.6 6.04E-01 22 +1.31 5.8 3.06E-01 13 +0.66 13 6.61E-02
Total PC(P) 17+1.1 —-1.2 6.04E-01 10 +£0.77 4.4 5.82E-01 6.06 +0.31 12 1.52E-01
Total PE 11+1.6 —5.5 6.04E-01 11+1.4 1.1 6.01E-01 6.83 +0.5 1.4 9.38E-01
Total PE(O) 1.5+0.1 12 6.04E-01 1.01+0.1 25 1.87E-01 0.6 +0.03 30 1.22E-01
Total PE(P) 17+1.4 6.1 7.61E-01 12 +1.09 18 9.07E-02 7.36 +0.37 24 1.84E-02
PC 28:0 0.2+0 50 6.95E-01 0.06 +0.01 104 1.81E-01 0.03+0 67 1.45E-01
PC 29:0 0.1+0 22 9.79E-01 0.02+0 60 4.14E-01 0.01+0 43 2.10E-01
PC 30:0 3.5+0.4 0.5 7.40E-01 1.19+0.12 27 5.79E-01 0.63 + 0.06 19 3.85E-01
PC 31:0 1+0.1 2 7.43E-01 0.36 + 0.04 21 6.59E-01 0.2 +0.02 20 4.24E-01
PC 31:1 1.3+0.1 2.1 8.76E-01 0.38 +0.02 15 8.51E-02 0.19+0.01 14 3.51E-02
PC 32:0 11+0.5 -85 3.60E-01 4.45+0.17 6.9 3.47E-01 2.37+0.11 13 1.54E-03
PC 32:1 19+1.4 —5.4 6.51E-01 9.13 +0.88 8.2 8.61E-01 5.16 £ 0.5 1.3 8.85E-01
PC 32:2 5.1+0.2 -6 5.75E-01 2.08 +0.16 9.4 5.92E-01 1.12 £ 0.05 7.2 3.65E-01
PC 32:3 0.2+0 —-3.9 6.68E-01 0.1+0.01 7.5 5.50E-01 0.05+0 9.9 3.18E-01
PC 33:0 1.2+0.1 -0.5 7.40E-01 0.51 +0.04 5.8 9.06E-01 0.28 + 0.02 13 2.18E-01
PC 33:1 3.7+0.3 —-0.9 7.40E-01 1.86 +0.15 5.2 9.67E-01 1.08 £ 0.09 10 4.98E-01
PC 33:2 2.4 +0.1 —-11.2 4.54E-01 1.37 +0.07 0.2 7.98E-01 0.8 +0.04 -0.6 9.32E-01
PC 33:3 0.1+0 2.6 8.76E-01 0.03+0 17 9.06E-01 0.02+0 12 9.21E-01
PC 34:0 2.9+0.2 —8.8 4.54E-01 1.09 + 0.06 4.8 8.59E-01 0.59 +0.03 7 1.82E-01
PC 34:1 132+6.9 —8.8 4.66E-01 79+5.21 -0.8 6.69E-01 45 +2.23 8.8 1.28E-01
PC 34:2 213 £9.5 —14.8 7.10E-02 133 + 5.81 -5.6 2.21E-01 78 +4.07 2.9 8.36E-01
PC 34:3 9.1+0.6 —14.1 4.66E-01 6.14 + 0.42 1.6 7.29E-01 3.6 +0.22 —4.3 5.78E-01
PC 34:4 1+0.1 8.3 9.06E-01 0.59 + 0.06 26 4.65E-01 0.36 +0.03 17 3.24E-01
PC 34:5 0.1+0 40 9.06E-01 0.04 +0.01 69 5.09E-01 0.02+0 49 3.65E-01
PC 35:0 02+0 15 9.64E-01 0.04 +0.01 49 7.87E-01 0.02 +0 53 3.21E-01
PC 35:1 5.8+0.4 0.6 7.91E-01 2.82 + (.22 9.8 5.95E-01 1.54+0.12 16 1.56E-01
PC 35:2 6.8 +0.5 —6 5.91E-01 4.44 + 0.28 1.8 8.96E-01 2.6 +0.14 9.8 4.23E-01
PC 35:3 1.2+0.1 —-11.5 4.93E-01 0.8 +0.04 —-2.6 5.03E-01 0.49 £ 0.03 —-2.6 6.36E-01
PC 35:4 0.8+0.1 5 9.96E-01 0.56 + 0.05 24 3.29E-02 0.34 +0.03 21 2.14E-02
PC 35:5 0.1+0 31 8.69E-01 0.04 £ 0.01 54 2.76E-01 0.03+0 57 1.07E-01
PC 36:0 0.3+0 -7 5.67E-01 0.07 £0.01 24 6.88E-01 0.04 +0 13 7.30E-01
PC 36:1 39+2.6 1.9 9.06E-01 16 + 1.86 32 4.20E-01 9.34 + 0.91 21 2.78E-01
PC 36:2 137+ 6.8 -9.5 4.44E-01 79 +4.01 —0.4 6.96E-01 45+ 1.61 5.4 3.75E-01
PC 36:3 91 £5.6 —14.4 3.21E-01 67 +2.99 —5.7 2.37E-01 40 +1.99 —1.1 6.84E-01
PC 36:5 11+1.3 15 9.06E-01 8.34+1.1 35 3.51E-01 4.9 £ 0.38 30 2.43E-01
PC 36:6 0.5+0.1 —-7.5 6.18E-01 0.33 £ 0.04 3.8 7.03E-01 0.19+0.01 —-1.2 7.43E-01
PC 37:4 3.7+0.4 10 8.26E-01 3.34 +0.31 18 4.80E-02 2+0.15 29 1.69E-02
PC 37:5 0.6+0.1 8.5 9.06E-01 0.47 + 0.06 17 7.91E-01 0.29 + 0.02 22 3.51E-01
PC 37:6 0.5+0.1 —13.4 4.65E-01 0.3 +0.03 —8.4 2.50E-01 0.18 +0.02 -7.5 3.35E-01
PC 38:2 74+04 -7 5.75E-01 1.57 +0.14 13 7.68E-01 0.91 +0.09 -0.3 6.38E-01
PC 38:3 35 +4.1 —14.3 4.54E-01 24 + 2.29 -1.3 2.87E-01 14 + 1.65 -1.3 4.48E-01
PC 38:4 125+ 7.6 5.9 5.99E-01 44 + 3.29 19 6.39E-03 27 £ 1.67 23 2.29E-03
PC 38:5 34+24 -5.6 6.15E-01 28 + 2.06 5.6 8.44E-01 17+£0.72 13 1.85E-01
PC 38:7 0.8+0.1 —18.8 4.44E-01 0.61 +0.05 —13.9 8.59E-02 0.38 +0.02 —15.8 4.16E-02
PC 39:5 0.6+0.1 —5.8 6.15E-01 0.41 £ 0.04 -0.8 5.26E-01 0.25 +0.02 6.4 8.35E-01
PC 39:6 1.2+0.1 -7.1 6.15E-01 0.96 + 0.1 —-7.1 3.41E-01 0.59 + 0.05 4.2 9.37E-01
PC 39:7 0+0 -10.2 5.67E-01 0.03+0 —-13.2 6.63E-02 0.02+0 —14.3 1.45E-01
PC 40:4 2.5+0.3 —6.3 5.91E-01 1.66 + 0.15 8.8 9.86E-01 1.04+0.12 1.5 7.06E-01
PC 40:5 9.7+0.8 —11.6 4.54E-01 6.33 +0.49 -1.3 4.55E-01 3.81 +0.24 -1 6.08E-01
PC 40:6 18+ 2 —16.7 3.01E-01 10 £0.91 -7.3 2.38E-01 6.09 + 0.5 -0.5 8.88E-01
PC 40:7 2.6 +0.2 —-19.6 3.01E-01 2.36 +0.19 —14.2 1.57E-02 1.42 + 0.09 —6.1 2.99E-01
PC 40:8 0.8+0.1 -39 6.18E-01 0.5+0.03 —2.4 5.16E-01 0.32 +0.01 -5.3 5.03E-01
PC(16:0/20:4) 83 +5.7 1.3 9.79E-01 57 +3.72 13 8.27E-02 35 +2.06 20 8.03E-03
PC(16:0/22:6) 38+3.3 -17.8 3.01E-01 29 +2.42 -9.6 1.35E-01 17+1.26 -0.6 7.89E-01
PC(18:1/18:3) 7+0.6 -13 4.66E-01 4.69 + 0.54 10 9.62E-01 2.7+0.23 1.3 9.31E-01
PC(18:2/20:4) 2.6 +0.2 —4.7 7.40E-01 2.22 +0.19 10 8.00E-01 1.34 + 0.08 —6.2 5.90E-01
PC(0-32:0) 1.8+0.1 —4.9 6.51E-01 0.58 + 0.02 5.3 3.02E-01 0.29 +0.02 15 2.11E-02
PC(0-32:1) 0.4+0 -10.2 4.65E-01 0.2+0.01 -0.5 9.87E-01 0.11 +0.01 11 1.14E-01
PC(0-32:2) 0.1+0 =0.1 7.43E-01 0.03 +0 18 7.58E-01 0.01 +0 6.1 8.78E-01
PC(0-34:1) 2.6+0.1 —4.9 5.75E-01 1.26 + 0.06 5.5 2.41E-01 0.71 £ 0.04 12 8.54E-02
PC(0-34:2) 2+0.1 7 6.15E-01 1.2 +£0.09 20 6.36E-02 0.7 +£0.03 26 1.22E-02
PC(0-34:3) 0+0 9.9 8.34E-01 0.02+0 69 7.81E-02 0.01 +0 23 3.53E-01
PC(0O-34:4) 0.1+0 4.1 9.30E-01 0.07 +£0.01 20 4.68E-01 0.04 +0 13 4.19E-01
PC(0O-35:4) 0.1+0 3.2 9.06E-01 0.03+0 22 3.08E-01 0.02+0 31 2.38E-01
PC(0-36:0) 0+£0 —2.4 7.40E-01 0.02+0 14 4.75E-01 0.01 £ 0 10 5.04E-01
PC(0-36:1) 0.3+0 5.8 9.06E-01 0.08 £0.01 22 2.03E-01 0.04 +0.01 8.2 5.07E-01
PC(0-36:2) 09+0 —4.2 7.40E-01 0.36 + 0.03 15 5.83E-02 0.22 +0.02 6.6 5.84E-01
PC(0-36:3) 2.8+0.1 —3.7 7.40E-01 2.05 +0.1 4.3 4.73E-01 1.23 +0.05 11 1.15E-01

Statin action enhances the antioxidative function of HDL3
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TABLE 4. Continued.

LDL HDL2 HDL3

Lipid

(nmol/mg TP) DO % Change P DO % Change P DO % Change P
PC(0O-36:4) 7.8+0.5 -0.3 8.99E-01 4.67 +0.36 7.6 3.75E-01 2.71 +0.18 23 7.44E-02
PC(0O-36:5) 04+0 18 9.06E-01 0.18 +0.03 54 3.87E-01 0.1+0.01 32 3.75E-01
PC(0O-38:4) 38+0.2 2.1 9.79E-01 3.44 + 0.26 11 1.40E-01 2.01 +0.17 13 3.47E-02
PC(0O-38:5) 6.5+0.4 —5.7 6.15E-01 5.78 + 0.44 1.7 8.84E-01 3.47+0.2 8.6 3.38E-01
PC(0-40:5) 1.2+0.1 —6.1 5.75E-01 0.64 +0.05 4 3.91E-01 0.4 +0.04 2.4 5.64E-01
PC(0-40:6) 0.8+0.1 —4.1 6.15E-01 0.35 + 0.04 4.7 9.40E-01 0.2+0.02 9.3 5.62E-01
PC(0-40:7) 0.9+0.1 —8.2 6.15E-01 0.93 +0.09 —-5.9 3.76E-01 0.57 +0.05 3.6 9.62E-01
PC(P-30:0) 0.1+0 5.5 9.06E-01 0.03+0 22 9.82E-02 0.02+0 17 1.06E-01
PC(P-32:0) 1.2+0.1 —5.5 5.75E-01 0.73 +0.03 5.3 2.85E-01 0.4 +0.02 11 6.52E-02
PC(P-32:1) 0.1+0 —8.4 4.54F-01 0.09 +0.01 3.9 4.14E-01 0.06+0 8.9 1.25E-01
PC(P-34:1) 1.3+0.1 4.6 9.06E-01 0.74 + 0.05 15 3.58E-02 0.43 + 0.02 21 3.30E-03
PC(P-34:3) 0.1+0 —8.2 4.44E-01 0.02+0 5.8 7.16E-01 0.01+0 9.5 1.82E-02
PC(P-36:2) 0.8+0.1 7.5 6.95E-01 0.6 + 0.05 16 2.03E-01 0.35 +0.03 20 4.87E-02
PC(P-16:0/20:4) 4.6+0.4 -3.9 6.15E-01 3.79 £ 0.33 1.9 9.50E-01 2.24+0.13 13 1.86E-01
PC(P-36:5) 0.3+0 16 9.06E-01 0.22 +0.03 24 5.77E-01 0.14 +0.01 24 5.01E-01
PC(P-18:0/20:4) 1.5+0.1 —5.6 5.67E-01 1.24+0.12 13 2.26E-01 0.75 + 0.06 8.7 2.91E-01
PC(P-38:5) 31+0.3 —6.3 6.15E-01 1.99 £ 0.18 -1.5 7.48E-01 1.22 £ 0.09 8.3 5.04E-01
PC(P-16:0/22:6) 0.6 =0.1 -9 5.75E-01 0.54 + 0.06 -3.1 5.28E-01 0.33 £ 0.03 2.3 9.37E-01
PC(P-18:0/22:6) 0.2+0 3.4 9.64E-01 0.18 + 0.02 -39 5.04E-01 0.11+0.01 6.1 5.02E-01
PE 32:1 0+0 28 9.06E-01 0.03 +0.01 38 9.00E-01 0.02+0 15 7.80E-01
PE 34:1 0.4+0.1 1.6 7.43E-01 0.47 + 0.06 2.3 6.77E-01 0.28 +0.02 2.1 8.36E-01
PE 34:2 0.8+0.1 —20.7 4.54E-01 0.76 +0.08 —14 1.87E-01 0.44 +0.03 —13.8 7.72E-02
PE 34:3 0.1+0 2 7.43E-01 0.05 +0.01 22 9.87E-01 0.03+0 16 8.46E-01
PE 35:1 0+0 9.9 9.64E-01 0.03+0 11 7.65E-01 0.02+0 29 2.50E-01
PE 35:2 0.1+0 —8.5 6.15E-01 0.05 +0.01 —16.8 8.22F-02 0.03+0 —2.5 6.73E-01
PE 36:1 0.3+0 18 9.06E-01 0.35 + 0.04 30 4.99E-01 0.22 +0.02 19 3.26E-01
PE 36:2 1.7+£0.2 —12.5 5.35E-01 1.66 £0.17 -7.8 2.00E-01 0.97 +0.06 —8.5 1.81E-01
PE 36:3 0.7+0.1 —13.8 4.93E-01 0.74 £ 0.08 —5.1 2.88E-01 0.45 +0.03 -3.3 5.20E-01
PE 36:4 1.2+£0.2 -72 5.75E-01 1.13£0.16 1.7 5.88E-01 0.7+ 0.06 3.1 8.94E-01
PE 36:5 0.1+0 22 7.43E-01 0.09 = 0.02 38 9.91E-01 0.05 +0.01 22 8.42E-01
PE 38:3 0.3+0 5.6 6.18E-01 0.32 +0.04 7.9 5.76E-01 0.2 +0.03 -1.8 3.10E-01
PE 38:4 2+0.3 5 8.63E-01 2.19 £ 0.27 10 2.99E-01 1.45+0.12 7.7 4.83E-01
PE 38:5 0.8+0.1 4.1 7.40E-01 0.87+0.14 11 9.87E-01 0.54 + 0.05 13 2.32E-01
PE 38:6 1.5+£0.3 3.5 5.67E-01 1.42 £ 0.26 4.7 5.79E-01 0.81+0.1 10 6.82E-01
PE 40:4 0£0 25 9.06E-01 0.06 +0.01 19 8.15E-01 0.04+0.01 7.7 8.22E-01
PE 40:5 02+0 9.9 6.85E-01 0.06 =£0.01 19 9.86E-01 0.04£0.01 25 2.43E-01
PE 40:6 0.7+0.1 5.9 6.18E-01 0.79 +0.14 4.7 6.53E-01 0.46 + 0.05 8.9 8.01E-01
PE 40:7 0.1+0 —-1.8 6.15E-01 0.13 £0.02 14 6.12E-01 0.08 +0.01 21 4.44E-01
PE(O-18:0/22:5) 0.1+0 17 6.15E-01 0.07 +0.01 28 5.78E-03 0.04+0 29 3.59E-03
PE(O-18:1/18:2)  0.1+0 14 6.78E-01 0.04+0 27 3.39E-01 0.02+0 45 1.70E-01
PE(O-18:1/20:3) 0.3+0 13 7.43E-01 0.2+0.02 33 1.83E-01 0.13+0.01 24 2.07E-01
PE(O-18:2/18:2) 0.3+0 12 7.96E-01 0.21 £0.02 27 2.51E-01 0.12 +0.01 43 1.69E-01
PE(O-18:2/20:3) 0.4+0 14 8.34E-01 0.24 +0.03 22 2.80E-01 0.14 +0.01 30 1.58E-01
PE(O-18:2/22:5) 0.1x0 —0.4 7.67E-01 0.07 +0.01 4.4 8.85E-01 0.05+0 9.6 7.88E-01
PE(O-34:1) 0.1+0 30 3.12E-01 0.03+0 36 5.83E-04 0.02+0 46 7.46E-04
PE(0O-34:2) 0£0 14 6.66E-01 0.03+0 14 2.67E-01 0.01+0 33 7.50E-02
PE(0O-36:2) 0.1+0 21 4.93E-01 0.04+0 37 5.71E-03 0.02+0 34 8.27E-03
PE(O-36:5) 0£0 25 8.99E-01 0.02+0 159 1.36E-01 0.01+0 54 2.79E-01
PE(O-36:6) 0£0 23 9.94E-01 0.02+0 30 9.45E-01 0.01+0 74 7.57E-02
PE(0-40:6) 0.1+0 4.5 8.65E-01 0.04 +0.01 17 8.72E-01 0.03+0 8.5 8.11E-01
PE(P-16:0/18:1)  0.3+0 20 4.89E-01 0.14 + 0.02 60 1.24E-02 0.09 +0.01 45 3.72E-03
PE(P-16:0/18:2)  0.5+0 13 6.85E-01 0.28 + 0.03 32 8.74E-02 0.17 £ 0.01 29 3.59E-03
PE(P-16:0/20:4) 2.3+0.3 10 9.06E-01 1.68 £ 0.2 24 7.66E-02 1.1 +£0.07 35 2.56E-02
PE(P-16:0/22:5) 5.5+0.5 3.8 9.79E-01 3.83 £0.37 12 2.50E-01 2.27+0.14 24 5.79E-02
PE(P-16:0/22:6) 1.5+0.2 —0.2 8.76E-01 1.11£0.13 15 3.06E-01 0.69 + 0.06 21 8.72E-02
PE(P-18:0/18:1) 0.3+0 38 3.01E-01 0.15+0.01 44 3.79E-03 0.08 +0.01 62 1.54E-02
PE(P-18:0/18:2) 1+0.1 12 7.43E-01 0.65 + 0.06 18 1.61E-01 0.38 +0.02 31 8.49E-03
PE(P-18:0/20:4) 3£0.3 12 7.43E-01 2.2+0.19 26 7.95E-02 1.43 £0.09 21 7.68E-02
PE(P-18:0/22:5) 1.7+0.1 5.6 9.06E-01 1.17 £ 0.09 18 1.46E-01 0.7 +0.04 22 2.64E-02
PE(P-18:0/22:6) 1.1+0.1 -25 8.04E-01 0.81 +0.09 12 3.39E-01 0.45 +0.03 20 6.26E-02

PC-P, phosphatidylcholine plasmalogen; PE-P, phosphatidylethanolamine plasmalogen. Values are expressed as means = SEM (n = 12). Pvalues
are from paired ttest analysis and have been corrected for multiple comparisons by Benjamini-Hochberg. All values highlighted in bold are statistically

significant at the level of <0.05.

“Percent change from baseline (D0) subsequent to pitavastatin (4 mg/day) treatment for 180 days (D180).

attained significance by MS measurement (Table 4).
Equally, MS analysis did not show any change in total PC
content in HDL2 upon statin treatment, nor in HDL3. In
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HPLC analysis of native HDL3, the contents of the PC
16:0/20:4 and the PC 18:0/20:4 species were, however, in-
creased to a minor degree upon treatment (12%, P< 0.05;



and 22%, P<0.01), respectively. Overall, poststatin changes
in the PC lipidome of HDL2 paralleled those in HDL3
when analyzed by MS, but in addition, HDL3 was distin-
guished by changes in PC 31:1, PC 32:0, PC 35:4, and PC
38:7 (+14, +13, —21, and —16%, respectively). Importantly,
HPLC and MS measurements of the highly oxidizable PC
16:0/20:4 species confirmed an increment of +20% on
treatment.

Total contents of PC(O), PC(P), PE, and PE(O) were
similar in HDL2 and HDL3 at baseline and on treatment
when expressed as nmol/mg TP (Table 4). By contrast,
statin-associated changes in total PE(P) species differed be-
tween HDL subfractions (see below).

PCOOH and PCOH formation: effect of statin treatment

Formation of PCOOH was expressed as % of initial PC
present, that is, as % PC content in nonoxidized lipopro-
tein mixtures (Fig. 1). Statin treatment did not, however,
modify the formation of individual PCOOH species de-
tected in samples of mixtures of oxidized total LDL (Fig.
1A), total LDL + HDL2 (Fig. 1B), and total LDL + HDL3
(Fig. 1C) isolated from plasmas at D180. Nonetheless, the
ratio of PCOOH formed to PC consumed was significantly
decreased in the PC 16:0/22:6 and PC 16:0/20:4 species
when total LDL were oxidized in the presence of statin-in-
duced HDL3 (—15%, P < 0.05; Fig. 2C). Diene formation
(insert, Fig. 2C), which is the sum of PCOOH and their
corresponding hydroxides, was unchanged in the presence
of pitavastatin-induced HDLS3, indicating that PCOOH
formed were more efficiently reduced to inactive PCOH in
the presence of statin-induced HDL3 as compared with the
corresponding HDL2 subfraction.

Plasmalogen content in native and oxidized total LDL,
HDL2, and HDL3: effect of statin treatment

Two plasmalogen molecular species(plasm)-22:6 and
(plasm)-20:4 containing DHA and arachidonic acid (AA),
respectively, at the sn-2 position, were identified in native
total LDL, native HDL2, and native HDL3 by HPLC, which
did not differentiate the PC(P) and PE(P) species. The
(plasm)-20:4 species (expressed as nmol of plasmalogen/
mg TP) were the most abundant molecular species in total
native LDL, native HDL2, and native HDL3 (data not
shown). While statin treatment did not significantly modify
total plasmalogen content in native LDL and in native
HDL2, nonetheless, there was a distinct trend for plasmalo-
gen 22:6 to decrease in LDL on treatment. HDL3 was dis-
tinct in that total plasmalogens increased (+18%; Table 5),
and in addition, the 20:4 species trended to increase (P <
0.055). Upon oxidation of lipoprotein fractions at base-
line and after statin treatment, <20% of total native plas-
malogen remained in total oxidized LDL (range 10-18%),
<25% in oxidized HDL2 (range 16-24%), and <40% in oxi-
dized HDL3 (range 15-37%). Absolute amounts of total
PC(P) and PE(P) species after oxidation in LDL were 7.0 +
4.0 and 8.3 = 1.7 nmol/mg TP at baseline and after statin
treatment, respectively; for HDL2, 12.9 + 1.7 and 9.4 + 1.3
nmol/mg TP, respectively; and for HDL3, 10.3 + 3.3
and 10.4 + 4.4 nmol/ mg TP, respectively. Clearly, major
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Fig. 1. Formation of PCOOH expressed as % initial PC in total

LDL (A), total LDL + HDL2 mixture (B), and total LDL + HDL3
mixture (C) before (D0) and after pitavastatin treatment for 180
days (D180).

plasmalogen species in LDL and HDL subfractions were
oxidatively degraded to a major degree under oxidative
conditions.

Overall, these HPLC-based findings are consistent with
those obtained in our MS analyses (Table 5), with the ex-
ception that individual PC-P and PE-P species were identi-
fied in all lipoprotein subfractions at DO and at D180.
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Indeed, both absolute levels and profiles of total PC-P +
PE-P(20:4) and PC-P + PE-P(22:6) at DO and at D180 in na-
tive LDL, HDL2, and HDL3 obtained by LC/MS closely
resembled those quantitated as total plasmalogen by HPLC
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above. When PC-P(20:4), PE-P(20:4), PC-P(22:6), and PE-
P(22:6) determined by MS were considered together, total
PC-P + PE-P was significantly increased poststatin in HDL3
(+18.3%, P< 0.05), whereas a lesser increment occurred in
HDL2 (+11.5%), and no net change in LDL. The signifi-
cant increment in PC-P + PE-P in HDL3 primarily reflected
an increase in total PE-P (+24.1%, P< 0.05) with lesser ele-
vation in total PC-P (+11.9%, NS). Similar but lesser, non-
significant trends were observed in HDL2 (PE-P, +18.0%
and PC-P, +4.4%, respectively). The significant statin-
induced elevation in total PE-P in HDL3 arose from incre-
ment in PE-P(20:4) (+26%, P< 0.05) and more specifically
from that of the PE-P(16:0-20:4) molecular species (34.8%,
P<0.05). Itis interesting to note that there was a trend to
similar but nonsignificant observations in HDL2. When
plasmalogen changes in LDL on treatment were compared
with those detected in HDL3, the differences were signifi-
cant for several species, that is, PC-P(16:0/20:4) (P<0.01),
total PC-P(20:4) (P<0.05), PE-P(16:0/22:6) (P<0.01), PE-
P(18:0/22:6) (P < 0.05), total PE-P(22:6) (P < 0.01), total
PE-P (P< 0.05), PC-P + PE-P(20:4) (P < 0.05), PC-P + PE-
P(22:6) (P< 0.01), and total plasmalogens (P < 0.05) (Ta-
ble 5). These findings substantiate the contention that
increments in PE-P and PC-P occurred preferentially in
HDL3 upon statin treatment.

As previously shown (32), we confirmed that the HDL
content of native apoAl and apoAll decreased and that of
oxidized forms of apoAl (apoAl + 16, apoAl + 32, apoAll +
16) increased in parallel with progression of AAPH-
induced oxidation of HDL2 + LDL and HDL3 + LDL
mixtures. These findings suggest that the formation of
specifically oxidized forms of apoAl and apoAll in HDL2
and HDL3 is directly related to reduction of PCOOH as
observed previously (32).

DISCUSSION

In the context of the CAPITAIN trial (14, 39), we pres-
ently evaluated the potential impact of statin treatment
on the capacity of HDL to inactivate proinflammatory
PCOOHs in mixed dyslipidemic, insulin-resistant subjects
in a manner relevant to the pathophysiology of atheroscle-
rotic vascular disease. Specifically, and for the first time to
our knowledge, we observed that statin treatment i) re-
duced the content of oxidizable, PUPC molecular species
containing DHA and linoleic acid (LA) in LDL; ) prefer-
entially increased the content of PC molecular species
containing AA in small, dense HDL3 relative to HDLZ2; i)
induced significant elevation in the content of antioxidant
PC and PE plasmalogens containing AA and DHA prefer-
entially in HDL3; and finally, /v) induced formation of
HDL3 particles with increased capacity to reduce PCOOH
to redox-inactive PCOH, thereby attenuating propagation
of lipid peroxidation and formation of potentially athero-
genic secondary oxidation products. Interestingly, minor
changes occurred in the absolute concentrations of HDL2
and HDL3 on treatment, but did not attain significance;
these findings contrast with those of Asztalos et al. (9) who



TABLE 5. Plasmalogen content determined by LC/MS in total native LDL, HDL2, and HDL3 from dyslipidemic MetS subjects (D0) and %
change from baseline (D0)“

LDL HDL2 HDL3 LDL vs HDL3
Plasmalogen Content
(nmol/mg TP) DO % Change DO % Change DO % Change RM-ANOVA % Change
PC-P(16:0/20:4) 4.6 +0.4 -3.9% 3.8+0.3 +1.9% 2.2+0.1 +13.3% 0.0091°
PC-P(18:0/20:4) 1.5+0.1 —5.6% 1.2+0.1 +12.5% 0.8+0.1 +8.7% 0.0616
Total PC-P(20:4) 1.5+0.1 -4.4% 1.2+0.1 +4.2% 0.8+0.1 +11.9% 0.0141"
PC-P(16:0/22:6) 0.6 +0.1 -9.0% 0.5+0.1 -3.1% 0.3+0 +2.3% 0.0626
PC-P(18:0/22:6) 02+0 +3.4% 02+0 -3.9% 0.1+0 +6.1% 0.672
Total PC-P(22:6) 1.5+0.1 -6.4% 1.2+0.1 -3.5% 0.8+0.1 +3.1% 0.0998
Total PC-P 17 1.1 -1.2% 10+0.8 +4.4% 6.1+0.3 +11.6% 0.059
PE-P(16:0/20:4) 2.3+0.3 +10.4% 1.7+0.2 +23.8% 1.1+0.1 +34.8%" 0.065
PE-P(18:0/20:4) 3+0.3 +12.0% 22+0.2 +25.7% 1.4+0.1 +20.7% 0.36
Total PE-P(20:4) 53+0.5 +10.2% 3.9+0.4 +23.6% 25+0.1 +26.0%" 0.103
PE-P(16:0/22:6) 1.5+0.2 -0.2% 1.1+0.1 +14.6% 0.7+0.1 +20.5% 0.009°
PE-P(18:0/22:6) 1.1+0.1 —-2.5% 0.8+0.1 +11.7% 05+0 +19.7% 0.019”
Total PE-P(22:6) 2.6+0.3 -1.7% 1.9+0.2 +12.9% 1.1+0.1 +19.4% 0.004°
Total PE-P 17+1.4 +6.1% 12+1.1 +18.0% 74+0.4 +241%" 0.028"
Total PC-P + PE-P(20:4) 11+1 +1.6% 89+0.8 +12.1% 5.5+0.3 +18.2% 0.025"
Total PC-P + PE-P(22:6) 3.4+0.3 -3.0% 2.6+0.3 +8.2% 1.6 +0.1 +14.7% 0.007°
Total PC-P + PE-P 34+25 +2.1% 22+ 1.8 +11.5% 13+£0.7 +18.3%" 0.027"

Values are expressed as means + SEM (n = 12). Data for baseline concentrations of individual PC(P) and PE(P) molecular species are presented

in Table 4, together with % change upon statin treatment.

“Percent change from baseline (D0) subsequent to pitavastatin (4 mg/day) treatment for 180 days (D180).

?0.01 < P< 0.05 vs. DO.
°0.001 < P< 0.01.

documented preferential increase in large CE-rich o-
migrating HDL particles by 2D electrophoresis in patients
treated with either atorvastatin, simvastatin, pravastatin,
lovastatin, or fluvastatin. The mechanistic basis for such
differences in HDL particle profile are indeterminate but
may derive from differences between statins on their im-
pact on direct pathways for secretion of HDL particles
from the intestine and liver (48). Interestingly, CE/TG ra-
tios in both HDL subfractions increased significantly on
pitavastatin treatment, consistent with marked reduction
in VLDL-TG levels and in plasma CETP activity (unpub-
lished observations). Critically, our experimental design
involved use of the same relative mass concentrations of
LDL and HDL subfractions (HDL2 and HDLS3) in vitro as
those in native plasmas of the MetS subjects pre- and post-
statin treatment.

The susceptibility of LDL particles to oxidative modifi-
cation has multiple, mutually interactive lipid and protein
determinants, including content of esterified PUFAs, vita-
min E, other small molecules with antioxidant activity,
sphingophospholipidome composition, and neutral core
lipid composition (29-32, 36, 42—44). Importantly, both
l-electron and 2-electron oxidants (lipophilic and hydro-
philic free radicals on the one hand and hypochlorite
and peroxynitrite on the other) contribute to LDL oxida-
tion in vivo (49). Thus, oxidized LDL contains multiple
products of free-radical-induced lipid peroxidation, and
notably, LOOHs, short-chain oxidized PLs and oxidized
sterols (49). HDL particles efficaciously inhibit the forma-
tion of such primary and secondary peroxidation prod-
ucts in LDL (50). Thus, while there is ample evidence for
the presence of oxidatively modified LDL in atheroscle-
rotic plaques in humans and in animal species (38), and
while both enzymatic and nonenzymatic mechanisms are
implicated in the underlying oxidative processes, HDL
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protects against the action of a wide spectrum of reactive
oxygen species (ROS) and attenuates LDL oxidation in
part by removal of seeding LOOH species (21, 22, 24, 26,
27, 82, 34, 51). Central to HDL-mediated antioxidative
activity is the direct reduction of LOOHs by methionine
residues of apoAl and apoAll, with conversion to residue-
specific methionine sulfoxides (apoAl + 16, apoAl + 32,
and apoAIl + 16) (21, 30-32). Such LOOHs have their ori-
gin in LDL; transfer to HDL occurs by aqueous diffu-
sion in the absence of CETP and is limited to PL-derived
LOOH (32).

Our experimental approach involved an in vitro model
of mild LDL oxidation resembling oxidative processes as
they occur in the arterial intima (38, 51). In this way, the
rate of formation of free radicals is constant and apoli-
poprotein oxidation is a secondary process mediated by
LOOH (32, 51). Furthermore purified HDL subfractions
(HDL2 or HDL3) were added to LDL in the in vitro oxida-
tion system prior to initiation of oxidation itself. Indeed,
we established earlier that HDL3 particles protect LDL
from oxidative free radical damage via apoAl-mediated re-
duction of PCOOH to the corresponding redox-inactive
PCOH (32). For this reason, we chose to measure the maxi-
mum formation of PCOOH and of CDs at the end of the
propagation phase in LDL + HDL mixtures at 6 h; the
pitavastatin molecule was absent from these oxidation sys-
tems in order to exclude any possible endogenous anti-
oxidative activity. It is noteworthy that pitavastatin is an
efficacious LDL lowering agent and was used here as a
model for the statin class (Table 2).

Multiple molecular mechanisms are implicated in the
observed enhancement of the PCOOH-inactivating capac-
ity of statin-induced HDL3, which were concomitant with
reduced content of oxidizable PUPC in statin-induced
LDL. Indeed, statin treatment favored a reduction (—10%
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to —18%) in LDL content of four diacyl species of PUPCs
(PC 16:0/18:2, PC 16:0/22:6, PC 18:0/18:2, and PC
18:0/22:6); this modification occurred, however, in the ab-
sence of change in % weight composition of LDL lipids
and protein (Table 2). This finding is not inconsistent with
our recent report that plasma enrichment of PC diacylglyc-
erol species containing AA is observed when lipid levels are
normalized to nonHDL-C in patients with mixed dyslipid-
emia and MetS (14).

In contrast to poststatin LDL, the preferential elevation
in PUPC (i.e., diacyl PCs 16:0/20:4 and 18:0/20:4) seen in
HDL3 can result from several mechanisms. One involves
reduction in oxidative PUPC degradation as a result of
statin-induced decrement in the production of ROS (52).
A second may arise from enhanced protection of HDL3-
PUPC against oxidative degradation due to elevated post-
statin content of plasmalogens in HDL3 (see below); these
lipids are highly effective antioxidants (33-37). Third,
pitavastatin has been shown to reduce endothelial lipase
(EL) activity by up to 15% (53); this enzyme exerts phos-
pholipase activity on HDL (54), and therefore, we cannot
exclude the possibility that statin-mediated inhibition of
EL might contribute to sparing of PUPC.

We recently reported a significant trend to normaliza-
tion of the abnormal plasma lipidome in insulin-resistant,
MetS subjects with a high TG/low HDL-C phenotype in the
CAPITAIN study and demonstrated a relative enrichment
of both the alkyl (ether-linked) PC and PE species as well as
of the alkenyl (vinyl ether-linked) species of PE and PC
(the latter corresponding specifically to plasmalogens)
after 4 mg/day pitavastatin during 26 weeks (14). The
present investigations, which focus on vinyl etherlinked
plasmalogen species, confirm these data and reveal that
statin-induced, small, dense HDL3 are preferentially and
significantly enriched in PC-P and PE-P containing AA and
DHA at the sn-2 position respectively (PC-P, +12%; PE-P,
+24%; PC-P + PE-P, +18%) as compared with LDL and
HDL2 in which lesser, nonsignificant changes were ob-
served; values were normalized to nonHDL-C in order to
assess these findings independently of change in baseline
plasma cholesterol levels (Table 5). Plasmalogens are
mainly classified into vinyl-ether choline plasmalogens
(PC-P) or ethanolamine plasmalogens (PE-P). The pre-
dominant plasmalogen species in plasma LDL, HDL2, and
HDL3 were previously shown to be PE-P containing AA
(20:4) and DHA (22:6) in the sn-2 position (14, 34, 35); in
this context, it is relevant that statin action may upregulate
the hepatic biosynthetic pathway from LA to AA, as sug-
gested earlier (14). Interestingly, total concentrations of
PC and PE alkyl ethers [PC(O) and PE(O)] resembled
those of the total plasmalogens across the three lipopro-
tein classes (Table 5). It is established that HDL contained
the majority (60%) of plasma PE-P, PE-P species contain-
ing 20:4 at the sn-2 position predominating as seen earlier
(34, 35). Their vinyl-ether bond, coupled with enrichment
in AA and DHA at the sn-2 position, endow plasmalogens
with unique biological functions in an environment of oxi-
dative stress, such as a reservoir for second messengers and
the ability to protect membrane lipids from oxidation by
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scavenging ROS via the vinyl-ether moiety (33-36). Plas-
malogens are consumed during this reaction, leading to
the conclusion that they spare the oxidation of unsaturated
esterified fatty acids in diacylglycerophospholipids such as
PC and PE (33, 35, 36, 55); our present experimental find-
ings confirm major loss of plasmalogens over the oxidation
time course. It was equally established that the oxidation
products of plasmalogens are unable to further propagate
lipid peroxidation (33, 35, 36).

Interestingly, evidence is emerging to link plasma plas-
malogen levels on the one hand, and plasma LOOH
concentrations on the other, to cardiovascular risk. Thus
HDL-PC plasmalogen levels are inversely associated with
both stable and acute coronary artery disease; concomi-
tantly, HDL antiapoptotic activity was defective (34). On
the other hand, plasma PCOOH levels are 2-fold elevated
in hyperlipidemic subjects relative to controls [330 nM vs.
160 nM (56) ]; interestingly, under our experimental con-
ditions, we observed a reduction of PCOOH formed after
oxidation in the LDL + HDL3 mixture of 58 nM, a value
suggestive of potential physiological/pathophysiological
relevance. Furthermore, elevated circulating LOOH levels
were predictive of nonfatal vascular events and procedures
in patients with stable CAD, independent of traditional risk
factors and inflammatory markers (57). Indeed, in hu-
mans, the ratio of oxidized PL/apoB has been shown to be
both a prognostic indicator and a separate risk factor for
coronary events (58). Abundant evidence equally attests to
the proinflammatory action of oxidized PLs at the arterial
wall, and indeed in vivo murine studies suggest that they
can be considered as triggers of the inflammatory dimen-
sion of atherosclerosis (59).

The statin-mediated mechanisms driving the elevation
of plasmalogens in both HDL2 and HDLS3, but preferen-
tially in HDL3, are open to speculation. A simple explana-
tion may derive from statin-mediated reduction in systemic
oxidative stress, prevalent in MetS (3, 23, 52). However, as
the major source of circulating plasmalogens in humans is
the liver, and as their synthesis is independent of that of
cholesterol, several additional mechanisms may contrib-
ute. The possibility that statins may upregulate the early,
rate-limiting stages of plasmalogen synthesis in hepatic per-
oxisomes via activation of PPARs cannot be excluded at this
time. Indeed, PPAR activation has been suggested to be an
integral component of the pleiotropic effects of statins
(60). Increased amounts of plasmalogens so formed could
then be secreted in hepatic VLDL particles, with sequestra-
tion to the HDL pool as components of surface fragments
released upon VLDL hydrolysis; this hypothesis is consis-
tent with the major reduction seen in plasma levels of
TGs as well as VLDL and apoCIII (unpublished observa-
tions) in the CAPITAIN study, which is indicative in part
of enhanced lipolytic degradation of VLDL upon statin
treatment. Direct hepatic and/or intestinal secretion of
plasmalogen-enriched small HDL may equally contribute
to our finding.

It is relevant that the impact of a lower SM/PC ratio ob-
served in statin-induced HDL3 as compared with HDL2
(unpublished observations) may favor enhanced activity of



HDL3 as an acceptor of redox-active PCOOH from LDL,
given that SM is known to rigidify the HDL surface lipid
monolayer (18, 20, 21, 27, 32). Indeed, an elevated SM/PC
ratio and a decreased PUFA content can augment HDL sur-
face rigidity, thereby decreasing HDL antioxidative func-
tionality (18, 20, 21, 27, 32). Diacyl PC containing 16:0/20:4
and 18:0/20:4 were increased in HDL3 compared with
HDL2, consistent with a higher fluidity of HDL3. Further-
more, we previously reported that HDL3 are enriched in
phosphatidylserine (PS) compared with HDL2, thereby im-
proving the interaction of apoAl with oxidized PC (18).
Modification of surface lipid architecture involving a lower
SM/PC ratio and PS enrichment in HDL3 may confer a
conformational change on apoAl in HDL3, leading poten-
tially to an elevated capacity of statin-induced HDL3 to ac-
cept and inactivate redox-active PCOOH (18, 32). The
superior degree of normalization of the CE/TG core ratio
in HDL3 vs HDL2 on statin treatment, reflecting attenuated
CETP activity due to concomitant reduction in apoB-con-
taining particle acceptors for HDL CEs, may enhance this
effect (Table 2); our suggestion is consistent with earlier
studies indicating that the antioxidative function of HDL3
particles is systematically superior to that of HDL2 on a per
particle basis (18, 19, 32).

Several conclusions are in order. Thus, pitavastatin treat-
ment of MetS subjects displaying an atherogenic mixed
dyslipidemia resulted in ¢) formation of LDL with attenu-
ated oxidability due to reduction in PUPC content, ) pref-
erential elevation in the capacity of HDL3 relative to HDL2
to inactivate LDL-derived PCOOH with production of
PCOH and termination of the propagation of lipid oxida-
tion, and ) an elevation in antioxidant plasmalogen con-
tent. Overall then, the statin-mediated increment in HDL3
lipidome, and specifically its plasmalogen content, can be
considered to be intimately linked to its enhanced capacity
to reduce proinflammatory and potentially proatherogenic
PCOOH to inactive PCOHs. These findings subscribe then
to a potential anti-inflammatory effect of statin treatment,
which by virtue of a reduction in circulating levels of oxi-
dized PLs may be atheroprotective.

LIMITATIONS AND FUTURE RESEARCH

Limitations in these studies concern the lack of a statin
comparator (14, 39). To what degree the effects observed
on the structure, composition, and antioxidative activity of
HDL2 and HDL3 might be distinct for pitavastatin as com-
pared with other members of the class of elevated efficacy
is indeterminate. Nonetheless, it is relevant that pitavas-
tatin has been reported to enhance the biological activities
of HDL in dyslipidemic subjects, as indicated by increase in
cellular cholesterol efflux activity and antioxidant activity
(as paraoxonase) of HDL (approximately +10% vs. base-
line) (61).

Our experimental findings provoke new working hy-
potheses surrounding the atheroprotective action of
statins, which reach well beyond reduction of plasma cho-
lesterol and triacylglycerol levels. Indeed it is plausible

Statin action enhances the antioxidative function of HDL3

that statin-induced, plasmalogen-enriched HDL contrib-
ute to attenuation of atherosclerotic vascular disease via
enhancement of their capacity to reduce PCOOH, with
reduction of the formation of proatherogenic secondary
oxidation products. Evidence is equally available for a role
of plasmalogens in the antiapoptotic activity of HDL (34).
Could upregulation of plasmalogen synthesis therefore rep-
resent a therapeutic target to attenuate PCOOH-induced
inflammation of the vasculature in subjects presenting
with dyslipidemia, premature atherosclerosis, and con-
comitant oxidative stress? The interface of statin action
with plasmalogen and plasma lipoprotein metabolism
clearly merits future research focus.

Finally, the clinical significance of our findings in this
exploratory study now requires further evaluation in a long
term, placebo-controlled intervention study designed to
evaluate the potential contribution of HDL biological ac-
tivities to reduction in cardiovascular risk B
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