
This article is available online at http://www.jlr.org Journal of Lipid Research Volume 56, 2015 2381

Copyright © 2015 by the American Society for Biochemistry and Molecular Biology, Inc.

the abnormal plasma lipidome of MetS patients typical of 
prediabetes and T2D.  —Meikle, P. J., G. Wong, R. Tan, 
P. Giral, P. Robillard, A. Orsoni, N. Hounslow, D. J. Magliano, 
J. Shaw, J. E. Curran, J. Blangero, B. A. Kingwell, and M. J. 
Chapman.  Statin action favors normalization of the plasma 
lipidome in the atherogenic mixed dyslipidemia of MetS: 
potential relevance to statin-associated dysglycemia.  J. Lipid 
Res.  2015.  56:  2381–2392.   

 Supplementary key words lipidomics • obesity • plasmalogens • cho-
lesterol • omega-3 fatty acids • pitavastatin • metabolic syndrome 

 The HMG-CoA reductase inhibitors, or statins, act to 
stabilize vulnerable lipid-rich atherosclerotic plaques and 
to reduce cardiovascular morbidity and mortality as a con-
sequence of their marked lowering of circulating levels of 
atherogenic apoB-containing lipoproteins, and notably of 
LDL-cholesterol (LDL-C) ( 1–3 ). Moreover, statin therapy 
is well tolerated, with a low incidence of associated adverse 
events ( 1, 2, 4 ). Nonetheless, adverse effects are of clinical 
signifi cance; among such effects is a potential increased 
risk of development of new-onset T2D over the long term 
( 5 ). Importantly, post hoc analyses of the Treating to New 
Targets (TNT), IDEAL, and JUPITER trials indicate that 
subjects with preexisting risk factors for development of 
T2D, such as hyperglycemia, hypertriglyceridemia, hyper-
tension, and elevated BMI, are more susceptible to statin-
induced T2D than those without, thereby suggesting a 

       Abstract   The impact of statin treatment on the abnormal 
plasma lipidome of mixed dyslipidemic patients with meta-
bolic syndrome (MetS), a group at increased risk of developing 
diabetes, was evaluated. Insulin-resistant hypertriglyceride-
mic hypertensive obese males (n = 12) displaying MetS were 
treated with pitavastatin (4 mg/day) for 180 days; healthy 
normolipidemic age-matched nonobese males (n = 12) 
acted as controls. Statin treatment substantially normalized 
triglyceride ( � 41%), remnant cholesterol ( � 55%), and LDL-
cholesterol ( � 39%), with minor effect on HDL-cholesterol 
(+4%). Lipidomic analysis, normalized to nonHDL-cholesterol 
in order to probe statin-induced differences in molecular 
composition independently of reduction in plasma choles-
terol, revealed increment in 132 of 138 lipid species that 
were subnormal at baseline and signifi cantly shifted toward 
the control group on statin treatment. Increment in alkyl- 
and alkenylphospholipids (plasmalogens) was prominent, 
and consistent with signifi cant statin-induced increase in 
plasma polyunsaturated fatty acid levels. Comparison of the 
statin-mediated lipidomic changes in MetS with the abnor-
mal plasma lipidomic profi le characteristic of prediabetes 
and T2D in the Australian Diabetes, Obesity, and Lifestyle 
Study and San Antonio Family Heart Study cohorts by hy-
pergeometric analysis revealed a signifi cant shift toward the 
lipid profi le of controls, indicative of a marked trend to-
ward a normolipidemic phenotype.   Pitavastatin attenuated 
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modulation of biologically active plasma lipids relevant to 
the pathogenesis of diabetes. In the CAPITAIN trial, an 
open label study, we evaluated this hypothesis through 
analysis of the plasma lipidome in male patients with the 
above phenotype at baseline and after pitavastatin (4 mg/
day) treatment for a period of 6 months; subjects acted as 
their own controls. Modifi cations in the plasma lipidome 
resulting from statin therapy were then compared with the 
corresponding profi les associated with T2D in two large 
cohorts, i.e., the Australian Diabetes, Obesity, and Life-
style Study (AusDiab) and the San Antonio Family Heart 
Study (SAFHS) cohorts ( 17 ). In this way, we evaluated the 
degree to which the plasma concentrations of key bioac-
tive lipids associated with diabetes in dyslipidemic MetS 
patients were modifi ed, either toward the lipidomic pro-
fi le of control nondiabetic nondyslipidemic subjects, or 
in contrast, toward the diabetic lipidomic profi le by statin 
treatment. 

 MATERIALS AND METHODS 

 The CAPITAIN trial 
 The CAPITAIN trial was an open label study of the chronic 

and acute effects of pitavastatin on monocyte phenotype, endo-
thelial dysfunction, and HDL atheroprotective function in sub-
jects with MetS. 

 Patient cohort 
 The CAPITAIN study (ClinicalTrials.gov: NCT01595828) ( 23 ) 

was monocentric and recruited 12 Caucasian male subjects aged 
30–65 years (mean age 50 ± 3 years) who were nonsmokers for at 
least 12 months and who had smoked less than 25 cigarettes per 
day on a regular basis, with plasma LDL-C of 130–190 mg/dl 
(3.4–4.9 mmol/l) and a diagnosis of MetS according to strict IDF 
criteria ( 7 ). All subjects displayed atherogenic mixed dyslipid-
emia with plasma triglycerides >150 mg/dl (1.7 mmol/l) (see 
 Fig. 1 ); participants were required to have central obesity (de-
fi ned as a waist circumference  � 94 cm), plus any two of:  i ) tri-
glycerides  � 1.7 mmol/l, HDL-C <1.0 mmol/l;  ii ) controlled 
hypertension [systolic blood pressure (SBP)  � 130 mmHg or dia-
stolic blood pressure  � 85 mmHg] or treatment for previously 
diagnosed hypertension with a calcium channel blocker who did 
not require treatment with a diuretic,  � -blocker, angiotensin con-
verting enzyme inhibitor, or angiotensin II receptor blocker; 
and/or  iii ) fasting plasma glucose (FPG)  � 5.6 mmol/l. Plasma 
samples from overnight-fasted healthy control male subjects 
(n = 12) were retrieved from the Baker IDI biobank; these non-
obese subjects were consuming a Western-type diet   commensurate 
with their BMI (mean 23.1 ± 2.5 kg/m 2   ). Equally, these subjects 
were matched for age (49 ± 11 years), but were not hypertensive 
(SBP = 119 ± 10 mmHg), hyperglycemic (FPG   = 5.0 ± 0.7 mmol/l), 
or dyslipidemic ( Table 1 ); furthermore, they had no history of 
cardiovascular disease or T2D. 

 The plasma lipid profi les of the participants and control sub-
jects are summarized in  Table 1 . Detailed baseline parameters of 
glucose homeostasis and insulin resistance in participants in the 
CAPITAIN trial were reported earlier ( 23 ). Key exclusion criteria 
were fasting triglyceride levels >400 mg/dl (4.5 mmol/l), LDL-C 
>190 mg/dl (4.9 mmol/l), and excessive obesity defi ned as BMI 
>35 kg/m 2 . A detailed listing of exclusion criteria is given in the 
supplementary data. 

predisposition ( 5, 6 ). Each of these risk factors is a compo-
nent of the cluster characteristic of the metabolic syndrome 
(MetS), a prediabetic state characterized by elevated car-
diovascular risk ( 7 ); atherogenic mixed dyslipidemia, 
characterized by elevated levels of triglyceride-rich lipo-
proteins and subnormal concentrations of HDL-cholesterol 
(HDL-C), contributes signifi cantly to such risk ( 8, 9 ). Fur-
thermore, the recent fi ndings in the population-based 
Metabolic Syndrome in Men (METSIM) cohort revealed 
that statin-treated subjects encountered a 46% increased 
risk of T2D; two mechanisms were principally involved, 
i.e., decrease in both insulin sensitivity and secretion ( 10 ). 
In addition, inhibition of the target enzyme, HMG-CoA 
reductase, may equally impact the putative actions of statins 
on glucose homeostasis by indirect mechanisms ( 11 ). 

 The potential dysglycemic effect of statins, based on 
available evidence, appears to represent a class effect, al-
though individual statins at different doses were found to 
display differing potential to increase the incidence of T2D 
in recent meta-analyses ( 12–15 ). The cholesterol-lowering 
effect of statins is exerted via the inhibition of cholesterol 
biosynthesis, principally in the liver, with upregulation of 
LDL receptors; enhanced catabolism of LDL and other 
apoB-containing lipoproteins ensues, with a decrease in 
their plasma levels ( 3 ). Reduction in atherogenic particles 
is equally associated with changes in lipoprotein composi-
tion, some of which result from a decrease in CETP activity 
( 16 ). As 95% or more of plasma lipids are transported in 
lipoproteins, which facilitate exchange and net transfer of 
lipids with cells of the circulation, tissues, and organs, then 
the complement of individual lipid molecular species in 
plasma, i.e., the lipidome, has the potential to refl ect 
chronic disorders of lipid metabolism, such as those impli-
cated in prediabetes and T2D. 

 Comparison of the plasma lipidome in large cohorts of 
healthy, prediabetic, and T2D individuals displaying mixed 
dyslipidemia with those of normal glucose-tolerant nor-
molipidemic subjects by mass spectrometric analysis has 
identifi ed signifi cant associations between specifi c plasma 
lipid classes and insulin-resistant states, i.e., prediabetes 
and T2D ( 17, 18 ). Circulating levels of ceramide, phos-
phatidylinositol, phosphatidylethanolamine, and phos-
phatidylglycerol were positively associated with prediabetes 
and T2D after adjustment for age, sex, and obesity, while 
alkyl- and alkenylphosphatidylcholines (i.e., plasmalogens) 
were negatively associated ( 17 ). Several of these lipid classes 
have been mechanistically linked to the development of 
insulin resistance, oxidative stress, and infl ammation, thereby 
providing new insight into the mechanisms underlying the 
perturbed lipid metabolism associated not only with pre-
diabetic and diabetic states, but also with atherosclerotic 
coronary disease ( 17–22 ). Indeed, such perturbed lipid 
metabolism in insulin-resistant states is typically mani-
fested as a mixed dyslipidemia, and may indeed be causal 
in the development of insulin resistance ( 9 ). 

 We hypothesize that statin treatment may impact the 
risk of development of T2D in patients with atherogenic 
mixed dyslipidemia and MetS [defi ned according to strict 
International Diabetes Federation (IDF) criteria] through 
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1200 liquid chromatography system combined with an Applied 
Biosystems API 4000 Q/TRAP mass spectrometer with a turbo-
ionspray source (350°C) and Analyst 1.5 data system. Lipid species 
(330 in total) from the following lipid classes and subclasses were 
analyzed: dihydroceramide (dhCer), ceramide (Cer), monohex-
osylceramide (MHC), dihexosylceramide (DHC), trihexosylcer-
mide (THC), G M3  ganglioside (GM3), SM, phosphatidylcholine 
(PC), alkylphosphatidylcholine [PC(O)], alkenylphosphatidyl-
choline [plasmalogen, PC(P)], lysophosphatidylcholine (LPC), 
lysoalkylphosphatidylcholine [lysoplatelet activating factor, 
LPC(O)], phosphatidylethanolamine (PE), phosphatidylinositol 
(PI), phosphatidylserine (PS), phosphatidylglycerol (PG), cho-
lesteryl ester (CE), free cholesterol (COH), diacylglycerol (DG), 
and triacylglycerol (TG) ( Table 2 , supplementary Table 1) ( 26 ). 
The abbreviations shown above are only used when referring to 
individual lipid species, as in LPC 22:6, which defi ne a lysophos-
phatidylcholine with a fatty acid containing 22 carbons and six 
double bonds. For a number of the lipids which contain two fatty 
acid chains, the mass spectrometry-based measurements here do 
not directly determine the constituent fatty acids; rather the sum 
of the number of carbons and the sum of the number of double 
bonds across both fatty acids is determined. Accordingly, we de-
note these species by the combined length and number of dou-
ble bonds, e.g., PC 36:4. 

 Relative amounts of each molecular lipid species were calcu-
lated by expressing the peak area of each species relative to the 
peak area of the corresponding stable isotope or nonphysiologi-
cal internal standard, as described previously ( 26 ). Concentra-
tions of total lipid classes were calculated from the sum of the 
individual lipid species within each class. The methodology, in-
strumentation, and internal standards used were identical to our 
previous studies to characterize the associations between plasma 
lipids and T2D ( 17 ). 

 Whole plasma was analyzed in triplicate and the mean values 
of each triplicate subsequently used for statistical analysis. Assay 
performance was monitored by calculating the coeffi cient of vari-
ation (percent) of the quality control plasma samples across the 
entire analytical run. Across the 330 lipid species, the precision of 
the extraction and analytical process had a median coeffi cient of 
variation of 7.0% and an interquartile range of 5.0–10.8%. 

 Statistical analysis 
 Plasma lipid concentrations were analyzed either directly or 

after normalization to nonHDL-C (defi ned as total cholesterol 
minus HDL-C). Mean percent differences between groups [con-
trol, MetS pretreatment (D0), and MetS posttreatment (D180)] 
were calculated and signifi cance determined using Student’s 
 t -test.  P  values were corrected for multiple comparisons using the 
Benjamini-Hochberg method. 

 In order to assess the effect of pitavastatin on the diabetogenic 
lipid profi le (i.e., those lipids previously established to be associ-
ated with incident T2D) at baseline in CAPITAIN, we aligned 
those lipids that were signifi cantly modifi ed following pitavas-
tatin treatment with the lipids signifi cantly associated with T2D 
( 17 ). These associations were previously determined in a subset 
of the AusDiab study (n = 351) ( 27 ) and had been validated in 
the larger SAFHS (n = 1,076) ( 28 ). It is noteworthy that plasma 
samples were taken in the overnight-fasted state in AusDiab par-
ticipants, who were consuming Western-type diets commensu-
rate with their BMI values (median 27.9, range 25.5–30.7) ( 17 ). 

 To align the analytical methodologies between studies, lipid 
concentrations in both the diabetic cohort studies and in the 
CAPITAIN study were normalized to nonHDL-C and the associa-
tions with T2D in the AusDiab study and SAFHS were recalcu-
lated. Normalization to nonHDL-C adjusted for the major effect 
of pitavastatin in reducing atherogenic cholesterol levels and 

 Study design 
 All participants in the CAPITAIN trial underwent screening 

within 3 weeks of inclusion and study drug administration. Par-
ticipants were treated with pitavastatin (4 mg/day) for 180 days; 
with the exception of study visits, the study drug was taken in the 
morning between 7:00 and 10:00 AM. To initiate the protocol, 
each subject was admitted to the Clinical Unit at approximately 
6:00 PM on day  � 2, and remained until baseline blood collection 
in the overnight fasting state on day 1. Thus, all subjects re-
mained for 36 h in the Clinical Unit before blood sampling in 
order to ensure abstinence from alcohol, coffee, tea, or sugared 
beverages; meals consumed on day  � 2 and on day  � 1 prior to 
collection of the pretreatment (D0) blood sample were mixed 
meals consisting of 30–35% fat, 50–55% carbohydrate, and ap-
proximately 15% protein. Strenuous physical exercise was not al-
lowed during the stay in the Clinical Unit. Subjects took the study 
medication at the end of the visit. All subjects were counseled by 
a dietician to abstain from alcohol, coffee, tea, or sugared bever-
ages, or any beverages containing methylxanthines (theophyl-
line, caffeine, or theobromine) during the 48 h preceding this 
and subsequent visits. Furthermore, subjects were requested to 
limit, as much as possible, the consumption of all of the former 
beverages throughout the study duration. The consumption of 
starfruit, grapefruit, or grapefruit juice was not allowed starting 
from 1 week before dosing until discharge at the fi nal visit. Oth-
erwise, overall dietary intake was not modifi ed during the study. 
Subjects returned to the Clinical Unit on days 7, 30, 42, and 120 
for compliance (drug intake was monitored with individual diary 
cards and by pill counts) and safety assessments; the investigator 
checked on the well-being of all subjects prior to discharge at 
each visit. At the end of each visit, the participant took the study 
medication. Finally, subjects returned to the Clinical Unit on day 
180 (±7 days) in the morning, having fasted for at least 12 h, for 
blood sample collection and compliance and safety assessments. 
The last meal taken before the study visit corresponded to a 
mixed meal, as described above and as counseled by the dietician. 
Blood samples were withdrawn in the Clinical Unit by venipunc-
ture from the cubital vein into precooled (4°C) EDTA-containing 
tubes (fi nal concentration 1 mg/ml) at pretreatment (D0) and 
posttreatment (D180) time points; plasma was separated by cen-
trifugation at 1,700  g  for 15 min at 4°C, and was stored at  � 80°C 
after the addition of 0.05% sucrose. Plasma samples were ali-
quoted and frozen at  � 80°C within 2 h of blood collection; earlier 
studies have documented the absence of lipid- or protein-derived 
oxidation products in the component lipoproteins of such sam-
ples ( 24, 25 ). 

 All participants gave written informed consent after the pur-
pose and nature of the investigation had been explained to them. 
The study was approved by the Institutional Review Boards or 
Ethics Committees of the participating centers and was con-
ducted according to the principles of the Declaration of Helsinki 
(2013). 

 Sample preparation and lipid extraction 
 The order of the plasma samples was randomized prior to 

lipid extraction and analysis. Whole plasma samples were ana-
lyzed in triplicate and the average values taken for subsequent 
statistical analyses. Quality control plasma samples were included 
at a ratio of 1:12. Total lipid extraction from a 10  � l aliquot of 
plasma was performed by a single phase chloroform:methanol 
(2:1) extraction, as described previously ( 26 ). 

 Lipidomic analysis 
 Lipid analysis was performed by liquid chromatography-

electrospray ionization-tandem mass spectrometry using an Agilent 
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Consistent with inclusion criteria for MetS, CAPITAIN 
subjects displayed a higher BMI (31.7 ± 1.6 kg/m 2  vs. 23.1 ± 
2.5 kg/m 2 ,  P  = 1.2 × 10  � 9 ), together with elevated SBP 
(131 ± 11 mmHg vs. 119 ± 10 mmHg,  P  = 8.2 × 10  � 3 ) and 
FPG (94.7 ± 7.2 mg/dl vs. 84.7 ± 12.6 mg/dl; 5.2 ± 0.4 
mmol/l vs. 5.0 ± 0.7 mmol/l, nonsignifi cant) relative to 
controls. As previously reported, this group had a homeo-
stasis model of insulin resistance (HOMA-IR) score of 2.7 ± 
1.7 (standard deviation) ( 23 ), placing them as a group in 
the insulin-resistant range   ( 30 ). Baseline low levels of systemic 
infl ammation, as determined by high-sensitivity C-reactive 
protein (1.6 ± 0.2 mg/l), did not change on statin treatment  . 

 Effect of statin treatment on the plasma lipid profi le 
 LDL-C, nonHDL-C, and remnant cholesterol levels (cal-

culated as total plasma cholesterol  �  LDL-C  �  HDL-C, 
and corresponding primarily to the cholesterol content of 
triglyceride-rich VLDLs and their remnants in the fasting 
state) were markedly reduced by pitavastatin treatment 
[ � 39% ( P  = 1.6 × 10  � 5 ),  � 37% ( P  = 6.0 × 10  � 4 ), and  � 38% 
( P  = 2.7 × 10  � 4 ), respectively], such that on-treatment lev-
els did not differ signifi cantly from controls; while triglyc-
eride levels decreased markedly ( � 38%,  P  = 2.5 × 10  � 4 ), 
they remained signifi cantly higher than controls (123.0 
mg/dl, 1.39 mmol/l vs. 75.2 mg/dl, 0.85 mmol/l). Levels 
of HDL-C showed a nonsignifi cant elevation of 4% on 
treatment ( Table 1 ). Variable, small increments in HDL-
C levels are typical for other members of the statin class, 
although such effects appear to be unrelated to reduc-
tions in nonHDL-C and are largely statin- and dose-
dependent ( 31 ). apoE genotypes were primarily E3/E3 
(n = 9), while two subjects were E3/E4 heterozygotes and 
one E2/E3. 

 Finally, no signifi cant changes from baseline in HbA1c, 
insulin, HOMA-IR, and the quantitative insulin sensitivity 
check index (QUICKI) were observed in CAPITAIN sub-
jects at D180, although a trend to a decrease in both insu-
lin levels and HOMA-IR was observed on statin treatment 
(mean baseline insulin at D0, 70.1 pmol/l vs. 55.9 pmol/l 
at D180; HOMA-IR, mean baseline 2.7 vs. 2.2 at D180). A 
minor, but signifi cant, increase in FPG (3.8%;  P  < 0.04) at 
D180 compared with the D0 baseline level (5.38 mmol/l vs. 
5.17 mmol/l) was however noted ( Table 1 ), as reported 

allowed us to assess modifi cations in the plasma lipidome that 
were independent of the primary change in nonHDL-C. Hyper-
geometric tests were applied to assess the signifi cance of the over-
lap (i.e., similarity) between the set of lipids negatively associated 
with T2D/prediabetes with the lipid set which was positively reg-
ulated by pitavastatin treatment (a potential anti-diabetogenic 
effect). The signifi cance of the overlap between the set of lipids 
positively associated with T2D/prediabetes and the lipid set 
which was positively regulated by pitavastatin treatment (a poten-
tial pro-diabetogenic effect) was equally determined. 

 Network analysis was performed to identify clusters of corre-
lated lipid species that were signifi cantly associated with T2D in 
the AusDiab study. The change in these lipids resulting from 
pitavastatin treatment in the CAPITAIN study was then deter-
mined. Pearson’s linear correlation was computed between pairs 
of lipids based on all subjects from the AusDiab cohort. Edges 
were defi ned if the correlation between node pairs (lipids) was 
statistically signifi cant (Benjamini-Hochberg corrected  P  value 
 � 0.05). Subsequent correlation analyses of the changes induced 
by pitavastatin treatment were also mapped onto the network to 
identify responses to pitavastatin treatment that were associated 
with T2D. 

 RESULTS 

 Anthropometric, blood pressure, plasma lipid, and 
glucose values in MetS versus control subjects 

 The MetS group, composed of 12 phenotyped Cauca-
sian adult males, was hypertriglyceridemic (baseline triac-
ylglycerol level, 216 mg/dl, 2.4 mmol/l; as compared with 
75 mg/dl, 0.85 mmol/l in the control group;  P  = 3.8 × 10  � 8  
vs. controls) and exhibited a signifi cantly lower HDL-C 
concentration (46.3 mg/dl, 1.19 mmol/l) relative to the 
control group (56.8 mg/dl, 1.46 mmol/l;  P  = 1.7 × 10  � 3 ). 
Interestingly, our previous study in MetS subjects (n = 10) 
revealed a similar mean baseline HDL-C level of 47 mg/dl, 
which was again signifi cantly lower than that of the control 
group (57 mg/dl) ( 29 ). Clearly then, HDL-C levels in our 
MetS cohort were subnormal, but superior to the cutoff 
value of 40 mg/dl (1 mmol/l) proposed by IDF for males 
with MetS. Plasma total cholesterol ( P  = 6.5 × 10  � 3 ), LDL-C 
( P  = 1.2 × 10  � 4 ), and nonHDL-C ( P  = 1.0 × 10  � 3 ) levels 
were higher in the MetS group relative to control sub-
jects, indicative of their hypercholesterolemia (  Table 1  ).  

 TABLE 1. Characteristics of dyslipidemic male participants with MetS and of the effect of statin treatment for 180 days in the CAPITAIN study 
compared with the healthy control male group          

Characteristic Healthy Control    a  Baseline (D0)  a  Follow-up (D180)  a  
 P  [Baseline (D0) vs. 
Healthy Control]  b  

 P  [Follow-up (D180) vs. 
Healthy Control]  b  

 P  [Follow-up (D180) vs. 
Baseline (D0)]  c  

Age 49 ± 11 50 ± 12 50 ± 12 n.s  . n.s. n.s.
BMI (kg/m 2 ) 23.1 ± 2.5 31.7 ± 1.6 31.8 ± 2.2  1.17E-09  7.35E-09 n.s.
FPG (mmol/l) 4.96 ± 0.7 5.17 ± 0.4 5.38 ± 0.46 n.s.  3.86E-02 n.s.
HOMA-IR n.d. 2.7 ± 1.7 2.2 ± 0.9  — — n.s.
Cholesterol (mmol/l  ) 4.44 ± 0.88 6.01 ± 1.57 4.18 ± 0.51  6.51E-03 n.s.  3.98E-04 
HDL-C (mmol/l) 1.46 ± 0.24 1.2 ± 0.25 1.25 ± 0.32  1.73E-02 n.s. n.s.
NonHDL-C (mmol/l) 2.98 ± 0.89 4.81 ± 1.41 2.94 ± 0.4  1.02E-03 n.s.  5.98E-04 
LDL-C (mmol/l) 2.60 ± 0.84 3.96 ± 0.55 2.48 ± 0.52  1.18E-04 n.s.  1.56E-05 
Triglyceride (mmol/l) 0.85 ± 0.25 2.24 ± 0.53 1.39 ± 0.32  3.79E-08  1.47E-04  2.45E-04 

  a   Values represent mean ± standard deviation. n.d., not determined.
  b P  values determined from unpaired Student’s  t -test. Bold indicates signifi cant values. n.s., not signifi cant.
  c P  values determined from paired Student’s  t -test.
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concentrations of alkenylphosphatidylcholine and the 
alkyl- and alkenylphosphatidylethanolamines were not, 
however, signifi cantly altered ( Table 2 ). Levels of dihydro-
ceramide, which were elevated in MetS as compared with 
controls, were no longer different to the control group fol-
lowing statin treatment. By contrast, several lipid classes 
whose levels were lower than controls at baseline were 
further decreased upon statin therapy, including GM3 
gangliosides, alkylphosphatidylcholines, lysophosphatidyl-
cholines, and lysoalkenylphosphatidylcholines. Importantly, 
these analyses do not reveal the more subtle differences 
in lipoprotein composition or the changes in the relative 
concentration of lipid molecular species resulting from 
pitavastatin treatment. 

 In order to assess these fi ndings independently of base-
line plasma cholesterol levels and changes in those levels, 
we normalized each lipid class, subclass, and species to 
nonHDL-C, and then calculated the percent difference 
between MetS pretreatment (D0) and controls, between 
posttreatment (D180) and pretreatment (D0) in the MetS 
group, and between posttreatment (D180) and controls 
(  Table 3  , supplementary Table 1).  These analyses ( Table 3 ) 
revealed signifi cantly higher diacylglycerol (147%,  P  = 
2.1 × 10  � 5 ) and triacylglycerol (100%,  P  = 3.7 × 10  � 5 ) relative 
to nonHDL-C in MetS pretreatment (D0) in CAPITAIN 
relative to controls, consistent with the hypertriglyceridemia 

earlier ( 23 ). Such effects were independent of the effi cacy 
of pitavastatin in reducing atherogenic lipid levels. 

 Comparison of plasma lipidomic profi les in control and 
MetS subjects and impact of statin treatment 

 As expected, the plasma lipidome of the MetS group at 
baseline displayed signifi cantly higher absolute levels of 
cholesteryl esters (29%,  P  = 6.0 × 10  � 3 ), diacyl- and triacyl-
glycerols (227%,  P  = 2.5 × 10  � 5  and 171%,  P  = 2.5 × 10  � 5 , 
respectively) in addition to phosphatidylglycerol (67%, 
 P  = 8.1 × 10  � 3 ;   Table 2  ) relative to the control group.  By 
contrast, the MetS group had signifi cantly lower baseline 
levels of lysophosphatidylcholine ( � 17.6%,  P  = 3.4 × 10  � 2 ), 
alkenylphosphatidylcholine (plasmalogen,  � 27.8%,  P  = 
6.7 × 10  � 3 ), as well as alkylphosphatidylethanolamine 
( � 30.5%,  P  = 3.4 × 10  � 2 ) and alkenylphosphatidylethanol-
amine ( � 30.5%,  P  = 2.2 × 10  � 2 ). 

 At 180 days of pitavastatin treatment, signifi cant reduc-
tions in the baseline elevated plasma levels of cholesteryl 
esters, diacyl- and triacylglycerols, phosphatidylglycerol, 
phosphatidylethanolamine, and lysophosphatidylcholine 
toward concentrations in the control group were observed 
( � 23,  � 42,  � 37,  � 36,  � 22, and  � 19%, respectively,  P  < 
0.05 for all). Clearly, elevated levels of the major lipid 
classes observed in MetS subjects at pretreatment (D0) 
were markedly reduced following statin treatment. Plasma 

 TABLE 2. Differences between absolute plasma levels of lipid classes in control subjects, MetS subjects at pretreatment baseline (D0), and MetS 
subjects post-pitavastatin treatment (D180)         

Lipid Class
Relative 

Concentration ( � M)  a   

MetS Pretreatment 
(D0) versus Control

MetS Posttreatment 
(D180) versus MetS 
Pretreatment (D0)

MetS Posttreatment 
(D180) versus Control

Mean Percent 
Difference  b   P c  

Mean Percent 
Difference  d   P c  

Mean Percent 
Difference  e   P c  

Dihydroceramide 0.68 15.7 1.59E-01  � 17.2  1.84E-03  � 4.3 7.75E-01
Ceramide 5.0 4.3 7.63E-01  � 17.4  1.88E-03  � 13.8 2.09E-01
Monohexosylceramide 7.5  � 4.4 7.63E-01  � 30.3  1.15E-04  � 33.4  1.09E-03 
Dihexosylceramide 5.8  � 11.2 1.13E-01  � 25.2  4.65E-05  � 33.6  1.77E-05 
Trihexosylceramide 1.8  � 17.2 5.59E-02  � 24.4  1.19E-04  � 37.4  1.26E-04 
GM3 ganglioside 3.0  � 13.6 6.57E-02  � 22.3  1.35E-05  � 32.8  1.26E-04 
Sphingomyelin 322  � 0.2 9.77E-01  � 18.5  1.22E-04  � 18.6  8.85E-03 
Phosphatidylcholine 1471  � 0.9 9.05E-01  � 14.7  2.03E-03  � 15.4  2.82E-03 
Alkylphosphatidylcholine 54  � 14.4 1.59E-01  � 11.5  4.14E-02  � 24.2  8.35E-03 
Alkenylphosphatidylcholine 33  � 27.8  6.65E-03  � 11.5 6.73E-02  � 36.1  1.38E-04 
Lysophosphatidylcholine 194  � 17.6  3.42E-02  � 19.2  6.81E-03  � 33.4  1.26E-04 
Lysoalkylphosphatidylcholine 1.1  � 18.5 5.59E-02  � 23.9  2.07E-03  � 38.0  4.60E-05 
Phosphatidylethanolamine 26 31.1 1.79E-01  � 22.4  2.91E-02 1.7 9.29E-01
Alkylphosphatidylethanolamine 2.9  � 30.5  3.42E-02  � 0.6 9.63E-01  � 30.9  3.96E-02 
Alkenylphosphatidylethanolamine 37  � 30.5  2.23E-02  � 9.6 2.56E-01  � 37.2  2.64E-03 
Lysophosphatidylethanolamine 16  � 17.7 8.70E-02  � 12.1 1.65E-01  � 27.7  5.96E-03 
Phosphatidylinositol 92 1.0 9.41E-01  � 27.7  4.52E-03  � 27.0  8.09E-03 
Lysophosphatidylinositol 3.3  � 21.7  9.15E-03  � 1.5 9.11E-01  � 22.9  1.65E-02 
Phosphatidylserine 2.8 0.0 2.69E-01  � 46.3 1.33E-01  � 60.6  9.63E-04 
Phosphatidylglycerol 0.12 66.6  8.11E-03  � 36.0  6.93E-04 6.5 7.78E-01
Bis(monoacylglycero)phosphate 0.017 3.9 7.63E-01 0.6 9.63E-01 4.6 7.63E-01
Free cholesterol 873 6.4 5.49E-01  � 30.1  1.44E-05  � 25.6  4.83E-03 
Cholesteryl ester 1106 29.0  6.02E-03  � 22.9  2.03E-03  � 0.5 9.29E-01
Diacylglycerol 23 227.0  2.46E-05  � 42.0  5.59E-04 89.7  1.38E-04 
Triacylglycerol 368 170.5  2.46E-05  � 37.2  2.07E-03 69.8  8.14E-04 

  a   Mean lipid concentration of healthy control group.
  b   Mean percentage difference, taking control as reference.
   c   Signifi cance determined by  t -test, bold type indicates  P  values were signifi cant after correction for multiple comparisons by the method of 

Benjamini-Hochberg.
  d   Mean percentage difference, taking MetS pretreatment (D0) as reference.
  e   Mean percentage difference, taking MetS control as reference.
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 TABLE 3. Percent differences between plasma levels of lipid classes (normalized to nonHDL-C) in controls, MetS subjects pretreatment (D0), 
and MetS post-pitavastatin treatment (D180)         

Lipid Class
Relative Concentration 

( � mol/mmol)  a  

MetS Pretreatment 
(D0) versus Control

MetS Posttreatment 
(D180) versus MetS 
Pretreatment (D0)

MetS Posttreatment 
(D180) versus Control

Mean Percent 
Difference  b   P c  

Mean Percent 
Difference  d   P c  

Mean Percent 
Difference  e   P c  

Dihydroceramide 0.24  � 12.2 1.22E-01 29.0  3.52E-02 13.2 3.53E-01
Ceramide 1.7  � 20.7  1.15E-02 29.2  1.21E-03 2.5 7.57E-01
Monohexocylceramide 2.6  � 28.6  1.39E-02 8.7 7.27E-02  � 22.4 1.02E-01
Dihexosylceramide 2.1  � 34.3  2.10E-03 17.7  4.66E-02  � 22.7 7.82E-02
Trihexosylceramide 0.63  � 38.2  9.81E-04 18.1  1.95E-02  � 27.1  1.72E-02 
GM3 ganglioside 1.1  � 34.6  1.66E-04 20.7  1.14E-02  � 21.1  1.72E-02 
Sphingomyelin 113  � 25.7  4.90E-03 27.3  4.21E-03  � 5.4 5.35E-01
Phosphatidylcholine 524  � 26.6  4.90E-03 33.1  1.21E-03  � 2.3 7.57E-01
Alkylphosphatidylcholine 20.2  � 40.3  3.44E-02 41.3  1.42E-03  � 15.6 4.29E-01
Alkenylphosphatidylcholine 12.1  � 48.6  4.90E-03 39.8  1.21E-03  � 28.2 1.06E-01
Lysophosphatidylcholine 69.6  � 39.8  1.78E-03 28.1  1.14E-02  � 22.9 8.35E-02
Lysoalkylphosphatidylcholine 0.38  � 40.7  1.78E-03 22.5  1.71E-02  � 27.3 6.07E-02
Phosphatidylethanolamine 9.1  � 4.0 8.02E-01 20.3 5.61E-02 15.4 4.29E-01
Alkylphosphatidylethanolamine 1.1  � 51.1  1.39E-02 60.0  4.24E-02  � 21.8 3.92E-01
Alkenylphosphatidylethanolamine 14.0  � 51.3  1.10E-02 43.9  5.26E-03  � 30.0 1.59E-01
Lysophosphatidylethanolamine 5.7  � 40.7  4.90E-03 38.2  6.56E-03  � 18.0 2.27E-01
Phosphatidylinositol 31.9  � 23.5  2.21E-03 12.3 1.56E-01  � 14.0 1.41E-01
Lysophosphatidylinositol 1.2  � 43.6  6.48E-03 50.9  6.35E-03  � 14.9 3.65E-01
Phosphatidylserine 1.0  � 45.8  1.81E-02  � 20.1 5.30E-01  � 56.7  6.97E-03 
Phosphatidylglycerol 0.041 27.8 6.60E-02  � 1.2 8.72E-01 26.3 1.99E-01
Bis(monoacylglycero)phosphate 0.0063  � 24.5 6.60E-02 57.1  6.35E-03 18.7 3.31E-01
Free cholesterol 304  � 19.9  7.55E-03 9.0  1.54E-02  � 12.6 1.06E-01
Cholesteryl ester 391  � 4.7 4.76E-01 21.2  5.26E-03 15.5 1.02E-01
Diacylglycerol 7.9 147.2  2.13E-05  � 9.5 2.16E-01 123.7  8.21E-07 
Triacylglycerol 130 100.0  3.72E-05  � 2.1 8.62E-01 95.8  1.86E-04 

  a   Mean lipid concentration of healthy control group (micromoles per millimole nonHDL-C).
  b   Mean percentage difference, taking control as reference.
   c   Signifi cance determined by  t -test, bold type indicates  P  values were signifi cant after correction for multiple comparisons by the method of 

Benjamini-Hochberg.
  d   Mean percentage difference, taking MetS pretreatment (D0) as reference.
  e   Mean percentage difference, taking MetS control as reference.

in our MetS subjects. In contrast, most other lipid classes, 
including the alkyl- and alkenylphospholipids, showed 
lower levels relative to nonHDL-C in the MetS pretreat-
ment (D0) group compared with the control group. Fol-
lowing statin treatment for 180 days (D180), the decrement 
in diacyl- and triacylglycerols paralleled that in nonHDL-C. 
By contrast, signifi cant increments (range 40–60%) in the 
concentrations of most other lipid classes and subclasses 
relative to nonHDL-C, and in particular the alkyl- and 
alkenylphospholipids, were observed ( Table 3 ). Such 
quantitative increments resulted in a convergence of the 
lipidomic profi le in the MetS group toward that of the con-
trol subjects such that of the 20 lipid classes and subclasses 
that were signifi cantly different between baseline MetS 
and controls, only fi ve remained signifi cantly different be-
tween the posttreatment (D180) and controls ( Table 3 ). 

 At the molecular level, all lipid species within the same 
class were not affected to the same degree by statin treat-
ment, and species within different classes were also 
differentially impacted. This fi nding was evident in the 
phosphatidylcholine and phosphatidylethanolamine sub-
classes (supplementary Table 1,   Fig. 1A  ).  For example, the 
levels of phosphatidylcholine species containing arachidonic 
acid (PC 36:4 and PC 38:4) were elevated over 60% ( P  = 
1.4 × 10  � 3  and  P  = 3.0 × 10  � 3 , respectively) following treatment, 

while the corresponding phosphatidylethanolamine spe-
cies showed nonsignifi cant increases of only 20%. In con-
trast, the phosphatidylethanolamine species containing 
docosahexaenoic acid (PE 40:6 and PE 40:7) showed 
larger elevations (28.7%,  P  = 4.8 × 10  � 3  and 44.0%,  P  = 
4.3 × 10  � 3 ) than the corresponding phosphatidylcholine 
species (supplementary Table 1,  Fig. 1A ). These specifi c 
effects of pitavastatin treatment on lipid species containing 
arachidonic acid and docosahexaenoic acid were equally 
evident in the diacylglycerol species; of the 19 species 
measured, 13 showed a decrease (relative to nonHDL-C) 
following treatment while 6 showed an increase. All spe-
cies to show an increase contained either 20:3, 20:4, 22:5, 
or 22:6 fatty acids. In contrast, the fi ve species that 
showed the greatest decrease following treatment all con-
tained at least one 18:2 fatty acid (supplementary Table 1, 
 Fig. 1B ). 

 A similar effect was observed with the triacylglycerol spe-
cies in which the class itself showed no change (relative 
to nonHDL-C) following treatment; whereas, the TG 
18:1/18:1/20:4 and TG 18:1/18:1/22:6 molecular species 
showed a 35 and 37% increase, respectively (supplemen-
tary Table 1). These observations suggest targeted effects 
of statin action on biological pathways of both lipid and 
fatty acid metabolism. 
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MetS group when normalized to nonHDL-C as compared 
with the control group; the concentrations of these species 
increased toward normal relative to nonHDL-C following 
statin treatment. Thus, we observed a signifi cant over-
representation of the lipids that were negatively associated 
with T2D (following normalization to nonHDL-C) relative 
to those that were upregulated (i.e., their concentrations 
increased) by pitavastatin treatment (  Fig. 2A, C  ).  Similar 
fi ndings were made when these data were compared with 
those in both the AusDiab ( P  = 6.38 × 10  � 10 ) and SAFHS 
cohorts ( P  = 6.47 × 10  � 11 ) with 34 of the 41 lipids identi-
fi ed in the AusDiab cohort also identifi ed in the SAFHS. In 
contrast, lipids that were positively associated with T2D 
were not signifi cantly enriched in the set of lipids that 
were positively regulated by statin treatment ( Fig. 2B, D ). 
There were only two lipid species that were signifi cantly 
downregulated in response to pitavastatin treatment (sup-
plementary Table 1). 

 Network analysis was then applied to elucidate clusters 
of lipid species that might be co-regulated, with a view to 
the biological interpretation of these complex data (  Fig. 3  ).  
The base network identifi ed strong correlations within the 
lipid classes, in particular those of phosphatidylcholine, 
lysophosphatidylcholine, phosphatidylethanolamine, phos-
phatidylinositol, and cholesteryl esters. The sphingolipids 
presented a more fragmented array with members of the 
same class often appearing in different clusters. Additional 
points of correlation between classes were also observed. 
When we highlighted those correlated modifi cations be-
tween lipids resulting from statin treatment (solid lines), 
we observed correlated changes in cholesteryl ester, phos-
phatidylinositol, lysophosphatidylcholine, and monohexo-
sylceramide species with smaller numbers of correlated 
lipid species in the phosphatidylcholine, sphingomyelin, 
and other sphingolipid classes. 

 DISCUSSION 

 Our global analysis of statin-induced modifi cation in 
the abnormal plasma lipid profi le in insulin-resistant MetS 
subjects in the CAPITAIN study has demonstrated a major 
shift toward that in healthy normolipidemic noninsulin-
resistant controls. Indeed, this marked statin-induced shift 
in circulating levels of multiple molecular lipid species to-
ward levels in the control group suggests that pitavastatin 
therapy may reduce risk of dysglycemia and T2D associ-
ated with the atherogenic mixed dyslipidemia characteris-
tic of insulin-resistant states. 

 Quantitative and qualitative lipidomic analysis of the 
impact of statin treatment on our mixed dyslipidemic 
subjects with MetS who exhibited a prediabetic state at 
baseline has emphatically demonstrated extensive pleio-
tropic impact on circulating lipids beyond atherogenic 
apoB-containing lipoproteins and LDL-C, thereby reveal-
ing modulation of lipid levels which are otherwise unde-
tected by standard plasma lipid assays and are potentially 
clinically relevant. Indeed, signifi cant statin-induced mod-
ifi cations in 18 of 25 plasma lipid classes and subclasses, 

 Impact of statin treatment on the plasma lipidome in 
mixed dyslipidemia and risk for T2D 

 In order to assess the potential impact of statin-induced 
modifi cations in the plasma lipidome on risk for T2D, we 
applied a hypergeometric test to assess the relationship be-
tween enrichment in lipids associated with T2D on the 
one hand, and those signifi cantly altered by statin treatment 
on the other. First, this approach allowed interpretation of 
those changes in the biological context of lipid metabolic 
pathways, and second allowed use of this information to 
generate new hypotheses for validation. To control for the 
global effect of decreased levels of apoB-containing lipo-
proteins and the general reduction of plasma lipids result-
ing from statin treatment, hypergeometric analysis was 
performed on lipid measurements that had been normal-
ized to nonHDL-C. As described earlier, several lipid classes 
and species were less abundant at baseline (D0) in the 

  Fig. 1.  Effect of pitavastatin treatment (4 mg/day) on plasma 
phosphatidylcholine, phosphatidylethanolamine, and diacylglyc-
erol (DG) species (normalized to nonHDL-C) between MetS sub-
jects pretreatment (D0) and MetS subjects posttreatment (D180). 
Plasma lipids were analyzed as described in the Materials and Meth-
ods and normalized to nonHDL-C. The mean percent change 
from MetS pretreatment (D0) to MetS posttreatment (D180) was 
calculated and the signifi cance determined using a paired Stu-
dent’s  t -test correcting for multiple comparisons by the Benjamini-
Hochberg method. A: Shows phosphatidylcholine species (light 
bars) and phosphatidylethanolamine species (dark bars). B: Shows 
diacylglycerol species. *Indicates corrected  P  value <0.05.   
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 The global shift seen in the abundance of plasma lipid 
classes and subclasses upon statin treatment may mask dif-
ferential changes in the lipid composition of individual li-
poprotein fractions. To adjust for this effect, we normalized 
plasma lipid data against nonHDL-C prior to analysis. 
Consequently, many lipid species show elevation in plasma 
levels relative to nonHDL-C following pitavastatin treat-
ment, thereby indicating preferential enrichment relative 
to cholesterol within lipoprotein particles. Applying this 
normalization to both control and MetS groups highlighted 

and in 140 of 330 individual molecular lipid species, were 
documented. Moreover, mass spectrometry-based lipid 
profi ling has recently identifi ed specifi c features of the 
plasma lipidome associated with diabetic and prediabetic 
states; this signature includes elevated levels of diacylglyc-
erol, phosphatidylethanolamine, and phosphatidylglycerol 
and decreased concentrations of the alkyl- and alkenyl- 
species of phosphatidylethanolamine and phosphatidyl-
choline ( 16 ), and was refl ected in this study in the MetS 
participants relative to the healthy controls. 

  Fig. 2.  Hypergeometric analysis of the pitavastatin-mediated changes in plasma lipid species in MetS subjects in the CAPITAIN study 
against plasma lipid species associated with T2D/prediabetes. Plasma lipids in the AusDiab study were normalized to nonHDL-C and the 
association with T2D/prediabetes determined by logistic regression adjusted for age, sex, BMI, and SBP. Plasma lipids in the CAPITAIN 
study were normalized to nonHDL-C and the lipid species signifi cantly altered by treatment were determined using a paired Student’s  t -test. 
Comparison of these datasets identifi ed 254 common lipid species. Hypergeometric tests were performed to assess the statistical signifi -
cance of the overlap of the lipid set negatively associated with T2D/prediabetes [n = 57, pink circle (A)] with the lipid set that was upregu-
lated by pitavastatin treatment [n = 97, green circle (A)]. The overlap was signifi cant ( P  = 6.38 × 10  � 10 ). The intersection of the lipid set 
positively associated with T2D/prediabetes [n = 91, orange circle (B)] with the lipid set that was upregulated by statin treatment [n = 97, 
green circle (B)] was not signifi cant ( P  = 1.0). The same analyses in the SAFHS dataset combined with the CAPITAIN dataset resulted in 
303 common lipid species. The hypergeometric analyses identifi ed a signifi cant overlap between the lipid set negatively associated with 
T2D/prediabetes [pink circle (C)] and the lipid set upregulated by statin treatment [green circle (C),  P  = 6.47 × 10  � 11 ]. The overlap be-
tween the lipid set positively associated with T2D/prediabetes [orange circle (D)] and the set upregulated by statin treatment [green circle 
(D)] was not signifi cant ( P  = 1.0).   
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  Fig. 3.  Network analysis of plasma lipids in the AusDiab cohort showing correlated changes between plasma lipids post-pitavastatin treat-
ment. A base network was established as follows: Pearson’s linear correlation was computed between pairs of lipids on all subjects from the 
AusDiab cohort. Edges (dashed lines) were defi ned if the correlation between node pairs (lipids) was statistically signifi cant (i.e., Benjamini-
Hochberg corrected  P  value  � 0.05). Solid blues edges denote correlated changes between lipids post-pitavastatin treatment. All computed 
signifi cant correlations were positive. Nodes were sized according to the magnitude of change (difference in mean) effected by statin treat-
ment. Nodes were colored according to the degree of signifi cance of the change (i.e., darker: more signifi cant). Red (or shades of) indi-
cates statistically signifi cant reduction in lipid abundance resulting from statin treatment. Yellow nodes indicate a nonsignifi cant change in 
lipid abundance from statin treatment.   
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Thus, their negative association with diabetes/prediabetes 
potentially refl ects enhanced oxidative stress under these 
conditions ( 17 ). The statin-induced preferential increment 
in such lipids relative to nonHDL-C may therefore result 
from diminished oxidative stress upon treatment. The 
relative enrichment of phosphatidylcholine and phospha-
tidylethanolamine species containing the omega 6 and 
omega 3 polyunsaturated fatty acids is entirely consistent 
with this postulate ( Fig. 1A ). However, while we also ob-
served the enrichment of diacylglycerol species containing 
arachidonic acid (20:4, omega 6) and docosahexaenoic 
acid (22:6, omega 3) fatty acids, the marked decrease in 
all diacylglycerol species containing linoleic acid (18:2, 
omega 6) suggests an upregulation of the biosynthetic 
pathway from linoleic to arachidonic acid, principally in 
the liver. The potential role of these fatty acids in cardio-
vascular event risk, and by association the role of statins in 
risk reduction, was highlighted recently in the prospective 
FINRISK study, in which a negative association of omega 6 
and omega 3 fatty acids with cardiovascular event risk 
was documented, and replicated in the Southall and Brent 
Revisited study (SABRE) and in the British Women’s 
Health and Heart Study ( 35 ). Further to this, recent 
genome-wide association study analysis combined with func-
tional validation studies has identifi ed the arachidonic 
acid metabolome as a regulator of cholesterol metabolism, 
and notably of reverse cholesterol transport ( 36 ). In this 
context, it is relevant that alkenylphospholipids (plasmalo-
gens), in addition to possessing anti-oxidant properties 
( 37 ), are equally implicated in the regulation of choles-
terol esterifi cation and effl ux ( 38 ) and in endothelial 
function ( 39 ), both of which are highly relevant to ath-
erosclerotic vascular disease. Interestingly, of the 11 
lipid species that were positively associated with T2D in 
the AusDiab study and also upregulated by pitavastatin 
( Fig. 2C ), three were dihydroceramides, while the re-
mainder were species of phosphatidylethanolamine, 
cholesteryl ester, and di- and triacylglycerol, all of which 
contained omega 3 or omega 6 polyunsaturated fatty ac-
ids. These same species were also positively associated 
with T2D in the SAFHS. Thus, we should not discount a 
potential biological role for these lipid species in the 
interaction between statins and T2D; further studies are 
clearly required. 

 In addition to potential effects on oxidative stress, dif-
ferences in the response of individual species of phos-
phatidylcholine and phosphatidylethanolamine to statin 
treatment may also relate to differential effects on the 
metabolic pathways involved. In this instance, rates of 
inter-conversion of phosphatidylethanolamine to phos-
phatidylcholine by sequential methylation catalyzed by 
phosphatidylethanolamine  N -methyltransferase may be 
involved. This metabolic pathway is known to have speci-
fi city for longer chain polyunsaturated species of phos-
phatidylethanolamine ( 40 ) and has relevance to both 
the onset and progression of hepatic steatosis and to 
VLDL production rates ( 41 ). Thus, the direct or indirect 
action of pitavastatin on the phosphatidylethanolamine 
 N -methyltransferase pathway may contribute to its overall 

baseline differences in plasma lipid profi le between them, 
and equally emphasized the dramatic shift in multiple 
lipid classes toward the lipidome of control non-insulin-
resistant normolipidemic subjects upon statin treatment. 
However, while absolute levels of the diacylglycerol and 
triacylglycerol species were elevated over 2-fold in MetS 
subjects relative to controls at baseline, they were dramati-
cally reduced in response to statin treatment, such that 
they were not signifi cantly altered proportionately to 
changes in nonHDL-C. Similarly, the phosphatidyletha-
nolamine and phosphatidylglycerol classes which, while 
elevated in the MetS group relative to controls ( Table 2 ), 
were equally reduced upon statin treatment and so were 
not signifi cantly altered relative to reduction in nonHDL-
C concentrations ( Table 3 ). The metabolism of these 
lipids may therefore be more tightly linked to the action 
of the statin than to that of other lipid classes. The net-
work analysis ( Fig. 3 ) identifi ed strong correlations be-
tween lipid species within specifi c classes and, to a lesser 
extent, correlations between classes most likely relating 
to common fatty acid precursors. The overlay of corre-
lated lipid levels post-statin treatment was, for the most 
part, constrained within lipid classes, possibly indicat-
ing that pitavastatin exerts a stronger effect at the lipid 
class level relative to the tissue or plasma fatty acid pools 
themselves. 

 Hypergeometric tests facilitated assessment of the sig-
nifi cance of the global statin-mediated changes in the 
plasma lipidome in relation to risk of T2D. Our earlier 
studies on independent cohorts provided us with a de-
tailed lipid profi le associated with T2D ( 17 ). The ability of 
pitavastatin to alter those lipid species preferentially asso-
ciated with T2D provides a strong argument for an overall 
neutral or anti-diabetogenic effect, at least with respect to 
its effect on the metabolism of biologically signifi cant lip-
ids. Following normalization to nonHDL-C, the lipid spe-
cies that were negatively associated with T2D and positively 
regulated (normalized) by statin treatment included spe-
cies of sphingomyelin and glycosphingolipids, a number of 
species of phosphatidylcholine, and most species of alkyl- 
and alkenylphosphatidylcholine ( Table 3 , supplementary 
Table 2). Not only is plasma sphingomyelin abundance 
a risk factor for premature atherosclerosis and coronary 
heart disease ( 32 ), but it is also associated with regulation 
of surface lipid fl uidity, and so may impact the functionality 
of lipoprotein particles. Indeed, both low particle sphin-
gomyelin content and low sphingomyelin/phosphatidyl-
choline ratio have been positively associated with elevated 
fractional cholesterol effl ux capacity and equally with anti-
oxidative activity of HDL particles ( 25, 33, 34 ). These fi nd-
ings support the contention that the clinical benefi ts of 
statin treatment may go well beyond reduction of athero-
genic forms of plasma cholesterol. 

 The vinyl ether linkage in the alkenyl lipids (plasmalo-
gens) renders them susceptible to oxidation and imparts 
anti-oxidant properties; in addition, the high proportion 
of polyunsaturated fatty acids (particularly arachidonic and 
docosahexaenoic acid) in both the alkyl- and alkenylphos-
pholipids renders them highly susceptible to oxidation. 
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effect on the plasma lipidome in prediabetes and insulin 
resistance, with potential for either a neutral or attenu-
ating effect on risk of development of T2D. Further stud-
ies designed to specifi cally test these hypotheses are 
required. 

 Limitations and future directions 
 Risk of dysglycemia and T2D associated with statin use is 

now a complex and controversial issue, given lipid-lowering 
recommendations in this patient group ( 42 ). Large ran-
domized long-term crossover studies involving rigorous 
comparison of different statins for potential dysglycemic 
effects in patients at high diabetes risk are required in order 
to clarify this question. Indeed, limitations in the CAPITAIN 
study concern the lack of a statin comparator; importantly, 
comparable data to that presented here for pitavastatin 
are not yet available for another member of this class in 
subjects displaying mixed dyslipidemia and insulin resis-
tance. Indeed, we cannot exclude the possibility that the 
observed effects on the plasma lipidome are not specifi c to 
pitavastatin; studies are ongoing to evaluate this hypothe-
sis. The small cohort size, limited to males, was compen-
sated in part by selection of a group of male patients 
exhibiting a phenotypically consistent mixed dyslipidemia, 
which included parameters of glucose homeostasis ( 23 ). 
In addition, conditions of blood collection and plasma 
separation and storage were rigorously controlled in a 
Clinical Unit, on the one hand, in order to minimize any 
potential for oxidative lipoprotein modifi cation and, on 
the other hand, to minimize potential variation in lipid 
and lipoprotein parameters in relation to diet or physical 
activity. Given the small cohort size, patients acted as their 
own controls in this primarily mechanistic investigation; 
this approach is able to limit confounding effects due to 
differences in genotypic background and baseline pheno-
type relative to a placebo group. However, we recognize 
that regression to the mean in human studies may lead to 
overestimation of treatment effects in the absence of a pla-
cebo control group. Further to these considerations, the 
high precision of the lipidomic analysis combined with 
the paired study design provided suffi cient power to 
clearly identify lipid species and classes that were signifi -
cantly altered in response to statin therapy, even with cor-
rection for multiple comparisons. Relating the data to 
that generated from two large population studies pro-
vided further clinical relevance for these fi ndings. These 
original data now require validation in a long-term pro-
spective study in an independent large cohort of mixed 
dyslipidemic subjects, preferably to include women, and a 
statin comparator.  
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