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a  b  s  t  r  a  c  t

Differences  among  lipidomic  profiles  of healthy  volunteers,  obese  people  and  three  groups  of  cardiovas-
cular  disease  (CVD)  patients  are  investigated  with  the  goal  to  differentiate  individual  groups  based  on
the  multivariate  data  analysis  (MDA)  of  lipidomic  data  from  plasma,  erythrocytes  and  lipoprotein  frac-
tions  of more  than  50 subjects.  Hydrophilic  interaction  liquid  chromatography  on  ultrahigh-performance
liquid chromatography  (HILIC-UHPLC)  column  coupled  with  electrospray  ionization  mass  spectrometry
(ESI-MS)  is used  for the quantitation  of four  classes  of  polar  lipids  (phosphatidylethanolamines,  phos-
phatidylcholines,  sphingomyelins  and  lysophosphatidylcholines),  normal-phase  UHPLC—atmospheric
pressure  chemical  ionization  MS (NP-UHPLC/APCI-MS)  is  applied  for the quantitation  of  five classes  of
nonpolar  lipids  (cholesteryl  esters,  triacylglycerols,  sterols,  1,3-diacylglycerols  and  1,2-diacylglycerols)
HPLC/MS
ultivariate data analysis

and  the  potential  of  matrix-assisted  laser  desorption/ionization  mass  spectrometry  (MALDI-MS)  is  tested
for the fast  screening  of all  lipids  without  a chromatographic  separation.  Obtained  results  are  processed
by  unsupervised  (principal  component  analysis)  and  supervised  (orthogonal  partial  least  squares)  MDA
approaches  to highlight  the  largest  differences  among  individual  groups  and  to identify  lipid  molecules

with  the  highest  impact  on  the

Abbreviations: APCI, atmospheric pressure chemical ionization; BMI, body
ass index; CE, cholesteryl esters; CVD, cardiovascular disease; DG, diacylglyc-

rols; DHB, 2,5-dihydroxybenzoic acid; EDTA, ethylenediaminetetraacetic acid; ESI,
lectrospray ionization; g1, group 1; g2, group 2; g3, group 3; g4, group 4; g5,
roup 5; FWHM,  full width at half maximum; HDL, high-density lipoproteins;
ILIC, hydrophilic interaction liquid chromatography; HPLC, high-performance

iquid chromatography; IS1, internal standard 1 (sphingosyl PE d17:1/12:0); IS2,
nternal standard 2 (dioleoyl ethylene glycol); LC, liquid chromatography; LDL, low-
ensity lipoproteins; LPC, lysophosphatidylcholines; LVEF, left ventricular ejection
raction; MALDI, matrix-assisted laser desorption/ionization; MDA, multivariate
ata analysis; MS,  mass spectrometry; NP, normal phase; OPLS, orthogonal par-
ial  least squares; PC, phosphatidylcholines; PCA, principal component analysis; PE,
hosphatidylethanolamines; PLS, partial least squares; SM,  sphingomyelins; TG, tri-
cylglycerols; UHPLC, ultrahigh-performance liquid chromatography; VLDL, very
ow-density lipoproteins.
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1. Introduction

Lipids are hydrophobic or amphipathic small molecules that
may originate entirely or in part by the carbanion based con-
densation of ketoacylthioesters and/or the carbocation based
condensation of isoprene units according to the Lipid MAPS clas-
sification system. Lipids are divided into eight categories: fatty
acyls, glycerolipids, glycerophospholipids, sphingolipids, saccha-
rolipids, polyketides, sterol lipids and prenol lipids [1–3]. For the
chromatographic analysis of lipids, it is useful to divide them into
groups of polar and nonpolar lipids. Lipids have several impor-
tant functions in a human organism, such as a source of energy
(triacyglycerols, TG), building blocks of cell membrane (glyc-
erophospholipids), signaling molecules between organelles or cells

(glycerophospholipids, diacylglycerols and fatty acyl derivatives),
hormones (derivatives of cholesterol) and the role in the immune
system (glycerolipids) [4–7]. Lipids are transported by lipoprotein
particles in the human body due to their hydrophobicity. Dietary

dx.doi.org/10.1016/j.jchromb.2015.03.010
http://www.sciencedirect.com/science/journal/15700232
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holesterol, glycerophospholipids and TG are absorbed in the small
ntestine, transported by chylomicrons to the blood circulation,

here the TG part of chylomicrons is degraded to fatty acids, which
ould be used as the source of energy. Liver generates very low-
ensity lipoproteins (VLDL) containing TG, glycerophospholipids,
holesterol, cholesteryl esters (CE) and protein parts. The main
unction of VLDL is the transport of TG to extrahepatic tissues.
ow-density lipoproteins (LDL) are responsible for the transfer of
holesterol and CE to cells. High-density lipoproteins (HDL) are
he smallest lipoprotein particles and they transfer overflowing
holesterol from cells back to the liver and the interchange of CE,
G and glycerophospholipids with VLDL. HDLs have also numer-
us additional properties, such as the apoprotein source for other
ipoproteins, anti-inflammatory, antioxidant and antithrombotic
roperties [8–10]. The dysregulation of lipid metabolism could lead
o the development of CVD, cancer, Alzheimer disease, etc. [11].

The prevalence of major risk factors for CVD is increasing
n the major population of countries of the developing world

ith subsequently increased rates of coronary and cerebrovascu-
ar events [12]. The major risk factors of CVD are obesity, high
evel of circulating lipids, age, gender, smoking, diabetes mellitus,
yperhomocysteinemia, etc. [5,11,13–16]. The obesity has a strong
onnection with the development of CVD [17]. Dietary fatty acids
re accumulated in the adipose tissue until the storage capacity
ecomes saturated in case of the obesity, which induces a com-
ined state of inflammation and insulin resistance [13,17,18]. The
erm CVD does not represent a single disease, but it includes, for
xample coronary heart disease, strokes, valvular heart disease and
ardiomyopathy [19]. Lipids have a crucial role in the development
f CVD and related diseases [20]. The downregulation of PC and
lasmalogen-PE and the increase of PC/lysophosphatidylcholines
LPC) ratio have been reported for hyperlipidemic patients [21].

Two main analytical techniques are used for the lipidomic quan-
itation, shotgun without any chromatographic separation [22,23]
nd high-performance liquid chromatography–mass spectrometry
HPLC/MS) or UHPLC/MS approaches. Advantages of shotgun are an
asier automation and higher throughput, while HPLC/MS is more
rone to ion suppression effects and can provide more detailed

nformation of various types of lipid isomerism. HILIC can be used
or the separation of individual classes of polar lipids [24–28], while
P-HPLC is more convenient for nonpolar lipid classes [29–32]. The

ipid species separation according to the acyl chain length and the
umber of the double bonds can be achieved by reversed phase
RP)-HPLC [25,33–36], while silver-ion HPLC is more convenient
or nonpolar lipid regioisomers or double bond positional isomers
37,38]. MALDI provides the fast analysis without the requirement
f chromatographic separation [39], which could be useful for high-
hroughput clinical screening.

MDA  methods are typically used for the group differentiation
n the lipidomic analysis using either unsupervised (principal com-
onent analysis, PCA) or supervised (partial least squares, PLS, and
PLS) methods [40]. PCA is used to reduce primary variables to the

atent variables, which are called principal components due to the
ecreasing model dimensionality. Principal components are linear
ombinations of xi, which are mutually uncorrelated. PLS relates
wo data matrices, X and Y, to each other by a linear multivariate

odel, which works with a maximum covariance between matri-
es X and Y [41,42]. OPLS divides a systematic variation in matrices

 into two model parts, one part of the model expresses correlations
etween X and Y matrices and another part of the model expresses
he variation that is not related (orthogonal) to Y [42,43]. Results of

DA  are typically presented in in two forms, score plots and load-

ng plots. The score plot displays two score vectors plotted against
ach other for the visualization of objects, e.g., samples or patients.
he loading plot is constructed using two loading vectors plotted
gainst each other to visualize characteristic variables, such as lipid
gr. B 990 (2015) 52–63 53

species [44]. The S-plot is a variant of the loading plot, where X axis
is the variable of magnitude and Y axis is the reliability [44].

The main goal of this work is a lipidomic study of differences
among CVD, healthy normal and healthy obese subjects using three
MS-based methods: HILIC-UHPLC/ESI-MS for the analysis of polar
lipid classes, NP-UHPLC/APCI-MS for the analysis of nonpolar lipid
classes and MALDI-MS for the fast lipidomic screening. MDA  meth-
ods (PCA and OPLS) are used for a better visualization of group
differences.

2. Materials and methods

2.1. Materials

Acetonitrile, 2-propanol, methanol (all HPLC/MS grade), hex-
ane (HPLC grade), chloroform (HPLC grade, stabilized with 0.5–1%
ethanol), ammonium acetate, 2,5-dihydroxybenzoic acid (DHB),
NaCl, KBr and EDTA Na2·2H2O were purchased from Sigma–Aldrich
(St. Louis, MO,  USA). Deionized water was prepared with Demiwa 5-
roi purification system (Watek, Ledeč nad Sázavou, Czech Republic)
and by ultra CLEAR UV apparatus (SG, Hamburg, Germany). Stan-
dards of polar lipids containing oleoyl acyls (PE, PC, SM and LPC),
internal standards for polar lipids (sphingosyl PE d17:1/12:0, IS1)
and for nonpolar lipids (dioleoyl ethylene glycol, IS2) were pur-
chased from Avanti Polar Lipids (Alabaster, AL, USA). Standards
of CE, cholesterol, TG, 1,3-DG and 1,2-DG containing oleoyl acyls
were purchased from Sigma–Aldrich. Biological samples (plasma,
erythrocytes, VLDL, LDL and HDL) were obtained from healthy vol-
unteers and CVD patients in cooperation with the Faculty Hospital
Olomouc based on the approval of the ethical committee at the
Faculty Hospital Olomouc.

2.2. Characterization of studied subjects

Fifty eight men  between 40 and 55 years were selected for
the study with the following characterization of individual groups
(details in Table S1): group 1 (g1): healthy subjects with body mass
index (BMI) with the mean value of 25.1 kg/m2 without medica-
tion; group 2 (g2): healthy subjects with BMI  between 30 and
35 kg/m2 without medication; group 3 (g3): subjects with the
non-ischemic dilated cardiomyopathy and negative coronographic
findings, chronic heart failure, left ventricular ejection fraction
(LVEF) below 35% with stable therapy (diuretics, angiotensin-
converting enzyme inhibitors, beta-blockers and acetylsalicylic
acid); group 4 (g4): subjects with the chronic form of atrial fibrilla-
tion/flutter without valvular heart disease, myocardial infarction
or chronic heart failure, LVEF more than 35% with antiarrhyth-
mic  agents, anticoagulants, statins and radiofrequency ablation
therapy; group 5 (g5): subjects with ischemic heart diseases, post
myocardial infarction, without the chronic heart failure, LVEF more
than 35% with stable therapy of beta-blockers, statins and acetyl-
salicylic acid.

2.3. Sample preparation

Blood was collected to heparin-lithium tubes and centrifuged to
obtain erythrocytes and plasma. Erythrocytes were washed three
times by phosphate buffered saline. Plasma was further separated
into lipoprotein fractions by the ultracentrifugation. The follow-
ing ultracentrifugation steps were applied to obtain lipoprotein
fractions (VLDL, LDL and HDL) according to literature [45]. The vol-
ume  of plasma was divided into two  polycarbonate tubes for the

ultracentrifugation and refilled with the density solvent 1 (1.1 g
NaCl + 37.6 mg  EDTA Na2·2H2O dissolved in 100 mL of water). Sam-
ples were centrifuged for 11 h at 10 ◦C and 45,000 × g and then the
VLDL fraction was collected. The remaining solution was  mixed
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Fig. 1. Chromatograms of plasma samples of healthy volunteer (g1) and CVD patient (g5). (A) HILIC-UHPLC/ESI-MS separation of polar lipid classes (PE, PC, SM and LPC) and
the  internal standard IS1 (sphingosyl PE d17:1/12:0). Conditions: Acquity UPLC HILIC column (50 mm × 2.1 mm,  1.7 �m), flow rate 0.5 mL/min, column temperature 40 ◦C,
g  5 mm
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radient  0 min; 0.5% A + 99.5% B, 20 min  20.5% A + 79.5% B, where A is a mixture of
P-UHPLC/APCI-MS separation of nonpolar lipid classes (CE, TG, sterols, 1,3-DG and
ILIC  column (50 mm × 2.1 mm,  1.7 �m),  flow rate 1 mL/min, column temperature 

ixture  of hexane–2-propanol–acetonitrile (96:2:2, v/v/v).

ith 0.5 mL  of the density solvent 2 (9.2 g KBr + 37.6 mg  EDTA
a2·2H2O dissolved in 100 mL  water). Samples were centrifuged
gain for 12 h at 10 ◦C and 45,000 × g and then the LDL fraction was
ollected. The remaining solution was mixed with 0.5 mL of the
ensity solvent 3 (34.8 g KBr + 188.0 mg  EDTA Na2·2H2O dissolved

n 100 mL  of water). Samples were centrifuged for 48 h at 10 ◦C and
0,000 × g and finally the HDL fraction was collected.

The total lipid extract was prepared according to the mod-
fied Folch method [46]. Five hundred microliter of sample

ith 50 �L (3.3 mg/mL) of IS1 was homogenized with 10 mL  of
hloroform–methanol mixture (2:1, v/v). This mixture was  filtered
sing a rough filter paper. Then 2 mL  of 1 mol/L NaCl was  added and
entrifuged for 3 min  at 2500 rpm. The chloroform layer containing
ipids was evaporated by a gentle stream of nitrogen and dissolved
n chloroform–2-propanol (1:1, v/v) for the HILIC analysis.

Nonpolar lipid extracts were prepared according to the
reviously developed method [32]. Fifty microliter of the sam-
le with 5 �L (3.3 mg/mL) of IS2 was mixed with 150 �L of
exane–methanol (98:2, v/v). The mixture was  incubated for
0 min, then 300 �L of methanol–water mixture (95:5, v/v) and
00 �L of hexane–methanol mixture (98:2, v/v) were added. The
ample was centrifuged for 1 min  at 2500 rpm and then the upper
exane layer was collected. The lower layer was washed twice
ith 300 �L of hexane–methanol and the upper hexane layer

as collected again and combined. Hexane solution containing
onpolar lipids was evaporated by the gentle stream of nitro-
en, then dissolved in hexane and used for NP-UHPLC/APCI-MS
nalysis.
ol/L aqueous ammonium acetate and methanol (9:1, v/v) and B is acetonitrile. (B)
G) and the internal standard IS2 (dioleoyl ethylene glycol). Conditions: Acquity UPLC

 gradient 0 min; 99% A + 1% B, 20 min  32% A + 68% B, where A is hexane and B is the

Ten microliter of the total lipid extract was mixed with 10 �L of
0.5 mol/L DHB in methanol and 0.7 �L of this mixture was  deposited
on the stainless steel sample plate and dried using the gentle stream
of nitrogen. Each sample was deposited in six wells and used for the
MALDI-MS analysis.

2.4. HILIC-UHPLC/ESI-MS conditions [32]

Experiments were performed with a liquid chromatograph
Agilent 1290 Infinity Series (Agilent Technologies, Santa Clara,
CA, USA). Acquity UPLC HILIC column (50 mm × 2.1 mm,  1.7 �m,
Waters, Milford, MA,  USA) was  used for the separation of polar
classes of lipids. The flow rate was 0.5 mL/min, the column tem-
perature was  40 ◦C, the mobile phase gradient was 0 min: 0.5%
A + 99.5% B; 20 min: 20.5% A + 79.5% B, where A was the mix-
ture of 5 mmol/L aqueous ammonium acetate and methanol (9:1,
v/v), B was  acetonitrile. Hybrid quadrupole–time-of-flight mass
spectrometer (MicroTOF-Q, Bruker Daltonics, Bremen, Germany)
operating in the positive-ion ESI mode was  used for the determi-
nation of polar lipid classes (PE, PC, SM and LPC) and IS1 under the
following conditions: capillary voltage 4.5 kV, pressure of nebulizer
gas 1.6 bar, flow rate of drying gas 9 mL/min, drying temperature
220 ◦C and mass range m/z 50–1500.
2.5. NP-UHPLC/APCI-MS conditions [32]

Experiments were performed with a liquid chromatograph Agi-
lent 1200 Infinity Series (Agilent Technologies). Acquity UPLC HILIC
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50 mm × 2.1 mm,  1.7 �m,  Waters) column was used for the sepa-
ation of nonpolar classes of lipids. The flow rate was  1 mL/min,
he column temperature was 30 ◦C, the mobile phase gradient was

 min: 99% A + 1% B; 20 min: 32% A + 68% B, where A was  hexane
nd B was the mixture of hexane–2-propanol–acetonitrile (96:2:2,
/v/v). Esquire 3000 ion trap mass spectrometer (Bruker Daltonics)
perating in the positive-ion APCI mode was used for the deter-
ination of nonpolar lipid classes under the following conditions:

orona current 4000 nA, pressure of nebulizer gas 65 psi, flow rate
f drying gas 3 L/min, drying temperature 350 ◦C, vaporizer tem-
erature 375 ◦C, target mass m/z  500 and mass range m/z 50–1000.

.6. MALDI-MS conditions

Experiments were performed with hybrid linear ion
rap–orbitrap mass analyzer LTQ Orbitrap XL (Thermo Scien-
ific, Waltham, MA,  USA) operating in the positive-ion MALDI
n the mass range m/z 300–2000 with the resolving power of
00,000 and the laser energy of 15 �J per laser shot. The mass
pectrum from one point was obtained as a summation of 3 laser
hots. Spectra for each well were measured from 50 randomly
istributed positions. The final spectrum for each patient was

btained by averaging of 300 spectra from six wells to obtain the
ost representative spectrum. Mass spectra were converted with
sConvert tool [47] and preliminarily processed with home-made

rogram based on the MALDIquant package [48].
C, SM and LPC as polar lipid classes, and (B) CE, TG, sterols, 1,3-DG and 1,2-DG as
 concentrations significantly different from the group 1 (p ≤ 0.05) according to the

2.7. MDA of lipidomic data

MS  data were evaluated by the Data Analysis software (Bruker
Daltonics), the Progenesis QI software (Waters) and the Simca 13.0
software (Umetrics, Umeå, Sweden). MS  data were processed by
the Progenesis QI software using the high resolution positive-ion
MS for polar lipids and the low resolution positive-ion MS  for non-
polar lipids. The alignment, peak picking and identification of lipids
were performed. Data sheets from Progenesis QI software were
obtained and absolute intensities of all identified compounds were
recalculated to relative abundances of lipid molecules. The data
were transformed using the logarithmic transformation to obtain
a Gaussian normal distribution and the Pareto scaling was used for
final statistical models. The data were processed by unsupervised
PCA and supervised OPLS methods to obtain group clusters. Lipid
molecules with the highest impact on the group clustering were
identified in S-plots.

3. Results and discussion

3.1. UHPLC/MS methods
The goal of this study is finding differences among the lipidomic
composition of blood fractions (plasma, erythrocytes, VLDL, LDL
and HDL) of three types of CVD patients (g3, g4 and g5) and healthy
controls (g1). The obesity plays a rather important role in the
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Fig. 3. OPLS score plots for polar and nonpolar lipid classes in 

evelopment of CVD [17] so the group of obese healthy control
g2) is included as well to differentiate effects of CVD and obe-
ity on the lipidome. Details on the selection and size of individual
roups, characteristic biochemical and anthropometric parameters
re summarized the Experimental part and Table S1.

UHPLC/MS methods for the analysis of large series of clinical
amples have been developed in our previous works [26,32,49].
riefly, HILIC-UHPLC/ESI-MS method (Fig. 1A) is used for the deter-
ination of polar lipid classes (PE, PC, SM and LPC) using the IS1

sphingosyl PE d17:1/12:0) and response factors approach [26,32]
o normalize different ionization efficiencies of individual lipid
lasses. IS1 is not present in biological samples and well separated
rom chromatographic peaks of other lipid classes. Nonpolar lipid

lasses (CE, TG, ST, 1,3-DG and 1,2-DG) are determined in a similar
ashion, but their separation is performed in NP-UHPLC/APCI-

S (Fig. 1B) mode, because they elute in the void volume using
he previously mentioned HILIC method [25]. Dioleoyl ethylene
n plasma samples: (A) g1 vs. g3, (B) g1 vs. g4, and (C) g1 vs. g5.

glycol is used as IS2. The quantitation of polar lipid classes in the
HILIC mode and nonpolar lipid classes in NP mode is done by the
multiplication of lipid class peak areas by response factors of this
class and normalized to the IS1 for polar lipids and IS2 for non-
polar lipids to obtain absolute lipid class concentrations shown in
Table S2. Then the lipid species composition is determined from
the overall mass spectra of chromatographic peaks of lipid classes.
Relative concentrations of lipid species are determined based on
the assumption that differences in relative responses of individ-
ual lipid species can be neglected. Most lipidomic clinical studies
are based on the comparison of healthy and disease states, so basi-
cally relative changes are measured and the extent of such changes
is statistically evaluated by MDA  methods. Mean group concen-

trations for individual lipid classes with their standard error bars
are summarized in Fig. 2. Another way of data presentation is the
use of relative concentrations in pie chart graphs (Fig. S1), which
can better visualize some trends in concentration changes among
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ig. 4. S-plots from OPLS analysis (see Fig. 3) for lipid classes in human plasma sam
ownregulated lipid molecules in the lower left corner: (A) g1 vs. g3, (B) g1 vs. g4, a

ndividual lipid classes. Fig. S2 illustrates two selected examples
f lipid molecules with large changes in concentrations among
ndividual groups. The concentration of PC 32:0 (Fig. S2A) is down-
egulated in CVD patients, where the highest decrease but also
igh variation is observed for g3. The concentration of TG 52:3
Fig. S2B) is upregulated in CVD patients, where the largest change
s observed for g3, but again with the largest variability for this
roup.

.2. MALDI-MS

MALDI-MS has the potential for the high-throughput clinical

nalysis of numerous samples without a chromatographic separa-
ion. The high-resolution (100,000 FWHM)  full scan positive-ion

ode is used for our measurements to reduce the risk of peak
verlaps caused by missing chromatography. At the beginning, all
ith the most important upregulated lipid molecules in the upper right corner and
) g1 vs. g5.

important lipid molecules are identified based on the mass accuracy
better than 1 ppm, verified by MS/MS  spectra and also correlated
with identified lipids in UHPLC/MS experiments. For routine mea-
surements, only absolute intensities of monitored m/z values are
recorded and their mass accuracies are checked. Then, absolute
intensities are normalized to IS1 in a similar way  as described for
UHPLC/MS experiments and processed by MDA  methods. Condi-
tions of MALDI measurements are carefully optimized in terms
of selected matrix, laser energy and extensive signal averaging
to obtain the highest possible robustness for quantitative MALDI
measurements. MALDI-MS analysis is tested simultaneously with
UHPLC/MS analysis to compare the potential of UHPLC/MS with

MALDI-MS for the quantitative comparison of large data sets of
samples. Some advantages but mainly limitations of MALDI-MS
are observed in our study, such as lower robustness of the quan-
titation and more demanding data interpretation due to the lack
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f retention time in UHPLC/MS, where the lipid class is easily
etermined by the characteristic retention of particular group. The
ain advantage of MALDI in our study is a reduced fragmenta-

ion in comparison to APCI, which has to be used in NP-UHPLC/MS
etup, because mobile phases used in NP systems do not allow
he use of ESI. This advantage of MALDI over APCI is dramatic
n case of TG, where the significant fragmentation is observed

ith APCI (relative abundances of [M + H]+ lower than 2% for satu-
ated TG) compared to base peaks of molecular adducts in case of
ALDI. Unfortunately, the MDA  of MALDI-MS data is slightly worse

ompared to UHPLC/MS (Fig. S3), as concluded from the worse
roup clustering. Our conclusion on MALDI-MS vs. UHPLC/MS
omparison is that UHPLC/MS is superior technique for the quan-

itative lipidomic studies due to the lower signal variation, easier
pecies identification (possible combination of accurate m/z values
nd class characteristic retention times) and improved grouping
n MDA.
mples: (A) g1 + g2 vs. g3 + g4 + g5, (B) g1 vs. g3 + g4 + g5, and (C) g1 vs. g2.

3.3. Development of statistical models

Tables of absolute intensities of individual lipid species obtained
by the Progenesis QI software are processed using the Simca
13.0 statistical software. First, the absolute intensity of each lipid
molecule is normalized to the absolute intensity of the IS1 for polar
lipid classes and IS2 for nonpolar lipid classes. The development of
the best statistical model is explained on the example of plasma
samples. First, an unsupervised PCA method (Fig. S4) is always
applied to see the natural grouping of samples, as shown on exam-
ples of g1 + g2 vs. g3 + g4 + g5 using different ways of data scaling
and normalization. Distinct group clusters can be expected only for
samples with significantly different values of certain parameters,

which is often not a case of lipidomic or metabolomic studies. Then,
the supervised OPLS method is applied to improve the group clus-
tering (Fig. S5). The important parameter is the way  of data scaling.
The conventional unit variance (UV) scaling does not provide the
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ig. 6. S-plots from OPLS analysis (see Fig. 5) for lipid classes in human plasma sam
ownregulated lipid molecules in the lower left corner: g1 + g2 vs. g3 + g4 + g5, (B) g

est results for the metabolomic data (Figs. S4A, S4B, S5A and S5B),
here the Pareto scaling is recommended [42] and also in our case

he group clustering is better with the Pareto scaling used in the rest
f this work. Tables S3 and S4 show basic parameters of statistical
odels used in figures presented in this paper, where nonpolar and

olar lipids can be processed either separately or jointly depending
n quality of the statistical group differentiation.

.4. Effects of CVD and obesity on lipidomic profiles

Various statistical correlations among individual groups are

tudied in our lipidomic data set and the most interesting results
re presented here with the emphasis on the differentiation of
ealthy and CVD groups by MDA  methods. The following main
rends are observed (Fig. 2) for comparison of mean lipid class
ith the most important upregulated lipid molecules in the upper right corner and
3 + g4 + g5, and (C) g1 vs. g2.

concentrations of individual groups in comparison to normal
healthy group (g1). In general, quantitative data obtained by
biochemical measurements (Table S1) and UHPLC/MS data (Fig. 2)
are in a good agreement. PC and SM decrease in all fractions in
comparison to g1. This decrease is statistically significant accord-
ing to t-test for SM in most fractions and for PC in plasma and
erythrocytes. PE decreases in many cases, the most pronounced
and statistically relevant decrease is observed for HDL (g3, g4 and
g5) and LDL (g3 and g5) in agreement with the previous work [50]
and also for erythrocytes (g3 and g4). The decrease of LPC concen-
tration is observed for all fractions except for VLDL. The statistically

significant changes are reported for g3, g4 and g5 in plasma, g4 and
g5 in erythrocytes, g3 and g5 in LDL. LPC with anti-inflammatory
properties is decreased in obese and CVD patients [51]. LPC (18:2)
decrease observed in obese patients is in agreement with the
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Fig. 7. Statistical plots for nonpolar lipid classes in HDL samples: (A) PCA score plot, and (B) OPLS score plot.

Fig. 8. Statistical plots for nonpolar lipid classes in LDL samples: (A) PCA score plot, and (B) OPLS score plot.
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revious work [52]. Other works have reported the opposite
ffects, such as increased LPC concentration in the sperm of obese
an  [53] or in human plasma of rheumatoid arthritis patients [54],

ut this observation does not correspond to our data for plasma
f CVD patients. Table S5 shows that ratios of PC/LPC and PC/SM
re increased for CVD groups (g3, g4 and g5) compared to the
ealthy control in case of plasma, LDL and mainly HDL, which is in
greement with the previously published work [55], but another
ork [56] reports the increased cardiovascular risk for the elevated

oncentration of lipoprotein-associated phospholipase A2.
For nonpolar lipid classes, the concentration increase is

bserved for both 1,2- and 1,3-DG in VLDL, but not for other blood
ractions. 1,3-DG concentrations even decrease in HDL (g3, g4 and
5). Concentrations of TG in most fractions (except for HDL) are
ncreased, which is in agreement the previous study as well [57].
arge variations in TG concentrations are probably associated with
he different diet and living style of individual objects. Changes
re mostly not statistically significant due to large variations, but
nyway the following trends are apparent: increase of TG concen-
ration (the largest for g3) in plasma, VLDL and LDL, but TG concen-
ration decreases in HDL (statistically significant for g5). Concen-
ration trends for sterols and CE measured by UHPLC/MS (Fig. 2B)
re in a full agreement with biochemical measurements (Table S1).
he reduced concentration of most lipid classes is observed for g5
Fig. 2), in many cases these decreases are statistically significant
ccording to t-test, such as decreases of CE in plasma and HDL, TG
n HDL, sterols in plasma, LDL and HDL, PC, SM and LPC in most frac-
ions. This trend is probably related to the drug lowering therapy
ith statins, because g5 has a stable therapy of beta-blockers and

tatins. High blood TG level is associated with the increased risk of
VD [58]. The large increase of 1,2-DG and 1,3-DG in VLDL (Fig. 2B)
ould be associated with TG degradation by the lipoprotein lipase.
oncentration profiles of DG and TG in VLDL show similar profiles.

The first step in MDA  is the comparison of CVD groups separately
or individual types of CVD (g3, g4 or g5) with healthy controls (g1)
xcluding healthy obese at this stage (Figs. S6 and 3). Unsupervised
CA score plots (Fig. S6) do not provide a clear group separation,
ut OPLS score plots (Fig. 3) show the distinct group separation of
ealthy and disease groups in all cases and there are also similari-
ies in the most influential lipid molecules on the group separation
isualized in S-plots (Fig. 4). The common features are the down-
egulation of some saturated DG (1,3-DG 32:0, 1,3-DG 34:0 and
,3-DG 30:0) and several plasmalogen/ether PE and PC, the upre-
ulation of some monounsaturated DG (e.g., 1,3-DG 32:1, 1,3-DG
4:1, 1,2-DG 32:1). Another features are observed only for some
VD groups, such the upregulation of TG 52:3 for g3 (Fig. 4A), SM
4:1 for g3 (Fig. 4A) and g4 (Fig. 4B), PC 38:3 and PE 38:3 for g5
Fig. 4C). When all three CVD groups are combined (g3 + g4 + g5)
nd correlated with combined healthy normal and healthy obese
roups (g1 + g2), then the group clustering is not so clear (Fig. 5A)
s in previous examples, but anyway all healthy normal and CVD
ubjects are clearly distinguished the score plot, but obese subjects
g2) are almost randomly distributed in this graph. The lipidomic
omposition of healthy obese is somewhere in between healthy
tate and CVD state in agreement with previous works and known
acts that the obesity leads to proinflammatory conditions with the
ossible development of CVD [17]. If the obese group is excluded
rom the OPLS model, then the correlation g1 vs. g3 + g4 + g5 shows
he excellent group separation again (Fig. 5B). Fig. 5C shows that
ealthy normal and healthy obese can also be easily differentiated
y their lipidomic plasma composition. Lipid species with the high-
st impact on the group clustering are highlighted in S-plots (Fig. 6)

howing similarities with the previous correlation of individual
isease types (Fig. 4) as expected, but some features are better
isualized here. The upregulation of SM 34:1 in g3 and g4, and of
M 36:1 and SM 36:2 in patients of all CVD is observed (Fig. 4).
gr. B 990 (2015) 52–63 61

Obese participants (g2) have elevated SM 34:2, SM 36:1 and SM
36:2 (Fig. 6C).

In two cases, lipidomic differences between g1 + g2 vs.
g3 + g4 + g5 are large enough that even unsupervised PCA yields the
visible separation of group clusters, as shown for nonpolar lipid
classes in Fig. 7A for HDL and in Fig. 8A for LDL. Only few obese
subjects from g2 and two  g4 subjects in case of HDL are incorrectly
classified in these score plots. OPLS improves the group cluster-
ing only in part, but anyway the analysis of nonpolar lipids in HDL
and LDL may  be considered as the possible target in the future
searches for CVD biomarkers. Another example of successful g1 + g2
vs. g3 + g4 + g5 MDA  separation is shown for polar lipid classes in
erythrocytes and VLDL, but the supervised OPLS has to be used for
such group clustering (Fig. S7).

4. Conclusions

Three different MS-based methods are used for the lipidomic
characterization of five groups containing healthy control, obese
and three groups of different types of CVD patients. HILIC-
UHPLC/ESI-MS provides the quantitative data on polar lipid classes
and NP-HPLC/APCI-MS on nonpolar lipid classes. In both cases, rela-
tive lipid species concentrations are determined as well from mass
spectra of chromatographic peaks of individual classes and further
used for MDA. MALDI-MS is tested for the determination of all lipids
without the chromatographic separation, but this approach is not
superior to UHPLC/MS methods in terms of analytical information
and also the quality of statistical differentiation of group clusters by
MDA methods. The biological variability among individual people
causes that unsupervised PCA method provides in most cases only
a partial group clustering in PCA score plots, so the supervised OPLS
has to be used for the better differentiation. CVD is a typical mul-
tifactorial type of diseases, where individual types of CVD exhibit
also differences in their lipidomic composition. Another risk fac-
tor is the obesity, therefore the group of healthy obese is often in
between healthy and CVD groups. If the obese group is excluded
from our data, then the differentiation between healthy and dis-
ease samples is unambiguous in all cases, but such picture would
be artificial. Finally, lipid molecules with the highest impact on the
group clustering in OPLS score plots are identified using S-plots and
increased/decreased concentrations of these lipids can be corre-
lated with the development of CVD and the possible future research
of their biomarker potential. Two  most upregulated lipids in CVD
groups are 1,3-DG 32:1 and 1,3-DG 34:1 and most downregulated
species are SM 34:2 and 1,3-DG 32:0.
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