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Abstract Lipids form a significant part of animal organs

and they are responsible for important biological functions,

such as semi-permeability and fluidity of membranes,

signaling activity, anti-inflammatory processes, etc. We

have performed a comprehensive nontargeted lipidomic

characterization of porcine brain, heart, kidney, liver, lung,

spinal cord, spleen, and stomach using hydrophilic inter-

action liquid chromatography (HILIC) coupled to electro-

spray ionization mass spectrometry (ESI/MS) to describe

the representation of individual lipid classes in these

organs. Detailed information on identified lipid species

inside classes are obtained based on relative abundances of

deprotonated molecules [M-H]- in the negative-ion ESI

mass spectra, which provides important knowledge on

phosphatidylethanolamines and their different forms of

fatty acyl linkage (ethers and plasmalogens), phosphat-

idylinositols, and hexosylceramides containing nonhydr-

oxy- and hydroxy-fatty acyls. The detailed analysis of

identified lipid classes using reversed-phase liquid chro-

matography in the second dimension was performed for

porcine brain to determine more than 160 individual lipid

species containing attached fatty acyls of different acyl

chain length, double-bond number, and positions on the

glycerol skeleton. The fatty acid composition of porcine

organs is determined by gas chromatography with flame

ionization detection after the transesterification with

sodium methoxide.
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Abbreviations

APCI Atmospheric pressure chemical

ionization

CE Cholesteryl ester

Cer Ceramide

Chol (C) Cholesterol

CN Carbon number

DB Double bond

ESI Electrospray ionization

ePC (PakCho) Plasmanylphosphatidylcholine

(ether)

ePE (PakEtn) Plasmanylphosphatidylethanolamine

(ether)

FAME Fatty acid methyl ester

FID Flame ionization detector

GC Gas chromatography

HexCer Hexosylceramide

HILIC Hydrophilic interaction liquid

chromatography

HPLC High-performance liquid

chromatography

IS Internal standard

LPC (LysoPtdCho) Lysophosphatidylcholine

LPE (LysoPtdEtn) Lysophosphatidylethanolamine

MS Mass spectrometry

NARP Nonaqueous reversed-phase

PC (PtdCho) Choline glycerophospholipids

PE (PtdEtn) Ethanolamine glycerophospholipids

Electronic supplementary material The online version of this
article (doi:10.1007/s11745-013-3820-4) contains supplementary
material, which is available to authorized users.
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PI (PtdIns) Phosphatidylinositol

PG (PtdGro) Phosphatidylglycerol

pPC (PlsCho) Plasmenylphosphatidylcholine

(plasmalogen)

pPE (PlsEtn) Plasmenylphosphatidylethanolamine

(plasmalogen)

PS (PtdSer) Phosphatidylserine

QqQ Triple quadrupole

RF Response factor

RP Reversed-phase

SM (CerPCho) Sphingomyelin

SRM Selected reaction monitoring

TG (TAG) Triacylglycerol

Introduction

Lipids are important components of cellular organisms that

serve as building blocks of membranes, sources of energy,

essential fatty acids and fat-soluble vitamins, biosynthetic

precursor of cellular components, transmission of infor-

mation in cells, etc. [1–3]. They are divided according to

their structural and biosynthetic complexity into the fol-

lowing categories: fatty acyls, glycerolipids, glycerophos-

pholipids, sphingolipids, sterol lipids, prenol lipids,

saccharolipids, and polyketides [1]. Fatty acids are building

blocks for the synthesis of triacylglycerols (TG), which are

mainly used for energy storage and signaling. The balance

among saturated, monounsaturated, and polyunsaturated

fatty acids is important for maintaining the optimum flu-

idity of membranes. In the human organism, polyunsatu-

rated fatty acids (PUFA) are main components of brain and

retina, and n-6 PUFA are essential for the biosynthesis of

prostaglandins, which decreases the production of inflam-

matory agents [4]. Glycerophospholipids are key constitu-

ents of lipid bilayers, which form the separate environment

of internal cells and participate in the cellular signaling and

enzyme activation. In nature, glycerophospholipids con-

taining ether-linked fatty acyls (plasmenyl and plasmanyl-

lipids) instead of ester-linked fatty acyls are common,

especially as membrane constituents. Plasmenyl-lipids

(plasmalogens) form up to 50 % of glycerophospholipids

of brain and heart tissues of human, while plasmanyl-lipids

(ethers) occur at only a few percent, but elevated levels of

plasmalogens have been reported in human cancer tissues

[5–7]. Sphingolipids are contained in most cell membranes,

mainly in nervous membranes (brain and spinal cord).

The comprehensive lipidomic analysis of biological

samples is a daunting task due to the extreme complexity of

the lipidome (amphipathic character of lipids with hydro-

phobic acyl tails and hydrophilic head groups). Two basic

strategies are used in mass spectrometry (MS)-based

analysis of lipids: (1) direct infusion approaches with-

out any separation step (shotgun method), and (2) chro-

matographic separation followed by MS, typically high-

performance liquid chromatography (HPLC)–MS. Gas

chromatography with flame ionization detection (GC/FID)

or MS detection can be used for fatty acid profiling after the

transesterification to fatty acid methyl esters (FAME) [8, 9].

HPLC/MS is a powerful technique in the separation of

complex mixtures of glycerolipids, glycerophospholipids,

sphingolipids, etc. Nonaqueous reversed-phase (NARP)

HPLC coupled to atmospheric pressure chemical ionization

(APCI) MS is applicable for the separation and identifica-

tion of nonpolar lipids, such as TGs [9–12]. Hydrophilic

interaction liquid chromatography (HILIC) and reversed-

phase (RP) HPLC coupled to electrospray ionization (ESI)

MS has been used for the separation of glycerophospho-

lipids and sphingolipids [13–18] in animal tissues. Fur-

thermore, the coupling of thin-layer chromatography (TLC)

and matrix-assisted laser desorption-ionization (MALDI)

has also been applied for the analysis of biological samples

[19–21]. Comprehensive lipidomic analysis is often per-

formed using on-line or off-line two-dimensional HPLC,

which offers the opportunity to separate complex lipidomic

mixtures according to two molecular properties [18, 22, 23].

Another possibility for the characterization of lipid classes

with different ionization behavior is dual parallel coupling

of HPLC and MS, where a certain portion of effluent can be

diverted into the second HPLC/MS with different chro-

matographic and ionization conditions than the first HPLC/

MS configuration [24].

The lipidomic quantitation has been a challenge for long

time, but several approaches for targeted and nontargeted

quantitation of lipids are known using MS (direct infusion

[25–27] or in HPLC/MS configuration [28]) or 31P nuclear

magnetic resonance (NMR) spectrometry [29, 30]. The

most widespread shotgun approach applies the direct

infusion ESI–MS using various scans typical for triple

quadrupole (QqQ) [13, 14, 17, 31–35] or hydride quadru-

pole–linear ion trap mass analyzers [36], such as the pre-

cursor ion scan, the neutral loss scan, the product ion scan,

and the selected reaction monitoring (SRM), together with

the use of suitable internal standards (typically deuterated

or odd carbon number analogs of determined lipids). The

shotgun approach has been used in numerous lipidomic

studies due to its simplicity, easy automation, and rapidity.

The shotgun approach without HPLC separation is less

convenient for the analysis of isobaric lipids [28]. Ion

suppression/enhancement effects in the shotgun approach

can be stronger compared to HPLC/MS [28]. The novel

trend in the lipidomic quantitation is the use of high-res-

olution quadrupole–time-of-flight (Q-TOF) mass analyzer

[36] or even an ultrahigh-resolution orbitrap analyzer with

the Fourier transformation providing the resolving power
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over 100,000 (FWHM) and sub-ppm mass accuracy [17].

HPLC/MS methods offer the separation of isobaric species

and significantly reduce suppression effects, but on the

other hand it takes longer and requires additional instru-

mentation and expertise. Typically, reversed-phase (RP)

mode is used for the HPLC separation with possible

identification of several hundred lipid species [17, 23].

Recently, we have introduced the nontargeted approach

based on HILIC-HPLC separation of lipid classes and the

determination based on the use of response factors (RFs)

for individual lipid classes together with a single internal

standard (sphingosyl PE, d17:1/12:0) [37]. Another non-

targeted method for the lipid class quantitation is 31P NMR

[29, 30], which is an accurate and nondestructive method,

but suffering from low sensitivity and therefore very long

measurement times, and is not suitable for HPLC coupling.

The main goal of this work is the application of non-

targeted a HILIC-HPLC/ESI–MS method for qualitative

and quantitative characterization of the lipidome, mainly

glycerophospholipids and sphingolipids, in biological tis-

sues (porcine organs), with comparison of the results with

previously published data [13, 14, 17, 30, 38–41]. In this

work, we determine the distribution of individual lipid

classes in porcine brain, heart, kidney, liver, lung, spinal

cord, spleen, and stomach, together with the representation

of fatty acyls within certain classes.

Materials and Methods

Chemicals and Standards

Acetonitrile, 2-propanol, and methanol (all HPLC gradi-

ent grade), hexane and chloroform stabilized by 0.5–1 %

ethanol (both HPLC grade), sodium methoxide, and

ammonium acetate were purchased from Sigma-Aldrich

(St. Louis, MO, USA). 1,2-dimyristoyl-sn-glycero- 3-

phosphoglycerol (14:0/14:0-PG), 1,2-dimyristoyl-sn-gly-

cero-3-phosphoethanolamine (14:0/14:0-PE), 1-myristoyl-

2-hydroxy-sn-glycero-3-phosphoethanolamine (14:0-LPE),

1,2-dimyristoyl-sn-glycero-3-phosphocholine (14:0/14:0-PC),

and 1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine

(14:0-LPC) for the determination of extraction yields, 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (16:0/16:0-PC),

1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1/18:1-PC),

1,2-distearoyl-sn-glycero-3-phosphocholine (18:0/18:0-

PC), 1,2-diarachidonoyl-sn-glycero-3-phosphocholine (20:4/

20:4-PC), 1,2-didocosahexaenoyl-sn-glycero-3-phospho-

choline (22:6/22:6-PC), 1,2-diheptadecanoyl-sn-glycero-

3-phosphoethanolamine (17:0/17:0-PE), and 1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine (18:1/18:1-PE) for

determination of ionization efficiency, and N-dodecanoyl-

heptadecasphing-4-enine-1-phosphoethanolamine

(sphingosyl PE, d17:1/12:0) used as the IS for the nontar-

geted quantitation with RFs were purchased from Avanti

Polar Lipids (Alabaster, AL, USA). Brain, heart, kidney,

liver, lung, spinal cord, spleen, and stomach of pig (female

at the age of 8 months) were obtained from the family farm

of the first author.

Sample Preparation

Total lipid extracts for HILIC-HPLC/MS analyses were

prepared according to the modified Folch procedure [42]

using a chloroform–methanol–water system. Briefly,

approximately 0.5 g of porcine organ and 50 lL of 3.3 mg/

mL IS (sphingosyl PE, d17:1/12:0) were homogenized with

10 mL of chloroform–methanol (2:1, v/v) mixture for

5 min and the homogenate was filtered using a coarse filter

paper. Then, 2 mL of 1 mol/L NaCl was added, and the

mixture was centrifuged at 2,500 rpm for 4 min at ambient

temperature. The chloroform (bottom) layer containing

lipids was taken and evaporated by a gentle stream of

nitrogen and redissolved in chloroform–2-propanol (1:1,v/v)

mixture for subsequent HILIC analyses.

FAMEs for GC/FID analyses were prepared from total

lipid extracts of porcine organs using a standard procedure

with sodium methoxide [8]. Briefly, the amount of 200 lL

of total lipid extract and 1.6 mL of 0.25 mol/L sodium

methoxide in methanol was heated on a water bath for

10 min at 65 �C. After the reaction, 1 mL of water satu-

rated with sodium chloride and 1 mL of hexane were

added, and the mixture was centrifuged at 2,500 rpm for

3 min at ambient temperature. The hexane (upper) layer

containing FAMEs was taken and used for GC/FID

analyses.

HILIC-HPLC/ESI–MS of Individual Porcine Organs

Total lipid extracts of porcine organs were analyzed using a

Spherisorb Si column (250 9 4.6 mm, 5 lm; Waters,

Milford, MA, USA), a flow rate of 1 mL/min, an injection

volume of 10 lL, column temperature of 40 �C and a

mobile phase gradient: 0 min—94 % A ? 6 % B,

60 min—77 % A ? 23 % B, where A is acetonitrile and B

is 5 mM aqueous ammonium acetate [18]. All HPLC/MS

experiments were performed on the liquid chromatograph

Agilent 1200 series (Agilent Technologies, Waldbronn,

Germany) coupled to the Esquire 3000 ion trap analyzer

with ESI (Bruker Daltonics, Bremen, Germany). Individual

lipid classes were identified and quantified using the total

ion current in positive-ion and negative-ion modes in the

mass range m/z 50–1,000 with the following setting of

tuning parameters: pressure of the nebulizing gas 60 psi,

drying gas flow rate 10 L/min, and temperature of the

drying gas 365 �C. Low-energy collision-induced
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dissociation tandem mass spectrometry (MS/MS) experi-

ments were performed during HPLC/MS runs with the

automatic precursor selection, the isolation width of Dm/z

4, the collision amplitude of 1 V, and helium as a collision

gas. Data were acquired and evaluated using the Data

Analysis software (Bruker Daltonics).

Off-Line 2D-HPLC/MS of Porcine Brain

Individual lipid classes from porcine brain were manually

collected during the HILIC-HPLC analysis, fractions were

evaporated by a gentle stream of nitrogen and redissolved

in acetonitrile–2-propanol (1:1, v/v) mixture. The volume

for the redissolvation was selected according to the con-

centration of individual fractions. In the second dimension,

fractions of polar lipid classes were analyzed using RP-

HPLC/MS with core–shell particles column Kinetex C18

(150 9 2.1 mm, 2.6 lm; Phenomenex, Torrance, CA,

USA), flow rate of 0.3 mL/min, injection volume of 1 lL,

separation temperature of 40 �C, and mobile phase gradi-

ent: 0 min—75 % A ? 25 % B, 110 min—89 % A ?

11 % B, where A is the mixture of acetonitrile–2-propanol

(1:1, v/v) and B is 5 mM aqueous ammonium acetate.

Polar lipids were identified using ESI–MS in the mass

range m/z 50–1,500 with the following setting of tuning

parameters: pressure of the nebulizing gas of 40 psi, drying

gas flow rate of 9 L/min, and temperature of the drying gas

365 �C. The identification of individual lipids is done by

their ESI mass spectra and the knowledge of their retention

behavior in HILIC and RP modes [18, 37].

GC/FID Analyses of FAMEs

The gas chromatograph with flame ionization detection

Agilent 7890 (Agilent Technologies) using TR-FAME

column (70 % cyanopropyl polysilphenylene-siloxane),

60 m length, 0.25 mm ID, 0.25 lm film thickness (Thermo

Scientific, Waltham, MA, USA), was used for the fatty acid

profiling based on measurements of their corresponding

FAMEs. GC conditions were as follows: injection volume

1 lL, split ratio 1:15, flow rate of helium as a carrier gas

1.025 mL/min, and temperature program: initial tempera-

ture 160 �C, ramp to 210 �C at 2 �C/min, and then ramp to

235 �C at 22 �C/min. Injector and detector temperatures

were 250 and 280 �C, respectively.

Results and Discussion

Our nontargeted quantitation approach [37] is based on the

measurement of response factors for individual lipid clas-

ses using representatives of all determined classes (i.e.,

lipid species containing oleic acids). This way, relative

differences (i.e., response factors) for individual lipid

classes are determined. The determination of basic ana-

lytical parameters of developed method has to been done

before measurements of real samples, such as limit-of-

quantitation (LOQ) determined at signal-to-noise ratio of

10 (10–100 nmol/g for all classes except for PI and LPE;

Table S-1) and standard deviations determined from 10

replicates (below 5.5 % in all cases; Table S-1). Another

issue for the reliable lipidomic quantitation is the knowl-

edge of effects of fatty acyl chain length and the number of

double bonds on the ionization efficiency, which is deter-

mined for both polarity modes (positive and negative) and

both chromatographic systems (HILIC and RP) under

identical conditions as used for the analysis of real samples

(Table S-2). Measurements of 5 PC standards (16:0/16:0,

18:1/18:1, 18:0/18:0, 20:4/20:4, and 22:6/22:6) and 3 PE

(14:0/14:0, 17:0/17:0, and 18:1/18:1) show that the relative

differences in responses (related to 18:1 containing species

set as 100 % response) are in the range 70–110 % for RP in

both polarity modes and 77–130 % for HILIC in both

polarity modes. It should be mentioned that the negative-

ion mode is not convenient for the detection of choline-

containing PLs due to the low sensitivity, but relative

responses still fit into the above-mentioned intervals.

The rather important issue of our nontargeted quantita-

tion of lipid classes is the verification that ratios of

extraction yields among lipid classes for different samples

are comparable. In addition to the determination of

extraction yields reported in our previous work [37], we

have performed the following spiking experiment for one

lipid species per class not occurring in studied samples

(Fig. S-1). The mixture of representative standards of

selected lipid classes (PG, PE, LPE, PC, and LPC) con-

taining C14:0 fatty acids (concentration 88 lg/mL of each

standard) and sphingosyl PE (d17:1/12:0) as the IS (con-

centration 222 lg/mL) was prepared and measured by

HILIC-HPLC/ESI–MS in the identical way to all other

samples (annotation in Fig. S-1 as standards without

extraction). Then, the same experiment was repeated, but

including the extraction step as for real samples (standards

after extraction in Fig. S-1). Relative extraction yields [i.e.,

ratios of extraction yields of representative standards of

selected lipid classes containing C14:0 related to the

extraction yield of sphingosyl PE (d17:1/12:0) as the IS]

are in the range 90–92 %. The last step was the extraction

of selected biological tissues (heart, lung, spleen, and

stomach) and also body fluids (plasma and urine) spiked

with C14:0 standards followed again by HILIC-HPLC/

ESI–MS measurements. Relative extraction yields are

between 70 and 96 % (related to standards without

extraction) for all standards in Fig. S-1, which is consid-

ered as acceptable for such heterogeneous biological

materials. The comparison of results obtained by this
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approach and established quantitation method (SRM on

triple quadrupole and 31P NMR) were presented in our

previous paper [37].

Lipid Classes Characterization of Porcine Organs Using

HILIC-HPLC/ESI–MS

Figure 1 shows an overview of our approach used for the

complex lipidomic characterization of eight porcine organs:

brain, heart, kidney, liver, lung, spinal cord, spleen, and

stomach (all HILIC chromatograms in Figs. S-2 and S-3).

This approach is based on our HILIC-HPLC/ESI–MS

method published recently [37] for the characterization of

three nonpolar lipid classes (triacylglycerols, cholesterol,

and cholesteryl esters) and 15 polar lipid classes, from

which 10 lipid classes belong to the group of phospholipids

such as phosphatidylglycerols (PG), phosphatidylinositols

(PI), plasmenylphosphatidylethanolamines (pPE), plasma-

nylphosphatidylethanolamines (ePE), phosphatidylethano-

lamines (PE), lysophosphatidylethanolamines (LPE),

phosphatidylserines (PS), plasmenylphosphatidylcholines

(pPC), plasmanylphosphatidylcholines (ePC), and lys-

ophosphatidylcholines (LPC), and 5 to the group of sphingo-

lipids such as ceramides (Cer), sulfatides, hexosylceramides

(HexCer), sphingosylphosphatidylethanolamine (IS), and

sphingomyelins (SM). The nontargeted quantitation of lipid

classes [37] is based on the peak integration of individual

lipid classes separated in the HILIC mode multiplied by

their response factors (RF) and correlated by a single IS

(sphingosyl PE, d17:1/12:0). However, the HILIC-HPLC

method does not enable the separation of non-polar lipids

(TG, Chol, and CE), which coelute in one chromatographic

peak close to the void volume of the system, and therefore

their quantitation would not be reliable using this chro-

matographic system. Furthermore, the quantitation of Cer,

HexCer, and sulfatides cannot be performed due to wide

and only partially resolved peaks occurring in HILIC-

HPLC. In the case of PS, the obtained data are semi-

quantitative (labeled in Table 1) due to the peak tailing,

which causes problems with the peak integration. Reliable

quantitative data are obtained for PE, LPE, PC, SM, and

LPC [33]. Table 1 shows the comparison of our quantitative

data of porcine brain and previously reported data [30, 39,

40] for human or rat brain. Concentrations (in lmol/g) or

relative abundances (in %) are similar despite different

analytical methods and different types of brain samples

(Table 2; Fig. 2). Relative abundances of individual lipid

classes in all porcine organs are reported in Fig. 2, where

the relative abundance of PC is in the range 32–40 %, PE

26–35 %, SM 5–19 %, PI up to 20 %, PS up to 12 %, LPE

up to 8 %, LPC up to 7 %, and PG up to 5 %. Only spleen

contains all quantified lipid classes (i.e., PC, PE, PI, SM,

PS, LPE, LPC, and PG). In contrast to spleen, the lung and

spinal cord are composed from the smallest number of lipid

classes (i.e., PC, PE, PI, SM, and PG or PS). The compar-

ison of lipid class concentrations in individual porcine

organs (Table 2; Fig. S-4) confirms that PC and PE are the

most abundant polar lipids in porcine organs. The highest

concentrations of PC and PE are observed in the brain and

the lowest in the lung and stomach. The HILIC-HPLC/ESI–

MS method enables the determination of total concentra-

tions of lipid classes, but the next step is the determination

of concentrations of individual lipid species inside these

classes. For this reason, the detailed characterization of

Fig. 1 Schematic overview of our nontargeted lipidomic approach:

step 1: extraction with the addition of internal standard; step 2:

HILIC-HPLC/MS in the positive-ion ESI; step 3/: HILIC-HPLC/MS

in the negative-ion ESI; step 4: off-line 2D-HPLC/MS

characterization of individual species inside lipid classes; step 5:

negative-ion ESI mass spectrum of separated lipid class in HILIC-

HPLC (details in ‘‘Materials and Methods’’)
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selected lipid classes was carried out using two different

approaches as described in the next two sections.

Analysis of Individual Lipid Species Using [M-H]-

Ions in Negative-Ion ESI Mass Spectra

This approach enables the characterization of individual

lipid species inside lipid classes based on relative abun-

dances of deprotonated molecules [M-H]- in the nega-

tive-ion HILIC-HPLC/ESI–MS (i.e., PE, PI, PG, LPE,

HexCer, and sulfatides). This approach cannot be applied

for the positive-ion mode due to the presence of both

protonated molecules [M?H]? and sodium adducts

[M?Na]? ions, because [M?Na]? ions have identical

nominal masses as [M?H]? ions of lipids having more

than two methylene units and three double bonds (DB).

The resolving power (RP) required for the differentiation

of these species is over 300,000 [calculated from m/z 800:

RP = 800/(21.98435 – 21.98195) = 333 9 103]. Such RP

is achievable only on the ion cyclotron resonance mass

spectrometer, therefore we have decided on the quantita-

tion of PE, PI, and HexCer species in the negative-ion

mode. For PE species, the type of fatty acyl linkage to the

glycerol skeleton was also taken into account, i.e., the most

commonly known ester-linked fatty acyls at both sn-1 and

sn-2 positions (diacyl) are referred to as PE, ether-linked

fatty acyls at the sn-1 position (1-alkyl-2-acyl) as ethers

(ePE), and vinyl ether-linked fatty acyls at the sn-1

(1-alkenyl-2-acyl) as plasmalogens (pPE). Plasmalogens and

ethers having identical retention times in the HILIC mode

and identical [M-H]- ions (e.g., plasmalogen C38:4 has

the same nominal mass m/z = 751 as ether C38:5) cannot

be distinguished using this approach. Nevertheless, ether

lipids are present in animal tissues as the minority, and

therefore they are reported in parentheses (Fig. 3, and the

text). The comparison of relative abundances of individual

lipid species of PE and pPE (ePE) in all analyzed porcine

organs is shown in Fig. 3a and b, respectively.

Table 2 Concentrations (lmol/g) of individual lipid classes in porcine organs using the nontargeted quantitation with the single internal

standard and response factor approach

Lipid classes Concentration (lmol/g)

Brain Heart Kidney Liver Lung Spinal cord Spleen Stomach

PG 1.71 ± 0.11 0.88 ± 0.05 0.67 ± 0.01 0.65 ± 0.04 0.27 ± 0.03 0.82 ± 0.01

PI 4.52 ± 0.10 4.99 ± 0.17 12.27 ± 0.63 7.79 ± 0.42 3.58 ± 0.11 5.29 ± 0.12 9.70 ± 0.17 5.02 ± 0.22

PE 30.67 ± 1.04 11.51 ± 0.48 16.22 ± 0.54 14.67 ± 1.26 8.32 ± 0.14 17.49 ± 0.20 16.27 ± 0.59 9.45 ± 0.35

LPE 2.04 ± 0.07a 1.60 ± 0.13 3.89 ± 0.17 0.97 ± 0.03a 1.48 ± 0.10a

PS 10.63 ± 0.83 1.35 ± 0.22 3.03 ± 0.29

PC 33.21 ± 0.20 13.73 ± 0.87 23.99 ± 0.58 21.06 ± 0.68 11.24 ± 0.19 17.10 ± 0.65 22.51 ± 0.67 11.02 ± 0.22

SM 6.50 ± 0.23 1.87 ± 0.13 7.36 ± 0.29 2.64 ± 0.08 4.12 ± 0.14 9.66 ± 0.22 8.71 ± 0.20 4.38 ± 0.08

LPC 0.84 ± 0.01 1.62 ± 0.02 0.59 ± 0.02 1.78 ± 0.15 0.81 ± 0.04 2.50 ± 0.09

a Only semi-quantitation due to the bad peak shapes

Table 1 Comparison of concentrations (lmol/g) or relative abundances (%) of individual lipid classes in the brain (porcine, human or rat)

obtained by our HILIC-HPLC/ESI–MS method and previously published TLC [40], 31P NMR [30], and HPLC/ELSD [39] data

Lipid class HILIC-HPLC/ESI–MS TLC [40] 31P NMR [30] HPLC/ELSD [39]

Porcine Human Human Rat Rat

Concentration (lmol/g) Relative abundance (%) Concentration (lmol/g) Relative abundance (%) Relative abundance (%)

PI 4.5 5.0 3.7 5.3 3.3 5.3

PE 30.7 34.3 29.0 37.6 37.6 37.6

LPE 2.0 2.3 1.4

PS 10.6a 13.1a 9.0 12.5 12.7 15.6

PC 33.2 37.1 22.1 37.6 36.9 37.6

SM 6.5 7.3 1.9 4.8 1.9

LPC 0.8 0.9 1.5

Others 0.7 0.95 2

a Only semi-quantitative data are determined for PS due to the peak tailing
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Concentrations of individual PE and pPE (ePE) species

(Tables S-3, S-4) are calculated from the relative abun-

dances of [M-H]- ions in ESI spectra multiplied by the

total concentration of the whole lipid class obtained by

nontargeted lipidomic quantitation (Table 2). Fatty acyls

are annotated by their CN:DB (carbon number:double bond

number). PE (Fig. 3a) containing saturated and monoun-

saturated fatty acyls with 16 and 18 carbon atoms prevail.

The highest relative abundance of PE corresponds to spe-

cies containing 38 carbon atoms and four DBs (typically

C18:0 and C20:4 acyls). Polyunsaturated PE are present

mainly in brain (typical composition C40:6, C40:5, and

C40:4) and their lowest relative abundances are observed

in heart. Lung, spinal cord, and spleen contain the long-

chain (more than 20 carbon atoms) monounsaturated or

saturated fatty acyls (C40:1 and C40:2 species), which are

typical for sphingolipids, but they also occur in small

amounts in phospholipids. There are two cases in which it

is not possible to exclude the presence of pPE species in PE

(mixtures of C36:0 with C38p:6 and C38:0 with C40p:6)

due to identical m/z values observed in ESI spectra.

Average parameters of aCN and aDB are calculated in the

figure legend. Values of aCN are around 37 carbon atoms,

but aDB varies from 2 for spinal cord to 3.3 for heart.

Average parameters are useful for the simple overall

characterization of particular sample types, as demon-

strated earlier for TGs [43].

The representation of pPE (ePE) in various organs

shows some interesting features (Fig. 3b). The highest

relative abundance of pPE (ePE) is observed in kidney for

C36:4 (typically C16:0 and C20:4). The most abundant

pPE (ePE) species contains fatty acyls with four and more

DBs, which shows that plasmalogens may serve as a source

of polyunsaturated fatty acids [4]. Values of aCN in pPE

(ePE) species are from 36.7 (heart and kidney) to 38.0

(liver). aDB of individual porcine organs varies from 3.3

(lung) to 4.2 (liver), except for spinal cord (2.8) with higher

abundances of pPE (ePE) species containing fatty acyls

with 0–3 DBs. In contrast to PE, long-chain saturated and

monounsaturated fatty acyls in individual pPE (ePE) occur

in spleen and stomach.

In general, plasmalogens can form up to 70 % of PE in

animal tissues, where they have many important functions

[5, 6]. Therefore, we compare the relative abundance of PE

and pPE (ePE) in porcine organs (Fig. 4; Tables S-3, S-4).

The lowest amount of pPE (ePE) is found in liver, which

could be related to the biosynthesis of fatty acids in liver

[5]. On the other hand, nervous tissues (brain and spinal

cord) contain the highest amounts of pPE (ePE). The high

relative proportion of pPE (ePE) is also observed in porcine

heart and stomach. In these organs, plasmalogens have

functions of antioxidants, signaling molecules, and modu-

lators of membrane dynamics [5, 6]. Furthermore, indi-

vidual lipid species of PI (Fig. S-5; Table S-5) were

determined, where the highest relative abundance in all

porcine organs corresponds to C18:0 and C20:4 fatty acyls

(identical as for PE) with the highest abundance in spleen.

High proportions of C34:0 and C34:1 PI species are

determined in kidney unlike to other organs. Values of aCN

are around 37, and aDB are from 2.4 (kidney) to 3.4

(spleen).

This approach was also used for the characterization of

relative abundances of individual sphingolipids (i.e., Hex-

Cer) containing nonhydroxy-fatty acyls or hydroxy-fatty

Fig. 2 Relative abundances (%) of monitored lipid classes in porcine

organs using the nontargeted quantitation with the single internal

standard and response factor approach (color figure online)
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acyls in porcine brain, kidney, spleen, spinal cord, and

stomach (Fig. 5). HexCer are the most abundant in nervous

tissues (brain and spinal cord), where they form important

components of neurons [2]. Moreover, they are heavily

represented in spleen due to various functions in the

immune system [2]. Each organ has different HexCer with

the highest relative abundance, i.e., C42:1-OH (C43:0) and

C42:2-OH (C43:2) in brain and spinal cord, and C36:2-OH

(C37:1) and C36:0-OH in stomach. Kidney and spleen

contain the most abundant nonhydroxy-fatty acyls, such as

C40:1 (C39:2-OH) and C40:0 (C39:1-OH) in kidney and

C41:2 (C40:3-OH) and C39:2 (C38:3-OH) in spleen. As for

plasmalogens and ethers, lipid species having identical

values of [M-H]- ions for fatty acyls containing non-

hydroxy- and hydroxy-forms (e.g., HexCer containing

C42:2-OH has the same nominal value of m/z = 825 as

Fig. 3 Relative abundances (%) of individual species of (a) PE (1,2–

diacyl) and (b) pPE (1-alkenyl-2-acyl) and ePE (1-alkyl-2-acyl)

determined using relative abundances of [M-H]- ions in the

negative-ion HILIC-HPLC/ESI–MS and calculated average carbon

numbers (aCN) and average double bonds (aDB) numbers in porcine

organs
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HexCer containing C43:2) cannot be distinguished using

this approach. Fatty acyls in parentheses are less probable

due to the odd carbon number or higher number of DBs,

because saturated and monounsaturated fatty acyls are

typical for glycosphingolipids.

Off-Line 2D-HPLC/MS Detailed Analysis of Individual

Lipid Species in Porcine Brain

The limitation of the first approach is that the only infor-

mation on the total number of carbon atoms and DBs is

obtained without the knowledge of the attached fatty acyls

and their positions on the glycerol skeleton. For this reason,

off-line two-dimensional HILIC 9 RP-HPLC/ESI–MS has

been used for the detailed analysis of porcine brain. Indi-

vidual fractions of lipid classes separated by HILIC-HPLC

are isolated and used in the second dimension for the

separation of individual lipid species inside lipid classes

according to the fatty acyl chain lengths and the number of

DBs using RP-HPLC. Almost 70 phospholipid (Table S-6)

and 100 sphingolipid species are identified in the porcine

brain. Namely, 11 PI (Fig. S-6A), 12 PE and 10 pPE

published in [18], 7 LPE and 3 pLPE, 17 species of PC, 2

pPC and 2 ePC (Fig. 6a), and 5 LPC, and 42 are HexCer

Fig. 4 Comparison of total

concentrations of PE (individual

species shown in Fig. 3a) and

the sum of pPE and ePE species

(individual species shown in

Fig. 3b) in porcine organs

Fig. 5 Relative abundances (%) of individual HexCer containing nonhydroxy- or hydroxy-fatty acyls in brain, kidney, spleen, spinal cord, and

stomach determined using relative abundances of [M-H]- ions in the negative-ion HILIC-HPLC/ESI–MS
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and 2 Cer (Fig. 6b), 38 sulfatides (Fig. S-6B), and 12 SM.

Phospholipids (PC, PE, and PI) are formed by the combi-

nation of 14 fatty acyls containing 16–22 carbon atoms and

0–6 DBs, where the most abundant fatty acyls are C16:0,

C18:0, C18:1, and C20:4, whereas sphingolipids (HexCer,

Cer, sulfatides, and SM) consist of 15 fatty acyls (non-

hydroxy and hydroxy) containing 16–26 carbon atoms and

0–2 DBs. Fatty acyl positions on the glycerol skeleton are

determined according to relative abundances of fatty acyls

fragment ions [RCOO]- in the negative-ion ESI spectra.

Higher relative abundances of [RCOO]- ions are typically

related to the fragmentation from the sn-2 position com-

pared to the sn-1 position for studied phospholipids

(Fig. 7), but relative abundances of these fragment ions are

also strongly affected by their unsaturation degree.

Exceptions are observed in the case of some phospholipids

containing combinations of C18:0 and C22:6, in which

ratios of [RCOO]- ions are affected by the presence of

[RCOO]- ion of polyunsaturated FA [44]. The second

diagnostic ions for the determination of sn-2 are the neutral

losses of ketene [M-H-RCHCO]- (Fig. 7) or fatty acid [M-

H-RCOOH]-. Neutral losses from the sn-2 position

resulting in the formation of [M-H-RCHCO]- ions are

always preferred without exception for PC, pPC, ePC, PE,

pPE, ePE, PI, HexCer, and sulfatides studied in this work.

It has been reported in the literature that the reversed ratio

of above mentioned fragment ions has been observed for

some lipid classes, such as PS and PA [44].

We observed a strong preference of polyunsaturated fatty

acyls in the sn-2 position (Fig. 7a). The preference of

sn-positions for two saturated fatty acyls (18:0/16:0-PC) is

related to the acyl chain length, because fatty acyls con-

taining more carbon atoms (C18:0) are favored in the sn-1

position unlike fatty acyls containing fewer carbon atoms

(C16:0) in thes sn-2 position (Fig. 7b). HexCer (Fig. 6b)

and sulfatides (Fig. S-6B) are separated in RP-HPLC

according to nonhydroxy- or hydroxy-form of their fatty

acyls, lengths, and the number of DBs. Nonhydroxy-forms

Fig. 6 Off-line 2D-HPLC/ESI–

MS analysis of (a) PC and

(b) HexCer and Cer fractions

from the porcine brain. RP-

HPLC conditions: flow rate

0.3 mL/min, separation

temperature 40 �C, gradient

0 min—75 % A ? 25 % B,

110 min—89 % A ? 11 % B,

where A is the mixture of

acetonitrile–2-propanol (1:1,

v/v) and B is 5 mM aqueous

ammonium acetate
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Fig. 7 Negative-ion ESI–MS/

MS spectra of (a) m/z 766 for

[M-H]- ion of 1-stearoyl-2-

arachidonoyl-sn-glycero-3-

phosphoethanolamine (16:0/

20:4-PE), and (b) m/z 746 for

[M-CH3]- ion of 1-stearoyl-2-

palmitoyl-sn-glycero-3-

phosphocholine (18:0/16:0-PC)

Fig. 8 Comparison of relative abundances of fatty acyl combinations in hexosylceramides (HexCer) and sulfatides in the porcine brain, and the

distribution of saturated and unsaturated nonhydroxy- and hydroxy-fatty acyls in HexCer and sulfatides (inset)
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of fatty acyls have higher retention times then their

hydroxy-forms, as illustrated in examples for HexCer

(DtR = 4–4.5 min) and sulfatides (2.5–3 min). The com-

parison of relative abundance of individual lipid species in

HexCer and sulfatides is shown in Fig. 8. Major sphingo-

lipids are composed of ceramide possessing 4-sphingenine

(d18:1; prefix ‘‘d’’ designates a dihydroxy sphingoid base)

with the hydroxy-form of C26:1, C24:1, and C24:0 acyls for

HexCer and the nonhydroxy-form of C22:0, C24:1, and

C24:0 acyls for sulfatides. The representation of nonhydr-

oxy- and hydroxy-forms of fatty acyls in HexCer is in the

ratio 30/70, which is exactly the opposite for sulfatides with

the ratio 70/30 (Fig. 8 inset). HexCer are composed of 22 %

saturated and 78 % unsaturated fatty acyls, while sulfatides

have 43 % saturated and 57 % unsaturated fatty acyls.

Fatty Acid Profiling Using GC/FID

The fatty acid composition of porcine organs is charac-

terized by the GC/FID analysis of FAMEs after the

transesterification of total lipid extracts with sodium

methoxide (Table 3). The previously optimized GC/FID

method [9] enables the separation of FAMEs according to

the acyl chain length and the number of DBs (Fig. S-7).

Fatty acid profiles of analyzed porcine organs are obtained

from peak areas of FAMEs in GC/FID chromatograms

multiplied by the RFs of identical standards related to

C16:0, and a total of 23 different fatty acids containing

14–26 carbon atoms and 0–6 DBs were determined. The

most abundant fatty acid is C16:0 in brain, kidney, and

spleen, D9-C18:1 in heart, lung, spinal cord, and stomach,

Table 3 Relative molar concentrations (%) of fatty acids identified in porcine organs using GC/FID, retention times (tR) of their FAMEs,

response factors (RF), average carbon number (aCN) and average double bond (aDB) numbers

tR [min] Fatty acid RF Brain Heart Kidney Liver Lung Spinal cord Spleen Stomach

8.7 C14:0 1.03 0.5 1.3 0.4 1.5 0.4 0.5 1.1

9.9 C15:0 1.04 0.1 0.2 0.3 0.1 0.5 0.3

11.4 C16:0 1.00 24.2 27.0 23.6 13.6 27.4 16.1 31.6 24.8

12.3 D9-C16:1 1.04 0.8 1.3 0.3 1.5 2.1 0.7 0.5 1.5

13.2 C17:0 0.99 0.3 0.5 1.0 0.3 0.6 0.4 1.2 1.5

15.2 C18:0 0.98 21.0 18.5 16.9 31.3 12.8 16.8 17.5 17.0

16.1 D9-C18:1 0.99 21.1 25.7 13.7 16.1 39.9 39.2 11.1 41.1

16.3 D11-C18:1 1.01 5.6 3.0 3.4 1.4 3.5 7.7 2.6 3.0

17.6 D9,12-C18:2 1.00 0.4 13.8 12.8 13.2 4.5 0.5 5.6 3.7

19.5 D9,12,15-C18:3 0.99 0.3 0.2 0.1 0.1 0.2

19.6 C20:0 0.98 0.1 0.2 0.2 0.6 0.1 0.2

20.6 D11-C20:1 0.99 0.7 0.5 0.4 0.9 6.2 0.4 1.0

21.8 C20:2 1.00a 0.3 0.5

22.3 D11,14-C20:2 0.99 0.1 0.3 0.6 0.4 0.2 0.5 0.3

22.6 C20:3 1.00a 0.7 0.2 0.7 0.3 0.2 0.1

23.5 D8,11,14-C20:3 0.99 0.4 0.3 1.8 0.8 0.3 0.5 1.1 0.2

24.2 D5,8,11,14-C20:4 0.97 8.6 4.8 19.7 13.0 3.3 3.5 19.2 2.4

25.5 D13-C22:1 0.97 0.2 0.1 1.2 0.1

26.2 D5,8,11,14,17-C20:5 1.00 0.2 0.3 1.5 1.7 0.2 0.1 0.5 0.1

26.3 C23:0 0.96 0.2 0.2

26.9 C24:0b 1.00a 0.6 0.4 0.1

28.0 D7,10,13,16-C22:4 0.97 3.5 0.6 0.6 1.0 0.9 2.1 2.8 0.6

28.5 D4,7,10,13,16-C22:5 0.96 1.0 0.1 0.1 0.2

29.5 D7,10,13,16,19-C22:5 0.98 0.4 0.3 0.6 1.4 0.3 0.2 2.3 0.3

29.9 D4,7,10,13,16,19-C22:6 1.03 8.6 1.3 0.9 0.2 1.9 1.3 0.2

31.4 C26:0b 1.00a 0.2 0.1

32.0 C27:0b 1.00a 0.3 1.3 0.4 3.0 1.0 0.2 0.3

aCN 18.5 17.8 18.2 18.6 17.7 18.3 18.2 17.6

aDB 1.5 0.9 1.6 1.3 0.8 1.0 1.5 0.7

a Not measured due to the lack of standard
b Branched fatty acids
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and C18:0 in liver. Large differences in the relative

abundance of fatty acids are observed for arachidonic acid

(C20:4), which is a key inflammatory intermediate [4].

Arachidonic acid forms approximately 20 % of identified

fatty acids in porcine kidney and spleen, 14 % in liver, 9 %

in brain, and 5 % or less in heart, lung, spinal cord, and

stomach. The highest proportion of polyunsaturated fatty

acids is determined in brain, while the lowest abundance is

observed in heart. Average parameters are also calculated

for fatty acid profiles of analyzed organs similar to the

HPLC/MS determination of aCN and aDB in individual

lipid classes. Values of aCN are around 18, but aDB varies

from 0.7 for stomach to 1.6 for kidney.

Conclusions

The nontargeted HILIC-HPLC/ESI–MS method enables

the characterization of individual lipid classes and their

representation in vital porcine organs, such as brain, heart,

kidney, liver, lung, spinal cord, spleen, and stomach.

Concentrations of individual lipid classes in porcine organs

were compared with previously published data. The

determination of individual lipid species inside these

classes was performed based on relative abundances of

deprotonated molecules [M-H]- in the negative-ion ESI

mode and off-line 2D-HPLC/MS. The first approach using

[M-H]- ions provides important information on PE and

their plasmalogens or ether analogs, PI, and HexCer in

studied organs. Off-line 2D-HPLC/MS has been applied for

the detailed analysis of porcine brain including the deter-

mination of attached fatty acyls and their positions on the

glycerol ividual organs was performed using average

parameters of CN and DB. The complementary informa-

tion on fatty acid profiles was obtained by GC/FID. The

comprehensive lipidomic analysis provides the detailed

knowledge of the lipidome, which will be applied for

future metabolic studies on human to investigate serious

lipid-related human disorders.
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12. Lı́sa M, Holčapek M (2008) Triacylglycerols profiling in plant

oils important in food industry, dietetics and cosmetics using

high-performance liquid chromatography-atmospheric pressure

chemical ionization mass spectrometry. J Chromatogr A

1198:115–130

13. Ahn EJ, Kim H, Chung BC, Kong G, Moon MH (2008) Quan-

titative profiling of phosphatidylcholine and phosphatidyletha-

nolamine in a steatosis/fibrosis model of rat liver by nanoflow

liquid chromatography/tandem mass spectrometry. J Chromatogr

A 1194:96–102

14. Axelsen PH, Murphy RC (2010) Quantitative analysis of phos-

pholipids containing arachidonate and docosahexenoate chains in

microdissected regions of mouse brain. J Lipid Res 51:660–671

15. Bang DY, Ahn EJ, Moon MH (2007) Shotgun analysis of phos-

pholipids from mouse liver and brain by nanoflow liquid chro-

matography/tandem mass spectrometry. J Chromatogr B

852:268–277

16. Retra K, Bleijerveld OB, van Gesteil RA, Tielens AGM, van

Hellemond JJ, Brouwers JF (2008) A simple and universal method

for the separation and identification of phospholipid molecular

species. Rapid Commun Mass Spectrom 22:1853–1862

17. Taguchi R, Ishikawa M (2010) Precise and global identification

of phospholipid molecular species by an orbitrap mass spec-

trometer and automated search engine lipid search. J Chromatogr

A 1217:4229–4239
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