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Abstract Lipidomics, the mass spectrometry-based com-
prehensive analysis of lipids, has attracted attention as an
analytical approach to provide novel insight into lipid me-
tabolism and to search for biomarkers. However, an ideal
method for both comprehensive and quantitative analysis of
lipids has not been fully developed. Here, we have proposed
a practical methodology for widely targeted quantitative lipi-
dome analysis using supercritical fluid chromatography
fast-scanning triple-quadrupole mass spectrometry (SFC/
QqOMS) and theoretically calculated a comprehensive lipid
multiple reaction monitoring (MRM) library. Lipid classes
can be separated by SFC with a normal-phase diethylamine-
bonded silica column with high resolution, high throughput,
and good repeatability. Structural isomers of phospholipids
can be monitored by mass spectrometric separation with
fatty acyl-based MRM transitions. SFC/QqQMS analysis
with an internal standard-dilution method offers quantitative
information for both lipid class and individual lipid molecu-
lar species in the same lipid class. Additionally, data acquired
using this method has advantages, including reduction of
misidentification and acceleration of data analysis. Using the
SFC/QqOMS system, alteration of plasma lipid levels in
myocardial infarction-prone rabbits to the supplementation
of EPA was first observed.Bll Our developed SFC/QqQMS
method represents a potentially useful tool for in-depth
studies focused on complex lipid metabolism and biomarker
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Imbalance of lipid metabolites in vivo is believed to affect
the onset of serious diseases such as dyslipidemia and resul-
tant atherosclerosis (1, 2). In recent years, cohort studies
using metabolomics have also helped discover reliable
biomarkers (3, 4). Accordingly, the development of a novel
lipidomic analytical system that enables the acquisition of
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comprehensive and quantitative information of individual
lipid molecular species is needed for identification and
validation of potential biomarkers across multiple specimens
and different equipment and/or facilities (5). Recently,
chromatographic and/or tandem mass spectrometric ana-
lytical approaches for lipidomics have been proposed (6).
Features of representative lipidomic methodologies are
summarized in supplemental Table SI.

The shotgun lipidomics approach, using direct infusion
tandem mass spectrometry (DI/MS/MS), is often used to
rapidly quantitate lipid molecular species in a short time
(7-9). Each lipid level can be quantitated using mass
spectrometry because the ion-suppression and/or ion-
enhancement effects of the biological matrix can be nor-
malized by adding the appropriate internal standards of
each lipid class (e.g., chemically synthesized lipid standards
not detected in vivo or stable isotope-labeled lipid stan-
dards). However, it is difficult to identify some isomeric
compounds due to coelution, and low abundant lipid mo-
lecular species are poorly detected because of strong ion-
ization suppression. In-source fragmentation caused by
DI/MS/MS analysis can also confound lipid identification
and quantification.

LC/MS/MS techniques have been developed to identify
and quantitate lipid molecular species. The advantages of
LC/MS/MS methods over DI/MS/MS are as follows: ) im-
provement of detection sensitivity, since ESI mass spec-
trometry (ESI-MS) is a concentration-sensitive device (10); i)
decrease in the effects of the biological matrix by liquid
chromatography (LC) separation; and i) consequently,
an increase in the number of lipids detected. Reverse-phase
LC (RPLC) is a widely used separation technique of lipid
molecular species based on the hydrophobic interaction
between nonpolar side chains of C18 particles and hydro-
phobic fatty acyl chains of lipids. RPLC can enhance the
chromatographic resolution of a wide range of lipids in-
cluding some isomers (11, 12). However, biological matrix
effects cannot be normalized in all detected peaks, because
itis not possible to prepare appropriate internal standards
corresponding to all the detected peaks. In contrast, nor-
mal-phase LC MS/MS (NPLC/MS/MS) can be used to
separate each lipid class according to the polar head group
(13-15). In principle, the NPLC/MS/MS approach can
lead to reliable identification and quantification of each
lipid class and some of individual lipid species by the
addition of appropriate internal standards. However, the
mobile phase of NPLC (e.g., hexane, isopropanol, and
chloroform) causes a reduction in ionization efficiency.
Thus, the sensitivity of lipid molecular species is decreased.
Instead, hydrophilic interaction chromatography MS/MS
(HILIC/MS/MS)-based lipidome analysis has been applied
to overcome this limitation (16-21). Separation behavior
of HILIC for lipidomics is similar to that of NPLC. The
sensitivity of HILIC/MS/MS is higher than that of NPLC/
MS/MS because HILIC/MS/MS uses ESI-compatible sol-
vents (e.g., acetonitrile, methanol, and water) as the mo-
bile phase. However, since HILIC methods have insufficient
retention and separation for nonpolar lipids [e.g., choles-
teryl ester (CE), diacylglycerol (DAG), and triacylglycerol
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(TAG)] (18), HILIC methods are mainly applied to polar
lipids such as glycerophospholipids and sphingolipids
(16,17,19-21). In order to carry out HILIC/MS/MS-based
lipidome analysis with high repeatability of retention times
(RTs) and peak areas, long equilibration times are also re-
quired to form a water-rich layer on the surface of the polar
stationary phase (17-21).

A supercritical fluid (SCF), kept beyond its critical tem-
perature and pressure, is defined as a high-density and
noncondensable fluid. SCF chromatography (SFC) is a
chromatographic separation technique that uses an SCF as
a mobile phase. Supercritical carbon dioxide (SCCO,) is
the most frequently used mobile phase for SFC, because
carbon dioxide can easily be converted to its supercritical
state (critical temperature, 31.1°C; critical pressure, 7.38
MPa) and exhibits favorable properties such as being non-
flammable, chemically inert, relatively nontoxic, easy to
handle, and inexpensive. Moreover, like n-hexane, SCCO,
has relatively low polarity, and the polarity of the mobile
phase in SFC can be changed considerably by adding a
polar organic solvent such as methanol as a modifier. In
previous work, we have presented that SFC/MS/MS with a
reverse-phase column can be used for the analysis of global
lipids without ESI-incompatible solvents (22-24). Very re-
cently, Lisa and Hol¢apek reported that SFC coupled with
a quadrupole TOF mass spectrometer (SFC/QTOFMS)
system with a normal-phase silica-based column has been
applied to perform high-throughput lipidome analysis
(25). Lisa and Hol¢apek also revealed that lipid class sepa-
ration using SFC would be superior to conventional lipid
class separation methods (i.e., NPLC and HILIC) in terms
of short analysis time and chromatographic resolution for
a wide variety of lipids. However, SFC separation efficiency
of individual lipid classes, chromatographic and mass spec-
trometric separation of individual lipid species, including
positional or structural isomers, and quantitative evalua-
tion have not been fully investigated. It is necessary to fur-
ther investigate chromatographic and mass spectrometric
separation for quantification of a wide range of lipids.

Multiple reaction monitoring (MRM) using triple-
quadrupole mass spectrometry (QqQMS) has highly sensitive
and selective quantitative performance, allowing for reliable
monitoring of low-abundance lipids. Furthermore, mass
spectrometric separation of structural isomers [e.g., phos-
phatidylcholine (PC) 16:0-20:4 and PC 18:2-18:2] can be
provided using fatty acyl-based MRM transitions. In lipi-
dome analysis, fragmentation was induced regularly based
on the lipid class and FA side chain. A rapid development
of fastscanning QqQMS has also contributed to conduct
multitargeted MRM transition settings (i.e., large-scale
MRM mode) for simultaneous analysis of several hundred
lipids (namely, widely targeted lipidomics) (26, 27).

In the present study, we aimed to develop an advanced
methodology for widely targeted quantitative analysis of in-
dividual lipid molecular species of 22 lipid classes, including
lysophosphatidylcholine (LPC), lysophosphatidylethanol-
amine (LPE), lysophosphatidylglycerol (LPG), lysophos-
phatidic acid (LPA), lysophosphatidylinositol (LPI),
lysophosphatidylserine (LPS), PC, alkyl-acyl PC, alkenyl-acyl



PC, phosphatidylethanolamine (PE), alkenyl-acyl PE, phos-
phatidylglycerol (PG), phosphatidic acid (PA), phosphati-
dylinositol (PI), phosphatidylserine (PS), SM, ceramide
(Cer), CE, monoacylglycerol (MAG), DAG, TAG, and FFA,
in complex biological samples using SFC coupled with fast-
scanning QqOMS (SFC/QqOMS) and theoretically calcu-
lated a comprehensive lipid MRM library (Fig. 1). Based on
this analytical method, we investigated the effect of admin-
istration of EPA on the plasma lipid compositions using
myocardial infarction-prone Watanabe heritable hyperlip-
idemic (WHHLMI) rabbits (28, 29).

MATERIALS AND METHODS

Chemicals and reagents

Ammonium acetate was obtained from Sigma-Aldrich Co. (St.
Louis, MO). Distilled water (LC/MS grade) and methanol (LC/
MS grade) were purchased from Kanto Chemical Co., Ltd
(Tokyo, Japan). HPLC-grade chloroform was obtained from
Kishida Chemical (Osaka, Japan). All synthetic lipid standards were
purchased from Avanti Polar Lipids Inc. (Alabaster, AL) except
for FA 17:0 (Sigma-Aldrich Co.). Carbon dioxide (99.5% grade,
Yoshida Sanso Co., Ltd., Fukuoka, Japan) was used as the SFC
mobile phase. Supplemental Table S2 lists the FA composition
used to construct an in-house lipid MRM library.

Animals

All animal procedures were approved by the Kobe University
Animal Care and Use Committee and were conducted in accor-
dance with the Regulations for Animal Experimentation of Kobe
University, Act on Welfare and Management of Animals (Law No.
105, 1973, revised in 2006), Standards Relating to the Care and
Management of Laboratory Animals and Relief of Pain (Notifica-
tion No. 88, 2006), and Fundamental Guidelines for the Proper
Conduct of Animal Experiments and Related Activities in Aca-
demic Research Institutions under the Jurisdiction of the Ministry
of Education, Culture, Sports, Science and Technology (Notice
No. 71, 2006). Twelve WHHLMI rabbits (10.2 + 0.4 months old)
were used. The rabbits were housed individually in metal cages in
aroom with constant temperature (22 + 2°C) and a constant light-
ing cycle (12 h light/dark). EPA was suspended using a 0.5% car-
boxymethyl cellulose suspension, and 300 mg per weight (kg) of
EPA was administered to six WHHLMI rabbits orally every day.
Another set of sixk WHHLMI rabbits (placebo group) was adminis-
tered only a 0.5% carboxymethyl cellulose suspension. After admin-
istration, the rabbits were fed standard rabbit chow (120 g per day;
CR-3, Clea, Tokyo, Japan) and water ad libitum.

Rabbit plasma sample preparation

Blood was collected from the auricular central artery of the 12
WHHLMI rabbits, who had undergone a period of fasting of
more than 12 h. Lipid extraction from rabbit plasma was per-
formed using Bligh and Dyer’s method with minor modifications

Preparation of a quality control (QC) sample

(Target lipids, approx. 2500 compounds; Total
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Fig. 1.
with in-house lipid MRM library.

Easy and user-oriented method development workflow for widely targeted quantitative lipidome analysis using SFC/QqQMS system
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(30). Before lipid extraction, a dodecanoyl- or heptadecanoyl-
based synthetic internal standard mixture was added to samples
for quantification of the endogenous lipid molecular species
(31). The concentrations of internal standard mixture spiked into
the plasma were as follows: 1.6 uM (SM d18:1-17:0 and Cer
d18:1-17:0); 8 uM (LPC 17:0); 16 pnM (MAG 17:0, DAG 12:0-
12:0, and TAG 17:0-17:0-17:0); 130 uM (PE 17:0-17:0); 160 .M
(LPE 17:1, PC 17:0-17:0, CE 17:0, and FFA 17:0); 320 uM (PG
17:0-17:0); 450 pM (PA 17:0-17:0); 1200 uM (LPG 17:1); 1,300
pM (LPI 17:1 and PS 17:0-17:0); and 1,600 uM (LPA 17:0 and
LPS 17:1). In short, 20 pl of plasma was mixed with 30 wl of inter-
nal standard mixture and 1,000 pl of methanol/chloroform/wa-
ter (10:5:3, vol/vol/vol) and vortexed at the maximum setting for
1 min. The plasma sample was further extracted by ultrasonica-
tion for 5 min before centrifugation at 16,000 g for 5 min at 4°C.
The supernatant (700 wl) was transferred to clean tubes. After
adding 195 pl of chloroform and 195 pl of water, phase separa-
tion of aqueous and organic layers was performed by centrifuga-
tion at 16,000 g for 3 min at 4°C. Aliquots (100 wl) of the organic
layer were transferred to clean tubes. The plasma lipid extract
(100 1) for WHHILMI rabbit was diluted to a final volume of 400
pl with a solution of 2:1 (vol/vol) methanol:chloroform for SFC/
QqOMS analysis. A quality control (QC) sample (240 wl) was pre-
pared by mixing equal amounts (10 wl each) of 24 plasma
extracts.

Flow injection conditions

An SFC/QqQMS system was composed of an ACQUITY Ultra-
Performance Convergence Chromatography (UPC?) system and
a Xevo TQ-S micro triple-quadrupole mass spectrometer with an
ESIion source (Waters, Milford, MA). In order to enhance ioniza-
tion efficiency, HPLC 515 pump (Waters) was used as a make-up
pump. The SFC and QqQMS systems and data acquisition were
controlled by MassLynx software version 4.1 (Waters). Standard
solutions (1 wM) of each synthetic lipid were prepared in metha-
nol/chloroform (2/1, vol/vol). MRM transition settings for each
lipid class were performed using flow injection. The SFC flow in-
jection conditions were as follows: injection volume, 2 pl; mobile
phase (A), SCCOy; mobile phase (B) (modifier) and make-up
pump solvent; methanol with 0.1% (wt/vol) ammonium acetate;
flow rate of mobile phase, 1.0 ml min_l; flow rate of make-up
pump, 0.1 ml minfl; modifier condition; 40% B (isocratic condi-
tion); temperature of column manager, 40°C; temperature of
sample manager, 10°C; active back pressure regulator (ABPR),
1,500 pounds per square inch (psi); analytical time, 1 min.
QqOMS analytical conditions were as follows: capillary voltage,
3.0 kV; desolvation temperature, 500°C; cone gas flow rate, 50
1h_]; desolvation gas flow rate, 1,000 Ih™. MRM conditions, includ-
ing the cone voltage and collision energy of each lipid, were auto-
matically optimized with the aid of the MassLynx QuanOptimize
using standard solutions.

SFC/QqQOMS conditions

The SFC conditions were as follows: injection volume, 1 ul; mo-
bile phase (A), SCCOy; mobile phase (B) (modifier) and make-up
pump solvent; methanol/water (95/5, vol/vol) with 0.1% (wt/
vol) ammonium acetate; flow rate of mobile phase, 1.0 ml~min“1;
flow rate of make-up pump, 0.2 ml-min”'; modifier gradient; 1%
(B) (1 min), 1-65% (B) (11 min), 65% (B) (6 min), 65-1% (B)
(0.1 min), 1% (B) (1.9 min); temperature of column manager,
50°C; ABPR, 1,500 psi; analytical time, 20 min; columns, AC-
QUITY UPC™ ethylene bridged hybrid (BEH), ACQUITY
UPC™™ 2-ethylpyridine (2-EP), ACQUITY UPC*™ Torus 2-pi-
colylamine (2-PIC), ACQTUITY UPC™™ Torus l-aminoanthracene
(1-AA), ACQUITY UPC™™ Torus DIOL, and ACQUITY UPC™™
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Torus diethylamine (DEA) [each, 100 x 3.0 mm inner diameter
(i.d.), particle size: sub-1.7 wm, Waters]. The final MS analysis
conditions were as follows: capillary voltage, 3.0 kV; desolvation
temperature, 500°C; cone gas flow rate, 50 lhfl; and desolvation
gas flow rate, 1,000 Ih™'. The MRM parameters per one time pe-
riod were as follows: limit on number of MRM transitions, 150;
dwell time, 1 ms; MS inter-scan and interchannel delay, 2 ms; and
polarity switch interscan, 15 ms.

Method validation

For the creation of calibration curves of each lipid, their stan-
dard solutions were prepared at the following concentrations: 0,
1, 5, 10, 50, 100, 500, 1,000, 5,000, 10,000, 50,000, and 100,000
nM, each with the internal standard of 22 nM (SM d18:1-17:0 and
Cer d18:1-17:0); 110 nM (LPC 17:0); 220 nM (MAG 17:0, DAG
12:0-12:0, and TAG 17:0-17:0-17:0); 1,800 nM (PE 17:0-17:0);
2,200 nM (LPE 17:1, PC 17:0-17:0, CE 17:0, and FFA 17:0); 4,400
nM (PG 17:0-17:0); 6,200 nM (PA 17:0-17:0); 16,000 nM (LPG
17:1); 18,000 nM (LPI 17:1 and PS 17:0-17:0); and 22,000 nM
(LPA 17:0 and LPS 17:1).

Spike-and-recovery test

A standard spike-and-recovery test was carried out in optimal
analytical conditions by adding the same amount of synthetic
lipid standard as the actual amount in the representative plasma
lipid extract for the WHHLMI rabbit (placebo group).

Data analysis for quantitation

Identification and quantification of lipid molecular species
were performed using MassLynx software version 4.1. The quanti-
tative values were calculated using the ratio of the chromato-
graphic peak area of each analyte to that of the internal standard
of its representative lipid class.

Biochemical analysis for total cholesterol

Total cholesterol level was measured using a Cholesterol E-Test
Assay Kit (Wako Pure Chemical Industries, Ltd.) following the
manufacturer’s instruction.

Statistical analysis

Statistical significance between baseline and 5 weeks after ad-
ministration of EPA was determined using paired ttest (*P< 0.05,
¥ P<0.01, and #**P< 0.001). The difference of lipid profiles was
examined by volcano plot which determined the relationship be-
tween fold-change and statistical significance.

RESULTS AND DISCUSSION

Overview of SFC/QqQOMS system

A schematic diagram of the Waters SFC/QqQMS system
used in this study is shown in supplemental Fig. SI. Re-
cently, a modern analytical SFC system, namely, the Waters
ACQUITY UPC?, has been developed. The new SFC system
benefits from a novel back pressure regulator design (i.e.,
ABPR) and is largely based on ultra-high-performance LC
technology, including higher upper pressure limits and re-
duced void volume. Improved quantitative performance
(accuracy, repeatability, robustness, etc.) using columns
packed with sub-2 wm particles have broadened the bioana-
lytical applications (32). A new fast-scanning QqQMS, namely,
the Waters Xevo TQ-S micro, has also been developed,



allowing for increased scan speed [maximum scan speed:
previous QqOMS, approximately (approx.) 10,000 u/s;
and Xevo TQ-S micro, 20,000 u/s] and large-scale MRM
mode (minimum dwell time: previous QqQMS, approx.
5-10 ms; and Xevo TQ-S micro, 1 ms). Therefore, it is pos-
sible to conduct multitargeted MRM transition settings for
simultaneous analysis of several hundred compounds.

In SFC/MS, SCCO, vaporizes at the inlet of the ESI-MS
interface, and a small amount of organic solvent used as
the modifier and make-up solvent is introduced into the
ESI-MS. From a theoretical point of view, ionization/desol-
vation efficiency in SFC/MS should be better than that in
RPLC/MS, which uses an aqueous organic solvent (e.g.,
water/methanol). In our previous investigation, we con-
formed that SFC/QqQMS showed much higher sensitivity
than LC/QqQMS when the analytical conditions were fully
optimized for SFC/QqOMS (33).

Optimization of MRM transition settings

Identification of the precursor ion and elucidation of
the fragmentation patterns of each of the 22 lipid classes
(LPC, LPE, LPG, LPA, LPI, LPS, PC, alkyl-acyl PC, alkenyl-
acyl PC, PE, alkenyl-acyl PE, PG, PA, PI, PS, SM, Cer, CE,
MAG, DAG, TAG, and FFA) were carried out by SFC flow
injection analysis in both positive and negative ion modes.
Precursor ions of each lipid were clearly observed in the
positive ion mode (mainly [M+H]" or [M+NH,]") and/or in
the negative ion mode (mainly [M-H] or [M+CH;COO]")
by the addition of ammonium acetate to the modifier and
make-up solvent. In this study, the MS/MS spectra of the
individual lipid precursor ion, which produce signature
product ions specific for each molecular substructure, were
acquired by collision-induced dissociation (CID) with ar-
gon. Among the 22 lipid classes, only FFA was difficult to
dissociate in QqQMS using CID. Based on the most abun-
dant adduct precursor ion and the selected product ions
for each lipid class, we optimized the MS cone voltage and
collision energy. Supplemental Table S3 shows the optimi-
zation results of the MS cone voltage, collision energy, and
MRM transition setting for each lipid class.

Effect of modifier and make-up solvent on SFC lipid class
separation and QqQOMS detection

The effect of mobile phase composition in SFC on peak
shapes of targeted lipids was first evaluated by SFC analysis
with a silica-based BEH column as the reference column
because of the lack of functional groups. In the case of us-
ing 100% methanol with 0.1% (wt/vol) ammonium ace-
tate, peak shapes of the polar lipids such as LPA, LPS, PA,
and PS were broadened. On the other hand, their peak
shapes were improved by the addition of 5% water to the
modifier solvent (supplemental Fig. S2). It is known that
use of a mixture of 5% water in methanol as the polar mod-
ifier led to an improvement in peak shape for hydrophilic
compounds (e.g., flavonoid glycosides) because of increased
analyte solubility and enhanced solvating power of the mo-
bile phase (34). Thus, it is suggested that similar improve-
ment in peak shape was observed in the above-mentioned

relative polar lipid species. Using this water-containing
modifier solvent, we then optimized the flow rate of the
make-up solvent. The coupling with QqQMS consists of a
double T with polyetheretherketone tubing with fixed di-
mensions. The first T enables the addition of make-up sol-
vent to the column effluent to enhance ionization. In the
second T, the flow is split between the ABPR and MS source
in a ratio of approx. 9:1 (supplemental Fig. SI1). In the ini-
tial solvent condition in SFC with the BEH column, the mo-
bile phase consists of SCCO,, and weakly retaining lipids
such as CE are eluted under this condition. In order to
enhance the ionization efficiency for CE, we investigated
the flow rate of the make-up pump (supplemental Fig. S3A).
As a result, the flow rate of the make-up pump was set to

0.2 ml-min~".

Column screening for high-resolution SFC separation of
lipid classes and their positional isomers

A previous study described that SFC/QTOFMS system
using a normal-phase silica-based BEH column (100 x 3.0
mm i.d., particle size: sub-1.7 wm, Waters) identified a total
of 436 molecular species in porcine brain extract (25).
However, lysophospholipid positional isomers [e.g., LPC
16:0 (sn-1) and LPC 16:0 (sn-2)] and diacyl phospholipid
structural isomers (e.g., PC 16:0-22:6 and PC18:2-20:4)
were not identified in the previous methodology. To inves-
tigate the separation efficiency of each lipid class and some
lipid isomers, including positional isomers (i.e., MAG,
DAG, and lysophospholipids), we used six different nor-
mal-phase columns including BEH, 2-EP, 2-PIC, 1-AA,
DIOL, and DEA, which were developed based on 1.7 pm
BEH particle technologies. First, we set the optimal SFC
condition under the maximum system pressure limit (6,000
psi) in this SFC system. The initial modifier concentration
was set to 1% in the first 1 min. From this isocratic condi-
tion, the peak shape of weakly retaining lipids such as CE
was improved in all SFC conditions using each of the six
different columns (supplemental Fig. S3B). Afterward,
other lipid classes were eluted with gradient conditions. In
SFC conditions using the DEA column, LPA had the stron-
gest retention. Therefore, the modifier percentage was
increased from 1% to 656%. Next, we checked the effect
of column oven temperature on lipid class separation and
system pressure. By raising the column oven temperature,
the retention of each lipid class became slightly stronger,
and system pressure decreased in all SFC conditions using
each of the six different columns (supplemental Fig. S4A);
however, lipid class separation did not improve dramati-
cally. In this study, the optimal column oven temperature
was set to 50°C. Subsequently, we investigated for the opti-
mal ABPR condition. Separation of each lipid class and its
peak shape showed the same behavior under each ABPR
(1,500; 1,750; and 2,000 psi). Thus, we decided to set it to
1,500 psi, the minimum condition of ABPR. Finally, we in-
vestigated the best flow rate conditions (supplemental Fig.
S4B). In the case of 1.0 ml-min”" flow rate in the SFC using
the DEA column, LPA was eluted within 20 min, and
the system pressure was kept within the upper limit of the
instrument (6,000 psi).
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We examined the separation behavior of lipid classes
using six different SFC columns under the same SFC con-
dition (supplemental Table S4). Figure 2A shows the visu-
alization of retention behavior of each lipid class. In the
case of using the three types of columns (2-EP, 2-PIC, and
1-AA) with a benzene ring as a functional group, more
hydrophobic lipids, such as CE and TAG, had a relatively
stronger retention than the other columns (supplemental
Table S4). In contrast, among screening columns, SFC sep-
aration with the DEA column had the best hydrophilic in-
teraction with acidic polar lipids such as PI, PS, PA, LPI,
LPS, and LPA. Furthermore, peak width for these acidic
polar lipids was improved to a greater extent in SFC separa-
tion using the DEA column than using the BEH column
(Fig. 2B). One of the most plausible reasons for this result
is that the DEA stationary phase, which has strongly basic
properties, contributed to the retention and separation of
acidic polar lipids. By using the DEA column, baseline sep-
aration of positional isomers such as lysophospholipids
(e.g., LPC, LPE, and LPG) and neutral lipids (e.g., MAG
and DAG) were also obtained (Fig. 3). Lysophospholipids
are known as bioactive molecules, precursors, and inter-
mediates in the metabolism of glycerophospholipids and
sphingolipids. However, the difference in function between
l-acyl-2-lysophospholipid and 2-acyl-1-lysophospholipid in
vivo is not well known at the moment (35). Similarly, the
differences in the roles of 1-acyl-2-MAG and 2-acyl-1-MAG
or 1,2-acyl DAG and 1,3-acylDAG have not been eluci-
dated. Thus, our analytical method will be useful in future
research for elucidation of the function and roles of these
molecules. Based on these observations, we decided to use
the DEA column for widely targeted lipidome analysis. SFC
with the DEA column achieved good separation of internal

A
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standard mixture of 19 lipid classes within 20 min (Fig. 4A).
In SFC separation using the DEA column, the minimum
peak width for DAGs was less than 5 s (supplemental
Fig. S5). In order to maintain 10 data points across a peak,
MRM parameters, including dwell time, interscan and in-
terchannel delay, and polarity switch interscan, were opti-
mized (see Materials and Methods). High-performance
chromatographic separation of lipid classes not only avoids
ion-enhancement and/or ion-suppression effects among
lipid classes, but also leads to improved compound identi-
fication and quantitative accuracy.

Discrimination of diacyl phospholipid structural isomers
by fast-scanning QqQMS

Discrimination of diacyl phospholipid structural isomers
with different FA side chains (e.g., PC 16:0-20:4 and PC
18:2-18:2) was subsequently investigated based on MS/MS
separation. We validated the fragmentation patterns of
each of the 22 lipid classes and determined the MRM
transition(s) for identification and quantification of each
lipid molecule (supplemental Table S3). The optimized
MRM transitions for phospholipids including PC, PE, PG,
PA, PI, and PS were set to the MS/MS fragments derived
from their FA side chains in the negative ion mode. Based
on the MRM transitions derived from FA side chains, PC
16:0-20:4 (840.6 > 255.3 and 840.6 > 303.2) and PC 18:2-
18:2 (840.6 > 279.3) could be monitored individually.

Identification of individual TAG molecular species could
not be achieved by MRM transitions derived from neutral
loss of FA side chains. Since TAG comprises three fatty acyl
tails at the sn-1, -2, and -3 positions of the glycerol backbone,
the coeluted TAG structural isomers cannot be monitored
individually. For example, TAG 16:0-18:1-20:4 (898.8 >

B
[
-2.0 0.0 5 2.0
= B £ 3§ E 3
==} « < a =] —
3.1 +07 CE17:0
6.1 £0.7 TAG 51:0
4.6 = 0.3 FFA 17:0
4303 DAG 12:0-12:0
3.0+ 03 MAG 17:0
2802 Cer d18:1-17:0
24 %00 PG 17:0-17:0
33+02 PE 17:0-17:0
293+ 1.1 PA 17:0-17:0
3702 LPG 17:1
43+ 0.1 LPE 17:1
5202 PIL 17:0-14:1
63.0 £ 4.0 PS 17:0-17:0
204.1 £5.7 LPA 17:0
8.8 £ 0.6 LPI17:1
123.8 £ 9.6 LPS 17:1
5.5+05 PC 17:0-17:0
62203 SM d18:1-17:0
7.0 £ 0.3 LPC 17:0
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Fig. 2. Column screening results using SFC/QqQOMS with six different normal-phase columns including BEH, 2-EP, 2-PIC, DEA, DIOL,
and 1-AA. A: Separation behavior of each lipid class. The data show the mean value of five replicated experiments. B: Ratio of W, ; of each
column to that of BEH column in each lipid class. Data were logy-transformed, and the mean value of five replicated experimental data was

presented. Wy ;, peak width of 10% peak height (second).
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Fig. 3. SFC/QqQMS chromatograms of positional isomers of using a DEA column. A: Lysophospholipids (LPC, LPE, and LPG). B: Neutral

lipids (MAG and DAG).

577.5, 898.8 > 599.5, and 898.8 > 625.5) and TAG 16:0—
18:2-20:3 (898.8 > 575.5, 898.8 > 601.5, and 898.8 > 625.5)
have the same MRM transition as 898.8 > 625.5. Thus, indi-
vidual TAG levels cannot be obtained by the lipid class-
based separation method of SFC with the DEA column. In
the present study, we quantified TAG molecular species by
summing lipid levels of these structural isomers using the
same precursor-to-product ion transition (i.e., TAG 54:5,
898.8 >898.8) (supplemental Table S3). In order to obtain
detailed molecular information of TAG with FA side chain
information, reverse-phase-based separation in LC/MS/
MS or SFC/MS/MS is recommended (36).

Widely targeted quantitative lipidomics platform using
SFC/QqQOMS with theoretically calculated comprehensive
lipid MRM library

The SFC/QqOQMS analytical system was optimized by the
investigation of SFC column screening, SFC separation
conditions, and MRM parameter settings. In addition, ac-
cording to the MS/MS fragment patterns of each lipid class
and major FA composition (supplemental Table S2), we
conducted widely targeted MRM transition settings (sup-
plemental Table S3). In general, MRM assays using QqQMS
are selected for quantitative analysis of targeted compounds,
including minor components. However, this approach has
limitations, which are inherent to the targeted acquisition.
In other words, MRM-based methods are a problem in
terms of comprehensive and simultaneous lipid measure-
ments. In the present study, an in-house lipid MRM library
is utilized to perform comprehensive lipids measurements
using fastscanning QqQMS. We targeted 22 lipid classes with
a variety of 23 FA side chains; thus, targeted lipid molecu-
lar species totaled approx. 2,500 compounds (supplemental
Table S5). Based on the structurally representative MS/MS
fragments derived from each lipid, we selected approx.

5,000 MRM transitions for the screening of lipids con-
tained in biological samples used for research (supplemen-
tal Table S5). Our strategy of a widely targeted quantitative
lipidomics methodology was as follows: ¢) preparation of a
mixture consisting of small aliquots from each sample ex-
tract containing the lipid class-specific internal standards
(QC sample); @) selection of target lipids by complete
screening of the QC sample using 16 different RT-based
scheduled MRM analyses in which the QqQMS is pro-
grammed to monitor specific MRM transitions only during
the expected RT window; and i) targeted quantitative
analysis of selected lipids in all samples by performing a
selected RT-based scheduled MRM method (Fig. 1 and
supplemental Fig. S6).

Method validation

We validated the method using lipids standard solutions.
The calibration curves were made using the ratio of the
chromatographic peak area of each lipid class to that of the
corresponding internal standard. The result of the analyti-
cal validation is summarized in Table 1. From these results,
each lipid class displayed good RT repeatability [relative
SDs (RSDs) < 3.8%] and peak areas (RSDs < 13.0%).
As shown in supplemental Table S6, our SFC/QqQMS
method using the DEA column also gave excellent repeat-
ability for RTs (RSDs < 5.4%) on five different days (inter-
day variation). The SFC/QqQMS method showed linearity
with correlation coefficients (R(2 ) over 0.9922. The limits of
detections (LODs) for the 22 lipid classes were in the range
of 5-1,000 fmol. By our SFC/QqQMS method, the LOD of
PC and PE standards were found to be 50 and 10 fmol, re-
spectively, and these sensitivities were 20- and 100-fold
higher, respectively, than those in the SFC/QTOFMS
full-scan method (supplemental Table S7). QTOFMS allows
nontargeted lipidome analysis; however, the sensitivity
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Fig. 4. High-resolution SFC separation of each lipid
class using a DEA column. A: SFC/QqQMS (MRM)
L chromatograms of internal standard mixture of 19

- lipid classes. B: SFC/MRM chromatograms of lipids in
the WHHLMI rabbit plasma.
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of each lipid class was lower than that in the QqQMS-based
MRM assay. The use of QC samples and in-house lipid
MRM library also allowed for efficient selection of target
lipid molecules. Thus, our SFC/QqQMS-based approach
could also achieve comprehensive and simultaneous analy-
sis of lipids.

Previous studies demonstrated that the ionization effi-
ciency of lipid molecular species was mainly dependent on
their polar head groups and slightly dependent on their FA
side chains (7, 37). Furthermore, there were no significant
differences in the ionization efficiency of lipid molecular
species differing in FA chain lengths and number of dou-
ble bonds (31). Therefore, the lipid class-based separation
improves the quantification of individual lipid species as
the internal standard elutes together with the endogenous
species. In order to investigate the quantitative accuracy, a
standard spike-and-recovery test was carried out. We ana-
lyzed each lipid molecular species in WHHLMI rabbit plasma
using the SFC/QqQMS system. Among commercially available
chemically synthesized lipid standards, 14 standards of lipid
molecular species contained in WHHLMI rabbit plasma
were picked up for evaluation of the spike-and-recovery
test (Table 1). Afterward, standard spike-and-recovery
tests were carried out by adding the same amount of syn-
thetic lipid standard as calculated for lipid levels in the
plasma lipid extract. The calculated recoveries ranged
from 64.9% to 103.5%, which were within the generally
accepted range for quantification (Table 1). These results
indicated that this lipidomics method using SFC/QqQMS
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could simultaneously achieve quantitative analysis with
good repeatability and accuracy.

Widely targeted and quantitative lipidome analysis of
myocardial infarction-prone animal model by SFC/
QqOMS system

Dietary n-3 FAs are essential nutrients to prevent serious
diseases, such as atherosclerosis. Many reports have de-
scribed the association between 7-3 FAs and prevention of
atherosclerosis from the viewpoint of supplementation
(38, 39). For example, administration of n-3 PUFAs such as
EPA and docosahexaenoic acid decreased macrophage ac-
cumulation and expression of inflammatory molecules in
apolipoprotein E KO mice. It was suggested that suppres-
sive effects of n-3 PUFAs against plaque destabilization oc-
curred (39). In the present study, we investigated the
alteration of plasma lipid compositions by administration
of EPA using the constructed analytical method. We used
12 WHHLMI rabbits (6 rabbits, placebo group; and 6 rab-
bits, EPA administration group). Supplemental Table S8
shows the age, sex, weight, and total plasma cholesterol lev-
els in both placebo and EPA administration groups. No
significant difference in body weight was observed, whereas
total cholesterol levels significantly decreased (approx.
24%) by administration of EPA.

First, we performed lipid screening with the QC sample,
which was derived from a mixture of equal amounts of the
24 plasma extracts. A total of 413 lipid molecular species
were identified in plasma extracts of WHHLMI rabbits



TABLE 1.

Analytical validation of SFC/QqQMS for determination of lipids

RT for
each RSD
analyte (%, n=5)" Linear range Range of RT% Spike-and-recovery test
Ton Recovery

Lipid class mode Analyte Internal standard  (min) RRT" RPAS (nM) R value (min) Analyte (%, n=>5)
LPC ESI+ LPC 18:0 LPC 17:0 6.12  0.09 2.7 50-50,000  0.9998 6.03-6.30 LPC 18:0 71.9+49
LPE ESI+ LPE 18:0 LPE 17:1 7.45  0.07 1.73 50-100,000 0.9987 7.32-7.56 LPE 18:0 95.9+3.5
LPG ESI+ LPG 18:0 LPG 17:1 10.87 0.08 8.18 50-100,000 0.9940 - - -
LPA ESI— LPA 18:0 LPA 17:0 17.43  0.57 8.97 1,000-100,000 0.9942 - - -
LPI ESI— LPI 18:0 LPI17:1 14.02  0.09 3.5 5-50,000  0.9966 - - -
LPS ESI+ LPS 16:0 LPS17:1 15.36  0.07 2.27 100-100,000 0.9999 - - -
PC ESI— PC 18:0-18:2 PC 17:0-17:0 5.46 0.08 4.35 50-50,000  0.9922 5.33-5.51 PC 16:0-20:4 77.7+35
Alkyl-acyl ESI+ PC 16:0e-18:1 LPC 17:0 5.40 0.08 2.44 5-10,000  0.9993 - - -

PC (e)
Alkenyl-acyl ESI+  PC 18:0p-20:4 LPC 17:0 5.45 0.1 3.65 50-50,000  0.9977 5.33-5.45 PC 18:0p-20:4 78.0 £ 10.4

PC (p)
PE P ESI— PE 18:0-20:4 PE 17:0-17:0 6.32 0.11 3.09 10-50,000  0.9929 5.80-6.32 PE 18:0-20:4 101.9+17.0
Alkenyl-acyl ESI+  PE 18:0p-20:4 LPE 17:1 6.22  0.09 9.91 10-100,000 0.9976 6.05-6.33 PE 18:0p-20:4 95.8+17.3

PE (p)
PG P ESI— PG 16:0-18:1 PG 17:0-17:0 8.99 0.08 1.72 5-100,000 0.9975 - - —
PA ESI—- PA 16:0-18:1 PA 17:0-17:0 12.43  0.82 4.17 10-100,000 0.9985 - - -
PI ESI— PI 18:0-20:4 PS 17:0-17:0 12.06 0.1 2.26 100-50,000  0.9994 11.84-11.98 PI 18:0-20:4 103.5+ 7.6
PS ESI—- PS 18:0-18:1 PS 17:0-17:0 12.23  0.09 1.87 50-100,000 0.9959 - - -
SM ESI+ SM dl18:1-18:0 SM d18:1-17:0 5.83  0.09 2.56 10-10,000  0.9950 5.74-5.92 SM d18:1-18:0 64.9 + 3.0
Cer ESI+ Cerdl18:1-18:0 Cer d18:1-17:0 448 0.12 1295 10-100,000 0.9977 4.48-4.51 Cer d18:1-18:0 91.0 + 14.2
CE ESI+ CE 16:0 CE 17:0 1.12  1.81 11.32 50-50,000  0.9994 1.12-1.30 CE 16:0 67.2+5.7
MAG ESI+ MAG 16:0 MAG 17:0 3.97 0.18 3.49 500-100,000 0.9974 4.02-4.15 MAG 16:0 98.4+1.8
DAG ESI+ DAG 18:0-20:4 DAG 12:0-12:0 3.25 0.14 8.36 5-10,000  0.9976 3.14-3.40 DAG 16:0-16:0 86.6 +9.1
TAG ESI+ TAG 54:2 TAG 51:0 1.61 3.76 2.86 500-100,000 0.9992 0.97-1.76 TAG 54:2 72.8 +£5.0
FFA ESI— FFA 18:0 FFA 17:0 4.02 0.11 1.18 500-100,000 0.9988 3.97-4.40 FFA 18:0 91.8+7.1

“Amounts per injection used for validation of quantitative repeatability were 10 pmol.

Relative RT (analyte/internal standard).
‘Relative peak area (analyte/internal standard).

“Range of RTs observed by the analysis of individual lipid molecular species in the all WHHLMI rabbit plasma samples in this study.
‘Representative WHHLMI rabbit plasma (placebo group) were used to spike-and-recovery test samples.

(supplemental Table S9). Based on the results of lipid
screening, we selected MRM transitions and performed
quantitative analysis in the 24 plasma extracts by the SFC/
MS/MS with the selected RT-based scheduled MRM. Fig.
4B shows MRM chromatograms of the target lipid molecu-
lar species in WHHLMI rabbit plasma. From these results,
in SFC separation using the DEA column, lipid species with
the same FA composition but different head groups were
fully resolved, but entire classes had some overlap (Table 1).

By using our novel analytical system, the alteration of
each lipid class as well as individual lipid molecular species,
including structural isomers of phospholipids by adminis-
tration of EPA, could be quantitatively obtained. Figure 5A
shows the plasma concentration of each lipid class in both
the placebo and the EPA administration groups. The quan-
titative levels of plasma LPC, LPE, PC, alkenyl-acyl PC, PE,
PI, DAG, and TAG were significantly decreased by adminis-
tration of the EPA. To determine individual lipid levels, the
quantitative lipid profile data of the EPA administration
group between 0 and 5 weeks were compared using a vol-
cano plot (Fig. 5B). Lipid molecular species with an EPA
side chain (20:5, n-3) were dramatically increased (approx.
more than 41-fold), and, accordingly, lipid molecular spe-
cies with a docosapentaenoic acid (DPA) (22:5, n-3) side
chain were also increased (approx. more than 5.7-fold) by
administration of EPA and extension of the acyl chain by
elongase-2 (40). On the other hand, high levels of lipid
molecular species with a linoleic acid (18:2, 7-6) side chain

in WHHLMI rabbit plasma were decreased based on the
supplementation of EPA. Therefore, a decrease in some
lipid classes (i.e., LPC, LPE, PC, alkenyl-acyl PC, PE, PI,
DAG, and TAG) was mainly due to a decrease in lipids with
a linoleic acid side chain. This phenomenon may suggest
that balance of the 73 and -6 FAs changes with EPA
supplementation.

CONCLUSIONS

In the present study, we have developed a practical meth-
odology for widely targeted quantitative lipidome analysis
using SFC/QqOQMS and theoretically calculated a compre-
hensive lipid MRM library. Lipid classes can be separated
by SFC using the DEA column with high resolution, high
throughput, and good repeatability. The lipid class-based
separation and multitargeted MRM assay also improve the
quantification of individual lipid species as the internal
standard elutes together with the endogenous species. Our
SFC/QqOQMS-based analytical platform enabled us to
quantitatively capture the changes of individual lipid
classes as well as individual lipid molecular species, includ-
ing positional and structural isomers in WHHLMI rabbit
plasma. Quantitative analysis of comprehensive lipids in
various biological samples (e.g., blood, cell, and organ) will
enable comparison of measurements on different days, us-
ing different equipment, and/or facilities. Information of
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Fig. 5. Response of alteration of plasma lipid levels in WHHLMI to the supplementation of EPA. A: Plasma concentration of each lipid class
in the placebo group and the EPA administration group. Error bars indicate the SDs of biological replicates (n = 6). Statistical significance
was determined using paired ttest. * P< 0.05; ** P< 0.01; *¥* P< 0.001. B: Individual plasma lipid profiles of before (0 weeks) and after (5
weeks) administration of EPA by volcano plot. Red, black, and blue closed circles indicate the lipid molecular species with EPA side chain,
DPA side chain, and linoleic acid side chain, respectively.

endogenous amounts of lipids will also develop the biologi-

cal

function of lipid molecular species. Taking all of the

present results into account, our developed analytical
system is a promising new tool for in-depth studies on
complex lipid metabolism, drug administration testing,
and biomarker discovery.Bli
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