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ABSTRACT

Technological advances in mass spectrometry and meticulous method development have produced sev-
eral shotgun lipidomic approaches capable of characterizing lipid species by direct analysis of total lipid
extracts. Shotgun lipidomics by hybrid quadrupole time-of-flight mass spectrometry allows the absolute
quantification of hundreds of molecular glycerophospholipid species, glycerolipid species, sphingolipid
species and sterol lipids. Future applications in clinical cohort studies demand detailed lipid molecule
information and the application of high-throughput lipidomics platforms. In this review we describe
a novel high-throughput shotgun lipidomic platform based on 96-well robot-assisted lipid extraction,
automated sample infusion by mircofluidic-based nanoelectrospray ionization, and quantitative multi-
ple precursor ion scanning analysis on a quadrupole time-of-flight mass spectrometer. Using this platform
to compile comprehensive lipid arrays associated with metabolic dysfunctions is a powerful strategy for
pinpointing the mechanistic details by which alterations in tissue-specific lipid metabolism are directly
linked to the etiology of many lipid-mediated disorders.

© 2009 Elsevier B.V. All rights reserved.
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Abbreviations: CE, cholesteryl ester; CID, collision-induced dissociation; DAG, diacylglycerol; ELS, evaporative light scattering; FA N:M, fatty acid comprising N carbon
atoms and M double bonds in its hydrocarbon backbone; ESI, electrospray ionization; GPLs, glycerophospholipids; HepG2, human hepatocellular liver carcinoma cell line;
HL-1, cardiac muscle cell line; MPIS, multiple precursor ion scanning; MS, mass spectrometry; MS/MS, tandem mass spectrometry; nanoESI, nanoelectrospray ionization;
NLS, neutral loss scanning; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PIS, precursor ion scanning; PS,
phosphatidylserine; QqTOF, quadrupole time-of-flight; QqQ, triple quadrupole; SM, sphingomyelin; TAG, triacylglycerol; X FA;-FA;, a lipid molecule of class X with fatty acid
FA; and FA; at unidentified positions; X FA;/FA;, a lipid molecule of class X with fatty acid FA; at sn-1 position and FA; at sn-2 position (or sn-3 position for DAG); SM N:M ;OH,

sphingomyelin comprising N carbon atoms and M double bonds and OH hydroxyl groups in the ceramide backbone.
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1. Introduction

Dysregulation of lipid metabolism is a critical contributor to
the etiology of obesity and related metabolic diseases such as
diabetes, fatty liver disease and atherosclerosis. A growing body
of evidence demonstrates that lipid metabolism and its complex
output of molecular lipid species play a key role in the develop-
ment of metabolic syndrome [1]. However, it is still unknown how
metabolic diseases affect the entire molecular lipid landscape of
cells and tissues, and exactly what metabolic ripple effects cause
detrimental effects. Lipidomic studies in clinical settings offer a
powerful strategy to pinpoint the mechanistic details by which
alterations in tissue-specific lipid metabolism are directly inte-
grated into systemic metabolic homeostasis, but necessitate the
application of high-throughput mass spectrometric methodology
capable of quantifying molecular lipid species on a lipidome-wide
scale.

Lipidomics can be defined as a systems-level analysis of lipid
species, their abundance, biological activities, and subcellular local-
ization and tissue distribution. The lipidome of eukaryotic cells
can consist of thousands of molecular lipid species that consti-
tute membranes, store metabolic energy and function as bioactive
molecules [2,3]. Studies of dysfunctional lipid metabolism can be
done using a variety of cell culture models, mouse models and tis-
sue samples from humans. Such studies have provided valuable
insights into the metabolic consequences of obesity [4-6], dia-
betes [7] and insulin resistance [8]. In particular mouse models
have been applied to assess the molecular mechanisms of lipid
disorders, albeit the mechanisms of action in humans might be
different. Large-scale clinical cohort studies are therefore neces-
sary for accurate mapping of metabolic disturbances in humans.
Applying lipidomic approaches in concert with identification of the
phenotypic consequences of genes involved in lipid metabolism
has enabled the reconstruction of the lipid metabolic network
with increased information content [1,9], and rendered insights
into the causative factors of lipid related dysfunctions in humans
[10].

Electrospray ionization mass spectrometry is a powerful tool
for lipid analysis [11,12] and is typically used in two major ways.
Lipid extracts can be separated by liquid chromatography (LC)
and eluted lipid species monitored by on-line mass spectrometry
[13,14]. LC-MS or LC-MS/MS detection can be performed in com-
bination with normal phase HPLC that allows lipid class separation
or with reversed-phase HPLC that allows separation of molecular
lipid species [13-17]. However, using these techniques it is diffi-
cult to achieve absolute quantification of hundreds of molecular
lipid species since endogenous lipid species and lipid standards
can elute with different retention times that in turn changes the
lipid ionization efficiency. Furthermore, lipidomic analysis can be
compromised by carry-over effects on the column, especially if the
analyzed samples differ in their abundance and lipid composition.
These techniques are also of limited efficacy for high-throughput
screens since separating complex lipid mixtures by HPLC is time-
consuming.

Alternatively, lipid extracts can be infused directly into a mass
spectrometer whereby lipid species can be identified and quantified
using specific precursor ion scans (PIS) and neutral loss scans (NLS)
[18-20]. Such shotgun lipidomic techniques have been applied
for the characterization of glycerophospholipids (GPLs) [19,21-24],
ceramides [25], glycerolipids [26] and sterol lipids [27]. For exam-
ple, phosphatidylcholine (PC) and sphingomyelin (SM) species
are readily detected in positive ion mode by PIS m/z 184.07 for
the characteristic phosphorylcholine fragment ion released upon
collision-induced dissociation (CID) [19,21,24]. In addition, molec-
ular GPLs can be characterized in negative ion mode based on their
release of fatty acid fragment ions [28,29].

Shotgun lipidomics was originally executed on triple quadrupole
(QgQ) mass spectrometers that offer sensitive and reproducible
analysis with a wide dynamic quantification range [20,24]. The
instrumental principles and details on quantification of lipid
species using QqQ instruments has been discussed elsewhere
[21,30]. QqQ instruments allow the acquisition of only a single
PIS or NLS per scan, and the analysis must be repeated to pro-
file multiple lipid classes. Shotgun lipidomic analysis by multiple
precursor ion scanning (MPIS) was recently developed for hybrid
quadrupole time-of-flight (QqTOF) mass spectrometers [19,28].
MPIS enabled the simultaneous acquisition of 40-50 PIS required
for the comprehensive characterization of eukaryotic lipidomes
in a single analysis [23,28]. Furthermore, the MPIS methodology
was recently complemented by dedicated software that enables
automated identification of detected lipid species and absolute
quantification when applicable internal lipid standards are used
[23]. This methodology has been applied in relatively low through-
put studies of liver steatosis [8], hyperlipidemia [4] and T cell
receptor activation [31].

In this review we describe a novel high-throughput shotgun
lipidomic platform based on 96-well robot-assisted lipid extraction,
automated sample infusion by mircofluidic-based nanoelectro-
spray ionization, and quantitative MPIS analysis on a QqTOF mass
spectrometer (Fig. 1). We discuss the validation and key features of
the methodology, and emphasize practical issues associated with
operating the platform. By implementing lipid class separation and
fractionation prior to MS analysis, quantitative lipidomic analysis of
a wide range of mammalian tissues can be achieved. We highlight
the efficacy of this platform by discussing its application for both
low-throughput and high-throughput shotgun lipidomics studies.

2. Automated shotgun lipidomics
2.1. 96-Well robot-assisted lipid extraction

Sample preparation is of crucial importance for generating high
quality lipidomic datasets. The use of solvents, reagents, sample
amounts, internal lipid standards and lipid extraction protocols
should be carefully considered in order to optimize the sensitiv-
ity, comprehensiveness and the quantification accuracy of the mass
spectrometric analysis.

Quantification of lipids can be achieved by profiling analy-
sis, relative quantification and absolute quantification. Absolute
quantification (i.e. pmol lipid) is the ideal lipidomic data format
as it provides information about the stoichiometric relationship
between lipid species of different classes. Absolute quantification
requires that samples are spiked with defined amounts of an appli-
cable internal lipid standards prior to lipid extraction (usually in
the pmol concentration range; and at least one lipid standard
per monitored lipid class) [19,23,32]. In addition, the lipid stan-
dards should be absent from the sample matrix. This approach
will correct for any bias in lipid extraction recovery, lipid class-
dependent ionization efficiencies, and improve the accuracy of the
quantitative analysis. In comparison, profiling analysis is a quali-
tative approach performed without lipid standards where only the
intensity (or peak area) of detected lipids are compared in order
to pinpoint differences that can be targeted for detailed analysis.
Relative quantification (i.e. fold difference compared to control)
is typically performed when only a limited set of internal lipid
standards is available [19]. Importantly, both profiling analysis and
relative quantification does not provide direct information on the
stoichiometric relationship between lipid species, and are prone to
poor analytical reproducibility.

Lipids are commonly extracted using traditional Bligh and Dyer
[33] or Folch protocols [34] based on liquid-liquid extraction using
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Fig. 1. Schematic outline of the high-throughput shotgun lipidomic platform.

chloroform, methanol and aqueous buffer. These procedures gen-
erally allow recovery of most eukaryotic lipids; albeit very polar
lipids such as phosphoinositides and complex glycosphingolipids
require dedicated extraction methods [35-37]. We emphasize that
accurate quantification of lipid species requires the spiking with
internal lipid standards prior to extraction in order to correct for
biased losses of monitored lipid classes, especially when concen-
trated samples are investigated. Furthermore, using large volumes
of organic solvents (e.g. chloroform/methanol (2:1, v/v)) relative
to sample lipid content and repeating the lipid extraction of the
aqueous phase, result in high lipid recoveries (85-100%). Total lipid
extracts are evaporated, and dissolved in chloroform/methanol
(1:2, v/v) prior to shotgun lipidomic analysis or HPLC fractionation
(see below).

Manual lipid extraction is relatively labor-intensive and prone to
errors when hundreds of samples need to be processed for clinical
studies. To this end, we have developed an automated lipid extrac-
tion procedure in a 96-well plate format. We typically perform lipid
extraction using 1.3 ml glass vials inserted in a custom-made alu-
minum 96-vial rack. Manual interferences in the lipid extraction
procedure have been minimized such that all pipetting and sample
mixing is performed by the robot. To ensure optimal lipid extraction
efficiencies the sample mixing is performed by repeated aspiration
and dispensing at varying vertical positions of the glass vials. Iso-
lation of the organic and lipid-enriched phase is done after leaving
the samples to phase separate for 5 min without agitation. We note
that the lipid extraction can also be performed using high quality
organic solvent-resistant plastics including tips, 96-well plates and
solution trays. The advantage of this approach is that the procedure
becomes less labor-intensive and more cost-effective.

To validate the automated lipid extraction procedure we mon-
itored the extraction recovery and quantification accuracy of lipid
species in various sample matrices (e.g. cells, tissue homogenates
and biofluids). We observed no significant differences in the extrac-
tion recovery and quantification accuracy when performing robotic
or manual lipid extraction (not shown). Importantly, the robotic
lipid extraction had a better analytical reproducibility compared to
manual lipid extraction (not shown). Furthermore, the robotic lipid
extraction allowed the processing of 96 samples within 6 h.

2.2. Automated sample infusion by mircofluidic-based
nanoelectrospray ionization

Shotgun lipidomics has been successfully performed using
nanoelectrospray ionization (nanoESI) [19,21]. Conventional
nanoESI is sensitive and cost-effective, but requires manual
loading of samples into small glass capillary emitters, manual

positioning of emitters in front of the mass spectrometer ori-
fice and adjustment of voltage and back pressure to achieve
stable ion spray. Automation of nanoESI has been attempted
by continuous flow injection for analysis of multiple samples
[38]. Drawback of this technique is that all samples are infused
through the same capillary emitter, which increases the risk for
cross-contamination. An alternative is the automated chip-based
nanoESI device: NanoMate TriVersa [39]. Here, the samples are
aspirated robotically from a 96- or 384-well plate and infused into
the mass spectrometer through separate nozzles on an ESI Chip.
Each ESI Chip contains 400 nozzles. ESI Chips are available with
nozzles having an inner diameter of 2.5, 4.1 or 5.0 wm. The device
eliminates cross-contamination between different samples and
allows flow rates between 100 and 250 nL/min depending on ion
spray parameters; e.g. nozzle diameter, ion spray voltage, back
pressure and solvent composition.

For routine lipidomics experiments we dissolve lipid extracts in
5mM ammonium acetate in chloroform/methanol (1:2, v/v). Sam-
ples are infused by the TriVersa NanoMate with a 4.1 pm ESI Chip
using +£1.2kV and 0.2 psi as ion spray voltage and back pressure,
respectively. Infusing 10 l of sample (with a maximum concen-
tration of ~20 wM total lipid or ~0.05 wg extracted protein per
L) allows approximately 67 min of stable ion spray equivalent
to a flow rate of 149 nL/min (Fig. 2). The spectral reproducibility
achieved using the NanoMate TriVersa gives a relative standard
error of approximately 3% in both positive and negative ion mode
(not shown). Importantly, this device produces similar lipid pro-
files as compared to syringe pump-driven capillary interfaces [40]
and conventional nanoESI (not shown). We note that several studies
have successfully applied the TriVersa NanoMate device for shotgun
lipidomics analysis of lipid extracts [4,8,23,31,37,40-42].

A major concern for the handling of lipid extracts in low volumes
of volatile chloroform and methanol is sample evaporation. Sealing
of 96-well plates with aluminum foil is a prerequisite for min-
imizing sample evaporation. In addition, the NanoMate TriVersa
system has an integrated cooling device to store the sample plate
at 4-10°C during the mass spectrometric analysis. Furthermore,
sealed 96-well plates can be stored at —20°C for up to 4 weeks
without noticeable sample evaporation and alterations of the mea-
sured lipid composition. The materials of the sample tips (electrical
conducting plastic tips) and the ESI Chip does not affect the mass
spectrometric analyses.

During method development we optimized the analytical effi-
cacy of the TriVersa NanoMate device by testing the impact of
various solvent compositions for sample infusion. For routine
application we found that using 5 mM ammonium acetate in chlo-
roform/methanol (1:2, v/v) was the optimal solvent system for our
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Fig. 2. Monitoring the absolute intensity of lipid precursor as a function of infusion
time. 10 pl of total liver lipid extract was infused in positive ion mode at a flow rate
of 149 nL/min using a TriVersa NanoMate. MS/MS spectra for each lipid precursor
was acquired for 15s every third minute. The peak area per scan of fragment ions
m/z of 184.07 (PC 17:0/17:0), m/z of 327.29 (DAG 17:0/17:0), m/z of 556.54 (D5 TAG
16:0/16:0/16:0), m/z of 184.07 (LPC 17:0), m/z of 579.43 (PE 17:0/17:0), m/z of 375.40
(D6 CE 18:0) and m/z of 376.40 (PA 17:0/17:0) are shown. Collision energy was set to
40eV.

lipidomic analyses. We also tested the efficacy of including iso-
propanol in the solvent system. When infusing samples in 5 mM
ammonium acetate in chloroform/methanol/isopropanol (1:2:4,
v/v/v) we observed an improved ion spray stability compared to
chloroform/methanol (1:2, v/v). However, for our lipidome-wide
analysis we found a minor decrease in overall analytical sensitiv-
ity, and a selective ionization of anionic lipids in negative ion mode
and neutral sphingolipids in positive ion mode when using chlo-
roform/methanol/isopropanol (1:2:4, v/v/v). Infusion with 5mM
ammonium acetate in chloroform/methanol/isopropanol (1:2:4,
v/v/v) also required a higher back pressure for optimal ion spray
(e.g. £0.95KkV and 1.25 psi). We note that the analytical sensitivity
for anionic lipids in negative ion mode can be further improved
using 0.2 mM methylamine in the solvent system [37]. These prop-
erties of the TriVersa NanoMate device can be exploited to extend
the lipidome coverage of the shotgun analysis, or for detailed struc-
tural analysis of a particular lipid species where selective ionization
can be used to optimize the analytical sensitivity and specificity
[37,40]. Finally, we emphasize that optimal lipidomics analysis is
dependent on several parameters of the TriVersa NanoMate device
including the type of ESI Chip (i.e. nozzle diameter), the ESI Chip
to orifice distance and position, pre-piercing of the aluminum foil
prior to sample aspiration, the ion spray voltage and back pressure.

2.3. Shotgun lipidomics by MPIS

Development of QqTOF mass spectrometers creates new possi-
bilities for high-throughput shotgun lipidomics [43]. In comparison
to QqQ mass spectrometers, QqTOF instruments are equipped with
a TOF analyzer instead of the third quadrupole (Q3). The sensitiv-
ity of detecting a selected fragment ion (the very essence of PIS)
is limited by the duty cycle that can be as low as 5% on QqTOF
machines. However, this limitation was overcome when ion trap-
ping and bunching technology was introduced on QSTAR mass
spectrometers [44]. Fragment ions of a given m/z can be trapped
in the collision cell and released as a clustered ion packet into the
TOF analyzer. In this way, close to 100% duty cycle can be achieved
for low mass fragment ions [45]. This technology has significantly
increased the detection sensitivity, allowing QqTOF instruments to
reach detection limits at least one order of magnitude better than
QqQ instruments (see discussion below).

Other advantages of the QqTOF instruments are the inherent
features of the TOF analyzer, such as high mass resolution and accu-
racy. This allows recording of fragment ions within a narrow mass
range (0.1 amu) which provides a high signal-to-noise ratios that
minimizes false positive identifications and bias of quantification
accuracy [19]. The TOF analyzer allows the recording of numerous
PIS in parallel (i.e. MPIS). In general, fragment ions with similar
masses (e.g. m/z 200-350) can be recorded with similar efficiency
(i.e. similar sensitivity). However, if a wide mass range of fragment
ions are to be recorded we recommend performing separate analy-
ses with optimal ion trapping settings for each mass range. We note
that in contrast to product ion scanning experiments (i.e. multiple
reaction monitoring and data-dependent acquisition) where lipid
precursors are preselected for fragmentation, the MPIS analysis
does not discriminate against detection of potential lipid precursors
due to the scanning quadrupole Q1.

For comprehensive glycerophospholipidomics we typically
acquire 40-50 PIS scans that covers both fatty acid and lipid head-
group fragment ions within the TOF mass range of m/z 150-350
while the quadrupole Q1 is scanning the mass range of m/z450-900
for detection of lipid precursors [19,23]. Molecular GPL species
are easily identified by their release of structure-specific fatty
acid and head-group fragment ions (Fig. 3) [19,21,28,29,46-54].
Optimal signal response of the MPIS analysis is achieved by ade-
quately optimizing collision energy and collision gas pressure [23].
For the analysis of GPLs, glycerolipids, ceramides and cholesteryl
esters (CEs) collision energies of 40-60eV [23], 25-30eV, 35-45 eV
[55,56] and 25 eV [27], respectively, are commonly used.

We note that prior to any MPIS analysis, QqTOF instruments
should be accurately calibrated for optimal performance. To this
end, it is advantageous to calibrate the TOF analyzer by recording
MS/MS spectra of the synthetic standard PC 16:0-22:6 in either
positive or negative ion mode. In positive ion mode, the TOF ana-
lyzeris calibrated using the peak intensities of protonated precursor
PC 16:0-22:6 with m/z 806.5694 and of the phosphorylcholine
fragment ion with m/z 184.0733. Applying a medium collision
energy of 35eV yields an equal intensity of both ions [57]. In neg-
ative ion mode, the TOF analyzer is calibrated by MS/MS of the
PC 16:0-22:6 acetate adduct ion having m/z 864.5760. Applying
a medium collision energy renders characteristic fragment ions
corresponding to the demethylated precursor ion [PC 16:0-22:6
-CH3]~ m/z 790.5392 and the fatty acid moieties [C22:6]" m/z
327.2330 and [C16:0]~ m/z 255.2330 that allows a three-point cal-
ibration of the TOF analyzer [57]. Finally, it is important to avoid
saturation of the TOF analyzer during calibration since it affects the
mass accuracy.

2.4. Quantitative MPIS analysis

Absolute quantification of lipid species in total lipid extract
requires analysis of dilute samples spiked with at least one inter-
nal lipid standard per monitored lipid class, and applying isotope
correction [20]. Systematic studies of instrument responses using
structurally distinct lipid species have demonstrated that ion-
ization efficiency is predominantly dependent on the lipid polar
head group and only weakly dependent on the structure of fatty
acid moieties [20,22,58]. Ejsing and colleagues recently extended
the MPIS analysis to simultaneous quantify molecular PC, phos-
phatidylethanolamine (PE), phosphatidic acid, phosphatidylserine
(PS), phosphatidylglycerol and phosphatidylinositol (PI) species
by spiking samples with six distinct lipid class-specific standards
having C17:0 moieties and applying automated isotope correc-
tion [23]. Our validation of the quantitative MPIS approach has
included analysis of equimolar mixtures of PC species (1 WM each)
with different acyl chain lengths and number of double bonds that
demonstrated no differences in the instrument response when iso-
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Fig. 3. Spectral profiles obtained by lipid class-specific PIS and lipid species-specific MPIS. (A) PIS m/z 241.0 spectrum of bovine liver Pl extract acquired in negative ion mode.
Detected precursors are annotated as diacyl or ether species using a sum formula. (B) Fatty acid profile of bovine liver PI extract obtained by negative ion mode MPIS analysis.
For clarity, only 5 precursor ion spectra (out of 41 acquired) are presented. Identified precursor ions are annotated using a molecular formula that describes the fatty acid

moieties of the detected lipid species [23].

tope correction was applied (unpublished data). We note that the
quantification accuracy of the lipidomics platform is generally +5%
and in agreement with other shotgun lipidomics approaches [20].
More accurate estimates can probably be achieved by spiking sam-
ples with multiple internal lipid standards for each monitored lipid
class. However, suitable lipid standards are not always available
and customized synthesis is very expensive. We emphasize that
evaluation of the performance of any lipidomics platform is always
required since quantification accuracy is likely to depend on the
ion source (e.g. LC, flow injection or direct infusion), sample con-
centration, MS instrumentation and fragmentation pathways and
efficiency.

The dynamic quantification range of MPIS analysis was first
assessed by titrating the amount of a total lipid extract relative to a
defined amount of spiked internal lipid standard [23]. This analysis
demonstrated a linear instrument response for endogenous GPLs
over four orders of magnitude corresponding to the concentration
range of 10nM-100 wM total glycerophospholipid. Similar results
were obtained in a comparative study of the dynamic quantifica-
tionrange of PISm/z 184.07 analysis on QqQ and QqTOF instruments
(Fig. 4). This study showed that both instrumentations featured a
1:1 signal response for two distinct PC molecules over a concen-
tration range of three to four orders of magnitude. This result is
in agreement with previous reports [22,23,27,59]. In comparison,
the QqTOF MS analysis was 10-fold more sensitive (~2nM) than
QqQ MS analysis due to differences in signal-to-noise ratio in the
low pmol range. In contrast, QqQ MS analysis was more accurate at
higher sample concentrations (>10 wM) were the QqTOF MS analy-
sis was compromised by detector saturation (at m/z 760.6 PC 34:1).

In our laboratory we have obtained similar results for other
lipid classes. For example, we evaluated the quantification range
for diacylglycerol (DAG) species. To this end, lipid extracts were

first diluted and then fractionated by normal phase HPLC (see
below). The fractions were spiked with equal concentration of
internal standard DAG 17:0/17:0 and analyzed by MPIS analysis
in positive ion mode. We simultaneously acquired 40 PIS based
on structure-specific fragment ions released from DAG ammonium

PC 34:1 (uM)
1E-3 0.01 0.1 1 10 100
1000 et " . " A .
= PIS m/z 184.1 analysis by direct injection and QqTOF MS .
®-- PIS m/z 184.1 analysis by flow injection and QqQ MS - |
100 5
=
——— i b
=5 A
|G
™|
[e][e] 14
ge
0.14
& »
o
0014 *
0.01 0.1 1 10 100 1000
n(PC 34:1)
n(PC 36:2)

Fig. 4. Dynamic quantification range of PC analysis by QqTOF and QqQ mass spec-
trometry. Synthetic PC 34:1 was titrated (147 wM to 1.47 nM) relative to a constant
amount of synthetic PC 36:2 (205 nM). Lipid mixtures were analyzed in positive ion
mode by PIS m/z 184.1 using direct infusion by NanoMate and QqTOF mass spec-
trometry [23], or by flow injection analysis using an Agilent 1100 pump and QqQ
mass spectrometry [24]. The upper x-axis shows the absolute concentration of PC
34:1. The lower x-axis shows the spike amount of PC 34:1 relative to the internal
standard PC 36:2. y-Axis shows the intensity of PC 34:1 relative to the intensity of
PC 36:2. Error bars indicate &S.D. (n=3 independent analyses).
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Fig. 5. Dynamic quantification range of DAG analysis. Total lipid extracts of HepG2
cells were diluted and fractionated by normal phase HPLC. Fractions containing DAG
were evaporated, reconstituted in 5 mM ammonium acetate in chloroform/methanol
(1:2, v/v), spiked with known amount of internal standard DAG 17:0/17:0, and ana-
lyzed positive ion mode by MPIS analysis for 40 DAG-derived fragment ions. Collision
energy was set to 25eV. The concentration of endogenous DAG 16:1/16:1, DAG
16:0/16:1 and DAG 16:0/18:1 were estimated by isotope correction of their peak
intensity and normalization to the intensity of the internal standard DAG 17:0/17:0
and multiplication with its concentration. The mean values are shown (n=4 inde-
pendent analyses).

adduct ions. The responses of three endogenous DAG species with
up to ~17-fold difference in concentration were assessed (Fig. 5).
The experiment demonstrated a linear instrument response for
each of the three DAG species within the sample concentration
range of 20-200 ng/l total protein corresponding to 0.01-1 uM
DAG. From the similar slope values of the instrument we concluded
that DAG 17:0/17:0 is an applicable standard for quantitative MPIS
analysis of endogenous DAG species. This experiment also showed
that the detection limits for DAG analysis is in the order of 10 nM.

We note that internal lipid standards comprising C17:0 residues
(e.g. LPA 17:0, DAG 17:0-17:0 and TAG 17:0-17:0-17:0) are applica-
ble for quantitative lipidomics of mouse and human tissues since
these lipids are not synthesized in significant amounts. We also note
that these GPL standards are detected in the same PIS spectrum (PIS
m/z 269.25 C17:0) that allows the intensity profile of the standards
to be used as a quality control of the analysis. The C17:0 containing
lipid standards have successfully been applied in various quanti-
tative lipidomic studies, either by shotgun lipidomics [4,8,42] or
LC-based lipidomics [10,60]. An overview of the mode of analysis
we use for detection of different lipid species and the respective
internal standards are shown in Table 1.

2.5. Automated lipid identification and quantification

Comprehensive and quantitative characterization of lipidomes
requires MPIS analysis in positive and negative ion mode. For the
comprehensive analysis of a total lipid extract over a hundred
PIS spectra are normally recorded. Manual interpretation of such
spectral datasets is laborious and time-consuming which makes
it impossible to perform large lipidomic studies. Importantly, pro-
cessing of spectral data requires identification of detected lipid
precursors, isotope correction, and quantification by normalization
of the intensity of endogenous lipid species to their correspond-
ing internal lipid standards. Development of Lipid Profiler software
for automated spectral processing has circumvented these analyti-
cal limitations [23]. Lipid Profiler includes all the above-mentioned
spectral processing steps and is capable of quantifying molecular
lipid species in large lipidomics studies.

Currently, Lipid Profiler affords automated identification of lipid
species belonging to 44 distinct lipid classes by cross-correlating
spectral information with a lipid library containing fragmentation
information on approximately 23,000 lipid species (Eva Duchoslav,

(or amount) with links to the acquired mass spectra. Finally, the
generated data can be exported for further data processing using
multivariate data analysis routines [62].

2.6. Shotgun lipidomics in combination with normal phase HPLC

Mammalian tissues, cells and biofluids comprise different
molecular lipid compositions. For example, human liver contains
predominantly GPLs: approximately 44% PC, 28% PE, 9% PI, 3% PS,
5% SM and 4% cardiolipin, whereas human kidney comprise approx-
imately 34% PC, 27% PE, 6% PI, 7% PS, 12% SM and 7% cardiolipin [63].
Human liver may comprise approximately 8-63% TAG of total lipids
[64], whereas adipose tissue comprises about 95% TAG and 5% other
lipid classes [65]. Quantitative lipidomic analyses of liver and kid-
ney are readily performed using shotgun lipidomics approaches.
However, comprehensive monitoring of minor lipid species in adi-
pose tissue (and TAG rich liver tissue) requires that TAG is removed
from the samples prior to any type of lipidomic analysis. To this
end, we have employed a normal phase HPLC routine to fractionate
individual lipid classes of interest [66,67].

We have validated the lipid class fractionation using HepG2
liver cells, where we compared the molecular composition of lipid
species analyzed by shotgun lipidomic analysis of total lipid extracts
or after HPLC fractionation. A comparison of the CE and DAG com-
position from a total lipid extract of HepG2 cells, obtained using
the outlined shotgun lipidomics approach, with the profiles gen-
erated after normal phase HPLC fractionation of the same lipid

Table 1
Analytical settings used for detection of lipid species.

Lipid class Analysis References Internal standard
PC +PIS m/z 184.072 [21,23] D(9)-PC 16:0-16:0
—MPIS PC 17:0-17:0
PE —MPIS [23] PE 17:0-17:0
PS —MPIS [23] PS 17:0-17:0
PA —MPIS [23] PA 17:0-17:0
PI —MPIS [23] PI 17:0-17:0
PG —MPIS (23] PG 17:0-17:0
a
LFC ili\l,lspgx/az 184.07 [19,21] LPC 17:0
SM +PIS m/z 184.07° [21] SM 17:0
DAG +MPIS¢ DAG 17:0-17:0
TAG +MPIS¢ TAG 17:0-17:0-17:0
CE +PIS m/z 369.35 [27] CE 17:0
Cholesterol +PIS m/z 369.35° [27] D(7)-FC
CER *PIS mfz 264.27 [56] CER 17:0
+PIS m/z 266.28 .

2 PIS m/z 184.07 analysis; simultaneous detection of PC and SM species; allows
only sum composition nomenclature (e.g. PC 34:1, SM 34:1;2).

b _MPIS analysis; in this analysis LPEs, LPAs, LPGs, LPIs and LPSs are also detected.

¢ +MPIS analysis; structure-specific fragmentions released from DAG-ammonium
adduct ions selected for PIS analysis.

d +MPIS analysis; structure-specific fragment ions released from TAG-ammonium
adduct ions selected for PIS analysis.

¢ +PIS m/z 369.35 analysis; cholesterol is converted to cholesteryl ester by acetyl
chloride derivatization.
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Fig. 6. Comparing the molecular composition of CE and DAG species in total lipid
extracts and corresponding HPLC fractions of the total lipid extracts. The molecular
lipid composition of CE and DAG were identical thereby no preferential loss of lipid
species during the HPLC fractionation. 40 different monoacyl fragment ions recorded
by MPIS analysis. PIS m/z 369.3 was used for detection of CE in positive ion mode.
Collision energy was set to 25 eV. The values show the mean +£S.D. (n=5).

extract is illustrated in Fig. 6. This analysis revealed that the molec-
ular composition of molecular DAG and CE species are not affected
by the HPLC separation. Furthermore, direct analysis of total lipid
extracts by PIS estimated the total amount of CE in HepG2 cells to
be 57 nmol/mg protein. In comparison, quantification using evap-
orative light scattering (ELS) detection together with the HPLC
fractionation determined the total amount of CE to be 53 nmol/mg
protein. Thus, normal phase HPLC lipid class fractionation can be
used in concert with MS-based lipidomic analyses for identifica-
tion and quantification of minor lipids in complex sample matrices
such as adipose tissue (not shown). Another advantage is that the
HPLC system helps validate the lipid quantification through the use
of two independent detector systems.

3. From low-throughput to high-throughput shotgun
lipidomics studies

Cardiac ischemia is associated with an accumulation of
lipids in the heart [68]. It has been demonstrated that cardiac
myocytes secrete apolipoprotein B-containing lipoproteins follow-
ing hypoxia. It is still unclear why, but it is believed that their
function may be involved in removing accumulating TAG when
cellular B-oxidation of fatty acids is impaired during hypoxia. HL-
1 cardiomyocytes represent an applicable model for investigating
the impact of hypoxia on lipid accumulation since this cell line can
express cardiotypic phenotypes that are comparable to primary
cardiomyocytes [69]. We performed a shotgun lipidomic study
of hypoxia exposed HL-1 cells to pinpoint the hypoxia-induced
perturbations of molecular lipid composition. Following hypoxia
treatment HL-1 cells were subjected to robotic lipid extraction.
Next, aliquots of total lipid extracts were subjected to normal phase
HPLC for quantification and fractionation of apolar lipid classes.
Another aliquot of total lipid extracts was directly analyzed by quan-
titative MPIS analysis in negative ion mode for characterization of
GPL species [19,23]. In total 150 molecular lipids were quantified.

Quantification of apolar lipid classes using the HPLC procedure
showed significant elevations of TAG levels in cells exposed to
hypoxia (not shown). A similar TAG accumulation was previously
demonstrated for macrophages [70]. No significant alterations in
the absolute levels of DAG and CE species were observed. Inter-
estingly, the analysis of DAG showed a significant alteration in their
molecular composition after hypoxia for 4 and 8 h (Fig. 7A). Hypoxia
resulted in a significant increase in saturated DAG 16:0-16:0 off-

set by a reduction in monounsaturated DAG 16:0-18:1 and DAG
16:0-16:1. Emulating the fatty acid profile of all detected DAG
species demonstrated that the level of fatty acid saturation was pri-
marily attributed to the accumulation of C16:0 and a reduction of
C16:1 and C18:1 (Fig. 7B). Interestingly, no significant changes were
observed in the molecular composition of CE species (not shown).
In contrast, both PC and PE species showed a decrease in the abun-
dance of C16:1 containing species and a concomitant increase in
the levels of C18:2 (not shown); attributed predominately to PC
16:0-18:2 and PC 18:0-18:2 (not shown).

This low throughput lipidomics study demonstrates the effi-
cacy of the lipidomics platform for accurately pinpointing subtle
alterations in molecular lipid composition after hypoxic exposure.
The lipidome perturbation may have important physiological con-
sequences since the saturation index of GPL is known to affect
membrane dynamics, and similar alterations have been observed
in different disease states [71]. Since desaturation of fatty acids is
catalyzed by stearoyl-CoA desaturases that utilize NAD(P)H as elec-
tron donor [71] it is possible that the hypoxia-induced increase in
saturated fatty acids is partly attributed to reduced availability of
molecular oxygen for this biochemical process.

These results provide novel insight into the underlying biolog-
ical mechanisms of hypoxia, and also shed light on the discovery
of novel disease-related lipid biomarkers and potential drug tar-
gets. However, if biomarkers and drug targets are to be discovered
and verified in humans, large clinical cohorts are required. At
this point, high-throughput and automation become necessities.
It is important for such studies that the data quality is uncom-
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Fig. 7. Hypoxia-induced perturbations of molecular DAG composition. After HPLC
fractionation of HL-1 total lipid extract, DAGs were analyzed by MPIS analysis. (A)
Exposure to hypoxia resulted in several significant alterations in the molecular com-
position of DAG species. (B) Effect of hypoxia on fatty acid composition of the DAG
species. Hypoxia resulted in decreases in unsaturated fatty acids and increases in sat-
urated species. 40 different monoacyl fragment ions were recorded by MPIS analysis
in positive ion mode. Collision energy was set to 25 eV. Values shows the mean + S.D.
(n=3), *p<0.01 (Student’s t-test).
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Fig. 8. Evaluating the analytical variation in a large-scale lipidomics study. 237 samples distributed in 3 distinct 96-well plates were processed by robotic lipid extraction and
analyzed by negative ion mode MPIS over a 5-day period. Control plasma samples (6 samples per 96-well plate) were randomly measured during the sequence. The relative
intensity of PC 16:0-20:4 and PE 18:0-20:4 (normalized to the respective internal standard) in control plasma samples were monitored as a function of sample number in

order to estimate variation of the shotgun lipidomics platform.

promised as compared to low-throughput and focused lipidomics
studies.

In large-scale clinical studies we typically monitor hundreds of
molecular lipid species in several hundred samples using the out-
lined high-throughput shotgun lipidomics platform. For routine
application we include several control samples to track the quality
of the analysis. Fig. 8 shows an example of the analytical variation
between 237 samples analyzed over a 5-day period (samples were
loaded in three distinct 96-well plates). This result demonstrates
that the lipidomics platform features a high analytical reproducibil-
ity with a relative standard error in the order of 15% throughout
a 5-day period. In summary, the analytical approach facilitates
high-throughput shotgun lipidomics without compromising the
analytical quality and lends itself to high quality lipidomic analyses
in large-scale clinical studies.

4. Conclusions and future directions

Here we have described a novel high-throughput shot-
gun lipidomics platform based on 96-well robot-assisted lipid
extraction, automated sample infusion by mircofluidics-based
nanoelectrospray ionization, and quantitative MPIS analysis by
QQgTOF mass spectrometry. This platform has enabled the quan-
tification of several hundreds of molecular lipid species from
minute amounts of sample. The efficacy of this approach has been
demonstrated by its ability to analyze diverse and complex sam-
ple matrices including adipose and liver tissue. Applying lipidomics
to clinical cohort studies established a new strategy for pinpoint-
ing the mechanistic details by which alterations in tissue-specific
lipid metabolism are linked to systemic metabolic homeostasis and
disease states.

The methodology offers the possibility to characterize molec-
ular lipid species (e.g. PC 18:1-18:1 and PC 18:0-18:2) instead of
identifying lipids by only sum composition (e.g. PC 36:2). Similar
to other lipidomics techniques, the MPIS methodology is unable
to accurately quantify positional isomeric lipid molecules where
the position of the fatty acid moieties are interchanged (e.g. PC
16:1/18:1 and PC 18:1/16:1) [28]. Furthermore, a technical caveat
of most shotgun lipidomics platforms is the inability to directly
determine the position and configuration (cis or trans) of dou-
ble bonds within the fatty acid moieties of lipid species. To this

end, ozone-induced dissociation (OzID) of double bonds might
offer a promising solution [72-74]. Thomas and colleagues have
demonstrated that the regio-isomeric ions PC 18:1(9Z2)/18:1(92)
and PC 18:1(62)/18:1(6Z) can be distinguished by OzID. Interest-
ingly, close to complete structural information on lipid species
can now be determined by shotgun mass spectrometry. Notably,
similar information could be obtained, but only through very labor-
intensive sample pre-fractionation and gas chromatography-mass
spectrometry. This conventional approach, however, fails to deci-
pher to which lipid species the fatty acid moieties are attached
to since structural information is lost during sample hydrolysis.
Interestingly, OzID can also be applied in conjunction with shot-
gun lipidomics or LC-MS/MS analysis. A future challenge will be
to implement OzID into the high-throughput shotgun lipidomics
platform. Since OzID renders additional fragmentation events, this
approach will demand additional developments of mass spectro-
metric instrumentations and software. In addition, techniques such
as 0zID will help understand the gas phase chemistry of lipids and
possibly extend the structural characterization of molecular lipid
species.

In summary, the shotgun lipidomic platform described herein
is applicable for molecular characterization and quantification of
lipid species on a lipidome-wide scale. The integration of robotic
lipid extraction, automated sample infusion together with quantita-
tive MPIS analysis and software-assisted data analysis have enabled
higher sample throughputs as required for large sample number
clinical studies. We expect that 50 samples can be analyzed per
day; from automated sample preparation including lipid extraction
to reporting the results. We believe that the methodology will help
advance our understanding of the physiological functions of lipid
species, and delineate the pathophysiology of multiple lipid-related
diseases such as obesity, atherosclerosis, diabetes and cancer. Inte-
grated with other omics strategies this platform will offer a new
avenue for dissecting and improving disease diagnosis and preven-
tion.
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