BBAMCB-58120; No. of pages: 5; 4C:

Biochimica et Biophysica Acta xxx (2017) XXX-XXX

journal homepage: www.elsevier.com/locate/bbalip

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

Reporting of lipidomics data should be standardized>

Gerhard Liebisch **, Kim Ekroos ™*, Martin Hermansson “*, Christer S. Ejsing “*

2 Institute of Clinical Chemistry and Laboratory Medicine, University of Regensburg, Germany
b Lipidomics Consulting Ltd., FI-02230 Esbo, Finland

¢ Department of Biochemistry and Molecular Biology, VILLUM Center for Bioanalytical Sciences, University of Southern Denmark, DK-5230 Odense, Denmark

ARTICLE INFO ABSTRACT

Article history:

Received 15 January 2017

Received in revised form 20 February 2017
Accepted 21 February 2017

Available online xxxx

This article highlights, to our opinion, some of the most pertinent issues related to producing high quality
lipidomics data. These issues include pitfalls related to sample collection and storage, lipid extraction, the use
of shotgun and LC-MS-based lipidomics approaches, and the identification, annotation and quantification of
lipid species. We hope that highlighting these issues will help stimulate efforts to implement reporting standards

for dissemination of lipidomics data.
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1. Introduction

Mass spectrometry (MS)-based lipidomics has revolutionized the
study of lipids by its power to provide detailed quantitative information
about the extensive number of lipid molecules in cells, tissues and
biofluids. This capability is currently drawing major attention as it offers
new ways and opportunities to study lipid biology in health and disease.
However, this positive trend brings the downside that an increasing
number of studies are reporting poor quality lipidomics data with mis-
identification and inaccurate/inappropriate quantification of lipid mole-
cules. This in turn can side-track the fields of investigation that utilize
lipidomics technology, impede the progress of cumulative knowledge
production and waste resources [1]. Notably, the problem with poor
data quality primarily stems from studies using untargeted metabolo-
mics approaches [2], an area which has received enormous amount of
funding and interest for its expected power in biomarker and clinical
discovery. The reasons for poor data quality are multifactorial covering
both the analytical, bioinformatic and educational aspects. For instance,
adequate controls of sample handling and processing are often missing
as are the use of appropriate internal standards and lipid annotation.
Importantly, when such technical details are not considered or not de-
scribed in detail it becomes very challenging, if not impossible, to
judge the scientific merit of lipidomics data and establish reasons be-
hind potentially poor data quality.
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In the sections below, we highlight some of the most pertinentissues
related to producing high quality lipidomics data. Moreover, we believe
that some of these issues could help stimulate efforts to implement
reporting standards for lipidomics data that is being shared with the sci-
entific community

2. Sample collection and storage

A well-known fact among analytical chemists is that the analysis can
only be as good as the sample material, i.e., garbage in-garbage out.
Thus, care must be taken at all the steps of the analysis starting from
sampling and sample preservation through to actual processing and
analysis of the sample. In terms of preanalytics, special attention is nec-
essary when lipid mediators are analyzed, e.g., immediate production of
lysophospholipids upon blood drawing [3]. Moreover, hydrolytic en-
zymes may degrade lipids and may be active even in organic solvents
[4,5]. Another concern is that proper vials should be used for storage
of lipid extracts as this can otherwise degrade lipids [6]. Many lipids, es-
pecially the polyenoic ones, are prone to oxidation induced by either at-
mospheric oxygen, metal ions or peroxides present in e.g., impure
solvents (e.g., old chloroform). Furthermore, ester, (vinyl)ether and
amide bonds present in lipids are sensitive to various acids and bases.
Due to these issues appropriate sample collection must be carefully con-
sidered and controlled. Samples should always be snap frozen in liquid
nitrogen and stored at — 80 °C until further processing steps. Moreover,
samples should be aliquoted to avoid freeze-thaw cycles that potentially
stimulate hydrolysis of lipids. In this way the potential creation of arte-
facts can be minimized. Moreover, appropriate handling of tissues is of
great importance. For example, liver should be perfused to remove
blood components, including cells, lipoprotein particles and albumin.
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3. Lipid extraction

Most lipidomics workflows apply nonpolar organic solvents like
chloroform, methyl tert-butyl ether (MTBE) and heptane to extract
lipids from samples. Beside the common Bligh and Dyer, and Folch
lipid extractions [7], more recently modified protocols using MTBE [8],
butanol:methanol (BUME) [9] and different chloroform/methanol ratios
have been developed to improve the extraction recovery and mass spec-
trometric detection of lipids [10,11]. These protocols are well-established
for a number of sample materials and lipid classes but should, if the sam-
ple matrix is changed, be evaluated in terms of recovery, reproducibility
and generation of artefacts (e.g., lysophosphatidic acid generation from
lysophosphatidylcholine upon strong acidification of human plasma
[3]). The removal of polar metabolites, proteins and salts during lipid ex-
tractions employing a partition step greatly reduces the complexity of the
samples. In contrast, simple protein precipitation frequently used in
metabolomics approaches bears a potential of adverse matrix effects
leading to misidentifications and inaccurate quantification. A proper
lipidomics analysis includes the addition of internal standards prior
to extraction, to facilitate monitoring recoveries and absolute quan-
tification. Moreover, biphasic lipid extractions should be done with
as little sample amount as possible in order not to exceed the capac-
ity of the organic phase (e.g., for parallel quantification of abundant
glycerolipids, glycerophospholipids, sphingolipids and sterol lipids
no more than ~10 pl of plasma in a 1000 pl Folch lipid extraction
should be used [12]).

4. Shotgun vs. LC-MS-based lipidomics approaches

The two main approaches in lipidomics research are today based on
direct infusion MS analysis (also known as shotgun lipidomics) and lig-
uid chromatography (LC)-MS analysis. In the former approach, a crude
lipid extract is infused into the MS instrument and, dependent on the re-
solving power, either direct MS scans and/or specific precursor ion
scans, neutral loss scans, selected ion monitoring or data dependent
MS" scans are used to detect different lipid species [10,13-15]. The lat-
ter approach employs LC together with online MS detection [16,17].

Both approaches have their advantages and disadvantages. In gener-
al, the infusion-based shotgun lipidomics is simpler as it does not in-
volved operating a LC system in parallel, and it also does not require
implementation of additional quality controls that monitor drifts in
LC-peak shapes and retention times. It provides simple means for quan-
titation since all analytes and internal standards are present in the same
sample matrix, and thus, subject to the same ion suppression and matrix
effects. However, this benefit is also its main downside - ion suppres-
sion from both abundant lipid analytes and impurities present in the
sample limit its sensitivity for low abundant lipid molecules (this is
however, flow rate-dependent). LC-MS, by separating both analytes
and impurities can relieve ion suppression effects thus (typically) im-
proving sensitivity, especially for low abundant lipids. Additional bene-
fits include the characteristic retention times of lipid analytes that can
be used for more confident lipid identification [ 17], resolution of isobar-
ic and isomeric lipid species as well as reducing issues related to the so-
called 3C-isotope effect, if lipids are baseline resolved (see below).
However, compared to shotgun lipidomics analysis, short LC peak win-
dows may not permit identification and structural analysis by MS/MS of
all precursor ions. The main downside for the LC-MS, especially when
using reversed-phase liquid chromatography (RPLC) approaches is
that lipid analytes and internal standards elute at different times, thus
experience different matrix effects and different solvent compositions
that influence their ionization efficiencies and result in inaccurate quan-
tification. Thus, accurate absolute quantitation requires isotopically la-
belled standards for every lipid molecule that is measured [18,19],
whereas in shotgun lipidomics a single non-endogenous synthetic stan-
dard is often sufficient to quantify all lipid molecules belonging to the

same lipid class [10,20], which is similar in normal phase-LC (NPLC)
and hydrophilic interaction chromatography (HILIC) (see below).

5. Lipid species identification

Correct identification and annotation of detected lipid molecules are
important steps in a lipidomics workflow and frequently fails due to
multiple reasons. MS/MS analysis of lipid molecules yields the so called
“lipid class-selective fragments” that are common to lipids belonging to
the same lipid class (e.g., all PC molecules release m/z 184.0733, all PE
species undergo neutral loss of 141.0191) [15]. Detection of such lipid
class-selective fragments supports annotating detected lipids by “sum
compositions” and is incapable in differentiating bond types such as iso-
baric ester and ether species PC 0-34:1 ([M + H]* m/z 746.6) and PC
33:1 ([M + H|" m/z 746.6) when using low resolution triple quadru-
pole and ion trap instruments. Today, with high resolution mass spec-
trometers, such as Orbitrap or FTICR instruments, the m/z of an ion
corresponding to a lipid species can be determined solely based on
mass accuracy as this allows assigning elemental composition. This
way makes it easy to differentiate isobars like ether-bond PC 0-34:1
(IM + H]* m/z 746.6058) from diacyl PC 33:1 ([M + H]" m/z
746.5694). However, isomers such as PC 31:1, DMPE 32:1, MMPE 33:1
and PE 34:1 can still not be differentiated without fragmentation. More-
over, fragmentation of the intact precursor lipid should still be per-
formed to verify the presence of the lipid molecule and make sure it is
not misidentified chemical noise. Lipid molecules detected based on
fragment ions matching hydrocarbon chains can be annotated as “mo-
lecular lipid species” (e.g., PC 16:0_17:1 or alternatively PC 16:0-17:1)
[20,21]. This annotation does not warrant assignment of sn-positions
of hydrocarbon chains in glycerolipids and glycerophospholipids, al-
though some investigators claim this. To infer this information (e.g.,
PC 17:1/16:0) requires validated assays based either on monitoring ra-
tios between fragment ions of positional isomers (direct infusion [21],
LC-MS [17]) or gas phase reaction (e.g., with ozone [22]) or ion mobili-
ty-MS [23].

Notably, there are many issues that need to be considered when
identifying lipid species by MS/MS or multistage (MS") analysis. In com-
plex samples the presence of isobaric and isomeric lipid species, differ-
ent adduct ions as well as 'C and other isotopes can lead to co-isolation
of multiple distinct chemical species producing fragment ion spectra
containing composites of multiple precursors. Hence, for MS/MS analy-
sis it is mandatory to isolate lipid precursors using an ion isolation win-
dow of 1 Da (i.e., unit resolution) or lower. This helps make
identification and quantitative assessment of easier, especially when
acyl fragments from isomeric and isobaric lipid molecules are promi-
nent. Moreover, in-source fragmentation may generate additional pre-
cursor ions, e.g., loss of water observed for ceramides [24].

A way to reduce sample complexity and to differentiate isobaric or
isomeric species is to use LC-MS [16,17]. Since different lipid species
are temporally resolved (when using relatively long gradients) this re-
duces overlap of isotopic patterns. Hence, co-isolation of multiple pre-
cursors is less frequent, which makes the identification of the
precursor simpler. While separation of glycerophospholipid positional
isomers is not possible by RPLC, NPLC and HILIC methods,
lysoglycerophospholipid positional isomers can be resolved by RPLC
[17], HILIC [25,26] or di- and monoacylglycerol positional isomers by
NPLC [27]. Moreover, lipid class-specific separation by HILIC and NPLC
may resolve lipid isomers [28,29].

In summary, identification of lipid species requires consideration of
co-isolation of isobaric and isomeric lipid molecules, isotopic overlaps,
interferences from potential adduct ions and in-source fragmentation
(hence, ion isolation for MS/MS must be performed with unit resolu-
tion). These considerations are relevant also for LC-MS methods which
should use in addition retention times for identification (often chemical
noise is misidentified as a lipid molecule). Retention times of lipid spe-
cies in RPLC should be evaluated in respect to their double bonds and
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