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Glycerophosphocholines are the major building blocks of biological mem-

branes. They are also precursors of low-molecular-weight second messen-

gers with mass to charge ratios of 450–600. These messengers include

lysophosphatidylcholines (LPCs) and lyso-platelet activating factors (PAFs)

that may be further processed into PAFs. Often considered as a single spe-

cies, LPCs, PAFs and lyso-PAFs are, in fact, families of glycerophosphoch-

oline-derived lipids distinguished by the linkage of their sn-1 carbon chains

to the phosphoglyceride backbone (ester or ether), their sn-1 carbon chain

length and degree of unsaturation, and the identity of their sn-2 constitu-

ents (a hydroxyl or acetyl group). Each LPC and PAF species exhibits a

different affinity for its cognate G-protein-coupled receptors, and each spe-

cies elicits receptor-independent actions that play critical signalling roles.

Targeted mass spectrometry-based lipidomic approaches are enabling the

molecular identification and quantification of these low-abundance second

messengers. Variations between datasets map the temporal landscape of

second messengers available for signalling, and provide snapshots of the

state of structural membrane compositional remodelling at the time of

extraction. Here, we review a number of advances in lipidomic methodolo-

gies used to identify LPCs, lyso-PAFs and PAFs, and highlight how these

targeted approaches are providing valuable insight into the roles played by

the cellular lipidome in cell function and disease susceptibility.
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sPLA2, secreted phospholipase A2.
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Introduction

The discovery that lipids play a critical role in cell sig-

nalling is regarded as a major advance in biology in

the later part of the past century. In 1968, Albert

Lehninger argued that a comprehensive understanding

of the membrane at the molecular level would unlock

hidden molecular mechanisms of synaptic transmission

if we only had the means to identify each type of lipid

within complex matrices of several thousand related

species [1]. He stated that ‘Although considerable

information is available on the electrical behaviour of

the neuronal membrane, very little is yet known of its

molecular composition and structure because of the

severe difficulties in obtaining for biochemical study

sufficient material uncontaminated by the membranes

of other types of brain cells, particularly the glia…
Presumably each type of lipid may contribute some

specific characteristic to the membrane… [The] study

of natural membranes…promise[s] to open the door to

a molecular biology of neuronal transmission’. Forty-

five years later, new technologies applied to the study

of structural phospholipids are enabling their large-

scale profiling [2]. This profiling provides new insight

into the functional impact of their topographies,

geometries and dynamic remodelling into smaller glyc-

erophospholipid second messengers on cellular func-

tion. Recent advances in lipid identification, as

facilitated by technological development of these lipid

analytical tools, have revealed some of the vital roles

that small bioactive metabolites of structural mem-

brane lipids (i.e. lipid second messengers) play in

various human diseases, including Alzheimer’s disease

[3–6], cancer [7,8], inflammation and cardiovascular

diseases [9], and male infertility [10].

Phospholipids are the major constituents of cellular

membranes (Fig. 1A) [11]. They can be divided into 20

distinct molecular classes based on the glycerophosp-

holipid classification system standardized by the

LIPID MAPS consortium [12,13]. The polar head

group attached to the phosphoglyceride backbone

defines each class. As an example, a section through a

neuronal plasma membrane is presented in Fig. 1A,

depicting various structural phosphatidylcholines

(PCs), phosphatidylethanolamines (PEs), phosphat-

idylinositols (PIs), and phosphatidylserines (PSs) iden-

tified at the molecular levels using recent lipidomic

approaches [5,14–18]. These lipids have been modelled

using VaLID view lipid models [19]. Each structural

class (i.e. PC, PE, PI, etc.) is made up of molecular

species that differ in their combination of fatty acyl

residues (chain length and degree of unsaturation) at

the sn-1 and sn-2 positions and the nature of their sn-1

or sn-2 chemical linkages (Fig. 1A,B). These differ-

ences distinguish individual isoforms and define sub-

groups within the major sub-classes. For example, a

PC (Fig. 1B) consists of a glycerol backbone, a fatty

acid carbon chain linked by an acyl ester, alkyl ether

or alkenyl vinyl ether at the sn-1 position, an acyl ester

at the sn-2 position (most commonly, although other

linkages are also possible), and a polar phosphocholine

head group with a phosphodiester linkage at the sn-3

position. PCs containing an sn-1 alkyl ether linkage

are called plasmanyl PCs (or alternatively alkylacyl

glycerophosphocholines), whereas those containing an

sn-1 vinyl ether (alkenyl) bond are known as plasmenyl

PCs (or plasmalogens) (Fig. 1B).

Enzymatic processing by cytosolic phospholipase A2

(cPLA2) or calcium-independent phospholipase A2

(iPLA2) family members generates powerful sub-classes

of smaller intracellular second messengers (~ 450–
600 Da) (Fig. 2A). Processing by secreted phospholi-

pase A2 (sPLA2) enables these metabolites to be

released into the extracellular space or re-incorporated

at the outer plasma membrane leaflet (Fig. 2A). Two

classes of second messengers are produced: (a) oxygen-

ated derivatives of free fatty acids liberated from the

sn-2 position, such as eicosanoids (e.g. prostanoids and

leukotrienes), and (b) bioactive metabolites that retain

the phosphoglyceride backbone, such as lys-

ophosphatidylcholines (LPCs) derived from diacyl PCs

or platelet-activating factors (PAFs) derived from

plasmanyl PCs (Fig. 2A) [20]. This review focuses on

advance in lipidomic assessment of these LPCs and

PAFs at the molecular level.

LPC and PAF second messengers are not merely

transient metabolites of structural glycerophospholi-

pids. They are powerful immediate-response molecules

that elicit physiological and pathophysiological

responses independently or through activation of spe-

cific G-protein-coupled receptors. LPCs act as ligands

for a family of G-protein-coupled receptors that regu-

late cytoskeleton and cellular Ca2+ homoeostasis, pro-

liferation, survival, migration and adhesion [21,22].

Further, PAF lipids, a special sub-class of PCs with an

alkyl-linked carbon chain at the sn-1 position and an

ester-linked acetyl group at sn-2 position originally

named for their platelet-aggregating effects, are now

recognized as potent neuromodulators [23] implicated

in neurodegeneration [6]. PAFs may be remodelled as

part of Lands cycle from the alkyl-lyso-glycerophosph-

ocholine (lyso-PAF) metabolites produced by the

actions of group IVa cPLA2 on structural membrane

alkylacyl PCs [22,24] (Fig. 2B). These lyso-PAFs are
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either recycled back into membrane phospholipids by

transfer of a long-chain fatty acid to the sn-2 position,

or further remodelled into PAFs by transfer of an sn-2

acetyl group. Both activities are mediated by the lyso-

phosphatidylcholine acyltransferases LPCAT1 and 2

(Fig. 2C). PAFs themselves are hydrolysed by one of

three PAF acetylhydrolases back to lyso-PAFs

(Fig. 2D). PAF acetylhydrolase isoform II in particu-

lar has additional transacetylase activity that transfers

the PAF sn-2 acetyl group to either LPC or

sphingosine substrates [25]. Interestingly, not all PAF

species exert the same biological effects. We have

shown that PC(O-16:0/2:0) and PC(O-18:0/2:0) signal

PAF receptor-independent cell death through distinct

signalling pathways [26]. In the absence of the G-pro-

tein-coupled PAF receptor (PAFR), PC(O-16:0/2:0)

activates caspase-7, whereas PC(O-18:0/2:0) triggers

caspase-independent death [26]. By contrast, ligand-

mediated signalling may be either pro- or anti-apopto-

tic, depending on the identity of the sn-1 fatty acid of

the PAF ligand activating PAFR [26–30]. Activation

of PAFR by PC(O-16:0/2:0) signals caspase-dependent

death in cerebellar granule neurons [26]. Activation of

PAFR by PC(O-18:0/2:0) triggers pro-apoptotic signal-

ling [26]. Thus, the identity of the PAF lipid as well as

the expression status of the PAFR dictates whether

A

B

Fig. 1. Membrane phospholipids are the structural building blocks of cell membranes and the source of powerful bioactive second

messengers that retain the glycerophospholipid backbone (i.e. lyso-PAFs, PAFs and LPCs). (A) Schematic emphasizing the rich diversity of

structural membrane lipid species present in lipid bilayers. Individual PCs, PEs, PSs and PIs are highlighted. Membrane composition was

simulated using the following datasets [5,14–18], and lipids were modelled using dynamic VaLID view lipid models fitted using Maya v2012

(Autodesk) with a rig of moveable joints between each atom [19]. Molecular species were identified using the standardized lipid

nomenclature that adheres to the LIPID MAPS classification system [12], defining species by their structural determinants. PC(18:0/18:1),

for example, defines a lipid species with a phosphocholine polar head group (PC), an ester linkage at the sn-1 position, 18 carbons at both

the sn-1 and sn-2 positions, of which the sn-1 chain is fully saturated (referred to as :0) whereas the sn-2 chain has one double bond (a

mono-unsaturated fatty acid, indicated by :1). (B) Structural determinants define individual lipids at the molecular level. Glycerophospholipids

are classified according to the common polar head group linked to the sn-3 position of the glycerol backbone by a phosphodiester linkage. A

PC is depicted. Individual species differ by the number of carbons and double bonds of the two fatty acyl chains at the sn-1 and sn-2

positions, as well as the type of linkage at the sn-1 position (dotted circle). In the standardized nomenclature, vinyl ether (alkenyl) linkages

(plasmalogens) are distinguished by P- [i.e. PC(P-16:0/18:0)]; ether (alkyl) linkages are distinguished by O- [i.e. PC(O-18:0:20:4)].
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PAF second messengers signal apoptosis, neurodegen-

eration, or neuroprotection. This signalling diversity is

just one example of why it is essential to study bioac-

tive lipid second messengers not only as families, but

also at the molecular level.

To better understand lipid signaling, we must iden-

tify all of the LPC, PAF, and plasmenyl PC second

messengers present in a biological system at a defined

moment in time, and quantify how these species

change in response to various stimuli. Recent advances

in MS are enabling comprehensive profiling of lipid

compositions at the molecular level [2,31–37].
However, as anticipated by Lehninger in 1968 [1],

meaningful lipidomic analyses still face a series of sig-

nificant challenges, including difficulties associated

with the efficiency of extraction of lipids with different

linkages and structural determinants, effective separa-

tion by HPLC, the differential sensitivity to fragmenta-

tion of different structures that complicates high-

throughput approaches, and a paucity of bioinformat-

ics tools to identify isobaric lipids with the same mass

and charge in large datasets. The remainder of this

review describes a number of current lipidomic meth-

odologies used to identify LPCs and PAFs, highlights

their strengths and limitations, and emphasizes the

need, not only for new ‘omic’ methodologies, but also

A

B

C

D

Fig. 2. Glycerophospholipid-derived second messengers are produced by the enzymatic processing of structural membrane lipids. (A)

Hydrolysis of the sn-2 carbon chain by cPLA2, iPLA2 or sPLA2 generates free fatty acids and small glycerophospholipid-derived second

messengers. Various LPCs and lyso-PAFs are shown. (B–D) Lyso-PAFs may be further remodelled to PAFs. (B) In Lands cycle, cPLA2, a

group IVa PLA2 that preferentially hydrolyses arachidonic acid from the sn-2 position of 1-O-alkyl-2-arachidonoyl and 1-O-acyl-2-arachidonoyl

glycerophospholipids, generates a lyso-PAF [129]. (C) Addition of an acetyl group to the sn-2 position of the lyso-PAF via the actions of

lysophosphatidylcholine acyltransferase, generates a PAF. Alternatively, addition of a long-chain fatty acyl group regenerates an alkyl-linked

structural membrane lipid. (D) PAFs may be inactivated by hydrolysis of their sn-2 acetyl group by one of three PAF acetylhydrolases

enzymes (the cytosolic PAF-AH1b trimer (shown here), cytosolic PAF-AHII, or secreted plasma PAF-AH).
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for careful biochemical methodologies that facilitate

the separation of membranes and membrane microdo-

mains to address more fully the impact of subcellular

membrane metabolism on cellular function.

Methodological considerations
underlying lipidomic analysis of
glycerophosphocholine-derived
second messengers

Lipid extraction

The first step in lipidomics is extraction of lipids from

biological samples. The choice of sample dictates the

level of biological resolution that may be achieved and

the questions that may be addressed by the profiling.

For example, use of tissue homogenates from brain

and kidney allows for a ‘high-level’ determination of

the lipid landscape across cell type and regions. Such

analyses are invaluable for systemic comparison of the

dietary impact on lipid composition at the tissue level

for example, but cannot be interpreted as representa-

tive of the lipid composition specific to functional ana-

tomical and cellular units. Moreover, lipid profiles

vary with respect to predominant cell type and mem-

brane microdomain isolated [38]. For example, lipids

extracted from dissections of the corpus callosum in

the brain are enriched for species produced by myeli-

nating oligodendrocytes and, to a lesser extent, neuro-

nal axons traversing hemispheres [39–41]. Dissections

specific to layers II and III of the entorhinal cortex

identify neuronal lipids characteristic of cell soma that

send afferents to the pyramidal cell layers of the

Cornu ammonis cell fields of the hippocampus (CA1

and CA3) and the granule cell layer of the dentate

gyrus (GrDG) in the hippocampus [42,43]. However,

these profiles also contain glial lipids representative of

these particular regions [44,45]. Regional comparisons

between lipids harvested from entorhinal cortex and

CA3/CA1/GrDG dissections, for example, may be

used to characterize differences in second messenger

availability within the input circuitry of the entorhi-

nal–hippocampal circuit [42]. Because the predominant

cell type alters this regional profile, interpretation of

lipidomic datasets must also take into consideration

changes in relative regional cell ratios. For example,

neuroinflammation results in infiltration of activated

astrocytes, microglia and macrophages into injured tis-

sue, and this infiltration will alter the regional lipido-

mic profile without necessarily indicating a change in

resident neurons [46,47]. Such profiles may be com-

pared to ‘fingerprints’ of the glycerophospholipid land-

scape specific to various cell types. In vitro assessment

of pure cultures (i.e. neuronal, oligodendrocyte, astro-

cytic, microglial, etc.) enables investigators to identify

particular lipid compositions under defined activation

conditions, and thus these comparisons may be used

to predict the source of changes observed at the regio-

nal tissue level [6,48,49]. Finally, subcellular fraction-

ation allows precise investigation of membrane

microdomains. These approaches have been used to

isolate second messengers, for example those that

interact with a-synuclein directly at synaptosomal

membranes [50] or to profile the composition of a syn-

aptic vesicle [15] or endonuclear compartment [51].

Taken together, these considerations highlight that

perhaps the most important aspect of any lipidomic

approach is consideration of the biological resolution

afforded by the sample under investigation.

For lipidomics, the lipid extraction procedure should

quantitatively extract cellular lipids without degrada-

tion and contamination with non-lipid components,

such as free sugars and amino acids, that may suppress

ionization. The effectiveness of the lipid extraction

procedure depends to a large extent on the chemical

nature of the lipid components and the organic solvent

used. PCs are generally extracted using the Folch

method or the Bligh and Dyer method [52,53]. These

methods are based on chloroform–methanol protocols

that include phase partitioning of lipids into the

organic layer. For a large variety of physiologically

relevant diacyl lipids, the original protocols work well

[52,53]. Adaptations described in detail below, notably

homogenization in acidified methanol, have been

shown to improve recovery of low-abundance lipid

second messengers with various chain linkages [54–57].
With all extraction protocols, it is very important to

minimize the risk of oxidation of polyunsaturated fatty

acids or lipid hydrolysis during extraction. Therefore,

extraction should always be performed at low tempera-

ture (on ice or at 4°C) immediately after harvesting

cultured cells or as soon as possible after tissue dissec-

tion. Post-mortem effects on second messenger profiles

are a significant problem, as enzymatic (and non-enzy-

matic) breakdown of structural membrane lipids after

death generate artificial lipidomic profiles. The same

caveats apply to storage. If dissected tissue is not pro-

cessed immediately, it should be snap-frozen in liquid

nitrogen and stored at �80°C. Following extraction,

lipid extracts must be protected from light and dried

under a stream of nitrogen to prevent lipid peroxida-

tion. However, care must be taken to avoid reducing

the lipid extract to complete dryness or leaving it in

this state for extended periods of time. Water cannot

be introduced into the final lipid extract, as contami-

nation by water, especially acidified water, results in
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hydrolysis of fatty acyl chains, particularly hydrolysis

of vinyl ether bonds [58,59]. This is extremely impor-

tant when analysing low-molecular-weight lipid meta-

bolites of membrane lipids, but may also be exploited

experimentally to identify vinyl ether-linked species in

parallel MS analyses.

The following is an example of our routine protocol

for PC second messengers. Lipids are extracted using a

modified Bligh and Dyer method [57]. It has been

found that adding acetic acid to the methanol phase in

which tissue is homogenized or cells are collected

improves recovery of acidic phospholipids (without

compromising recovery of neutral phospholipids),

extraction efficiency, and the representation of low-

abundance second messengers in addition to structural

lipids, while enabling simultaneous extraction of sec-

ond messengers with alkyl and alkenyl linkages in

addition to the more abundant acyl-linked lipids [54–
57]. At the time of extraction, acidified methanol is

added directly to tissue or cells. It is essential to avoid

extended exposure of samples to this acid condition,

especially in aqueous solution, as this may lead to the

hydrolysis of glycerophospholipids to lysolipids

[58,59]. As an example, tissue is homogenized or cells

are scraped in acidified methanol (2% acetic acid in

methanol). Chloroform and 0.1 M sodium acetate are

added such that the ratio of acidified methanol/chloro-

form/0.1 M sodium acetate is 1:0.95:0.8. Samples are

vortexed and centrifuged (2 min at 800 g). The lower

phase is collected, and the samples are back-extracted

three times with 2 mL of chloroform. The collected

chloroform phases are pooled and evaporated to near

dryness under a stream of nitrogen gas. The dried lip-

ids are reconstituted with 300 ll anhydrous ethanol,

and stored as 50 ll aliquots in amber glass vials filled

with nitrogen gas at �80°C.

MS analysis

The main advantages of MS are the ability to separate

and characterize charged analytes in the gas phase

according to their mass to charge ratios (m/z). MS also

provides structural information by fragmenting the

ionized lipids through collision-induced dissociation.

These attributes lead to unparalleled selectivity and

sensitivity, and the ability to provide structural infor-

mation for components in complex mixtures. MS lipi-

domics has been facilitated by the development of two

‘soft’ ionization techniques, electrospray ionization

(ESI) [60] and matrix-assisted laser desorption/ioniza-

tion (MALDI) [61]. Both ionization methods were

developed to generate molecular ions without fragmen-

tation during the ionization process, thus enabling

high-mass and non-volatile compounds (such as lipids)

to be amenable to MS analyses. ESI produces gas-

phase ions from molecules in solutions, and is easily

coupled to liquid chromatography (LC), making this

technique the current workhorse in lipidomic research.

On the other hand, MALDI allows production of

intact gas-phase ions from samples embedded in a dry,

crystalline matrix via laser pulses, and has been suc-

cessfully used in MS imaging applications to map the

spatial distribution of lipid molecules in frozen tissue

sections at the regional level.

Three main MS-based lipidomics approaches are

used for PC second messenger analysis: (a) direct-infu-

sion MS (also known as shotgun lipidomics), (b)

LC-MS, and (3) MALDI-MS (e.g. imaging MS). PCs

are, for the most part, readily ionizable in positive ion

mode, and may be analysed by MS scan, MS-MS, pre-

cursor ion scans or neutral loss scans in shotgun and

LC-MS applications [6,55,62–66]. In the presence of

ammonium-containing salts or weak acids, the frag-

mentation of protonated molecular ions of glycer-

ophosphocholine (e.g. PC, LPC, PAF, lyso-PAF and

related analogues) yields a characteristic peak at m/z

184 [67,68]. A precursor ion scan of 184 from the pro-

tonated ions is commonly used for the identification

and quantification of choline-containing lipid species

[62,69,70]. However, the collision energy needs to be

carefully optimized for quantification [67,69]. Also, as

with most quantitative methods, it is essential to work

in the linear range of the quantification methodology.

Shotgun lipidomics employs direct-infusion MS

without prior chromatographic separation of lipid clas-

ses, sub-classes or species [67,71–73]. This method may

be used in conjunction with both precursor ion scans

and neutral loss scans in positive ion mode for profil-

ing PC second messengers [74]. Three primary

approaches are used: tandem MS-based [62], multi-

dimension mass spectrometry-based [75], and high-

mass-resolution [69,76] shotgun lipidomics. These

methods have been comprehensively reviewed [77,78].

Briefly, tandem MS identifies various classes of lipids

through detection of the characteristic ion fragment

associated with the polar head group (i.e. the charac-

teristic m/z 184 peak for PC discussed above). This

methodology has been used with considerable success

to profile LPCs in various intracellular organelles,

notably when combined with stable isotope labelling

to quantify turnover of structural precursors [51,79].

Multi-dimension MS uses the characteristic fragment

ions from the head group or neutral loss of the head

group following collision-induced dissociation to iden-

tify phospholipid class, and precursor ion scans or

neutral loss scans to identify fatty acyl carbon chain
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composition [67,71]. This methodology has enabled

identification and quantification of LPC species includ-

ing sn-1 and sn-2 isomers [74]. High-mass-resolution

shotgun lipidomics exploits the parallel acquisition

(with high mass resolution) available to time of flight

(TOF) analysers of product-ion spectrums for each

protonated/deprotonated ion following direct infusion

[69,76,80]. Targeted precursor ion scans (or neutral

loss scans) within a narrow mass range of interest may

be extracted and identification can then be recon-

structed using commercially available bioinformatic

packages [69,81]. Recently, hybrid linear trap/Orbitrap

mass spectrometers, notably the newer Orbitrap Velos

(ThermoScientific, Waltham, MA, USA), have been

used for high-mass-accuracy selection of precursor ions

followed by dissociation in a multipole collision cell

and fragment ion detection in the mass analyser [78].

The advantages of these methodologies are their high

sensitivity for identifying major target species with

minimal sample loss and the ability to analyse rela-

tively small sample amounts. However, limitations

remain in terms of quantifying species present at rela-

tive low abundance, largely due to ion suppression

from high-abundance species. Another limitation of

direct-infusion MS lies in its inability to resolve iso-

baric species of the same family with the same exact

mass, which in many cases may be important for iden-

tifying disease-related changes or distinguishing

between species of identical elemental composition but

with different linkages (i.e. PAFs versus LPCs). For

example, using LC separation of lipid species prior to

MS analysis, we demonstrated that the level of a spe-

cific PAF species, PC(O-16:0/2:0), was elevated in the

temporal cortex of Alzheimer’s disease patients and in

the TgCRND8 transgenic mouse model [6]. This find-

ing led to further mechanistic insight into how disrup-

tions in lipid metabolism determine the neuronal

response to accumulating toxic oligomeric amyloid b42
[6,82]. It is important to note that PC(18:0/0:0), the

isobaric LPC species of the PAF PC(O-16:0/2:0), was

present at much higher abundance in these samples,

and it would have been extremely difficult to capture

this change without prior knowledge of all of the

PAFs and LPCs present in this sample or use of chro-

matographic separation of PC species prior to MS

analysis. We detected multiple isobaric species in vari-

ous tissue and plasma samples in the range m/z 450 to

600 that were not necessarily expected. Thus, for our

projects, direct-infusion MS is not the ideal choice of

methodology for discovery purposes, although, once a

target lipidome is defined, shotgun lipidomics, notably

in multiple reaction monitoring mode, may signifi-

cantly accelerate analysis of known targeted species,

with the caveat that linearity under multiple reaction

monitoring mode by infusion of complex brain sam-

ples has not been established. Moreover, in instances

when no isobaric overlaps within the same lipid family

are expected to arise, direct infusion remains an opti-

mal method for quantification with respect to high-

throughput simultaneous identification. Conversely,

LC-MS significantly reduces the complexity of the

lipid mixture presented to the mass spectrometer for

analysis. One advantage is that the chromatographic

separation allows low-abundance species to be identi-

fied with less interference from the high-abundance

lipid species. In fact, chromatographic separation

before an MS analysis is still a pre-requisite for analy-

sing lipids of very low abundance (picomolar, and, in

some cases, attomolar levels) or lipids that require

chemical derivatization to enhance ionization [83,84].

Taken together, LC-ESI-MS is currently the gold-stan-

dard technique for targeted lipidomics of second mes-

sengers when in ‘discovery’ mode with the research

goal of identifying all possible species in a given tissue/

sample, whereas shotgun methodologies enable high-

throughput identification and quantification of changes

in known profiles [6,68,85,86].

The parameters of the chromatographic separation

(e.g. column retention time) provide additional infor-

mation that assist in structural elucidation. Reverse-

phase HPLC allows separation of PC species based on

their fatty acyl moiety composition. Typically, the

order of elution in a sub-class of lipids is related to the

length of the fatty acyl chain, such that lipids with

shorter fatty acyl chains elute faster than those with

longer ones. Further, the higher the number of double

bonds, the faster the lipid elutes in comparison to the

saturated form. The recent introduction of ultra-high-

performance LC, which provides enhanced peak sepa-

ration capacity, will greatly improve separation of

complex lipid samples for better MS results [87]. To

avoid interference from other lipid classes present in

complex lipid analytes, normal-phase HPLC, capable

of separating glycerophospholipids based on their

polar head groups, may also be used to separate PCs

from others lipids prior to reverse-phase HPLC sepa-

ration. However, excessive chromatographic separation

may cause undesirable sample loss (i.e. oxidation,

evaporation, etc.) that will skew final results.

One of the limitations of LC-ESI-MS is that little

information pertaining to the assignment of the two

fatty acyl constituents may be obtained from the

fragmentation pattern. Traditionally, identification of

individual lipid species within a complex biological

lipid extract is expensive and time-consuming, requir-

ing synthesis and spiking of isotopically labelled stan-
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dards for each candidate lipid or parallel runs with

and without unlabelled standards. Our group has

recently developed a LC-ESI-MS3 method that allows

the rapid elucidation of the atomic connectivity of the

fatty acid/alcohol substituent on the sn-1 position of

LPCs and PAFs. This method utilizes multi-stage frag-

mentation of sodiated lipid species to reveal the iden-

tity of the parent molecule. We have demonstrated the

effectiveness of this methodology to unambiguously

identify isobaric LPC and PAF species within complex

cellular and tissue lipid extracts [88]. There is also evi-

dence that lyso-form fragment ions in MS2 attributed

to neutral loss of fatty acyl moieties may be used to

further determine the stereospecificity of structural dia-

cyl glycerophospholipids, although this methodology is

not suited to the study of second messengers defined

by their pre-existing hydroxyl moieties [89].

Finally, MALDI is another ‘soft’ ionization tech-

nique [61] that has been successfully used for lipid

analysis. MALDI-TOF-MS has gained popularity in

recent years in lipidomic studies, particularly in imag-

ing MS applications, given its ability to determine the

spatial distribution of target lipids on tissue sections

[90–98]. MALDI is suitable for generating molecular

ions, but may also be used to determine the head

group and structural composition of individual fatty

acyl chains when coupled to post-source decay frag-

mentation in a TOF-MS [99,100]. These attributes

have made MALDI a popular choice for analysis of

glycerophospholipids in situ [99–102]. As an example

of application of this technique to study bioactive

small lipid species, Koizumi et al. demonstrated that

the amount of PC(16:0/0:0), an LPC, is increased in

the area of focal cerebral ischemia in a rat stroke

model, with a concomitant decrease in its structural

membrane precursor PC(16:0/18:1) in the same area

[103]. However, MALDI suffers from limited lateral

resolution due to physical limitations and disturbances

caused by application of the matrix and high noise at

low mass [104]. Further, it is not suitable for large-

scale profiling, as the tissue sections are destroyed by

repetitive laser desorption/ionization, and it has yet to

achieve resolution at the cellular or subcellular level.

Quantifying lipidomic profiles

A comprehensive targeted lipidomic approach involves

both qualitative (e.g. lipid profiling and structure eluci-

dation) and quantitative analysis. The latter includes

measuring the absolute concentrations of target lipid

species or the relative abundance of particular lipid

species present relative to an exogenous normalization

control in control versus treatment groups, or healthy

versus diseased samples [62,65,105–107]. However, true

absolute quantification of lipid species, while more

challenging and something of a moving target given

rapid advances in MS resolution, is essential for math-

ematical modelling of lipid signalling and metabolic

pathways. Relative quantification, whether expressed

in picomoles relative to standards or in arbitrary units,

may be used to provide essential insight into cellular

and tissue responses.

The question of lipid quantification is not trivial.

One of the biggest challenges in lipidomics is the

design of proper quantification protocols, for which a

number of factors need to be taken into account.

First, identical lipid species exhibit different behav-

iours when analysed on different types of mass spec-

trometers or even when analysed on the same mass

spectrometer under different operating conditions

[108,109]. Therefore, the relative intensities of signals

corresponding to different lipid species in a mass

spectrum do not directly reflect their molar abun-

dances. It is also not possible to compare the relative

abundances of different phospholipid species between

sub-classes (i.e. LPCs versus PAFs or plasmenyl PCs)

due to the differences in the ionization efficiencies of

their structural determinants [110]. Certainly, absolute

abundance in a given sample using a particular meth-

odology may be established for various families fol-

lowing response factor correction using spiked

internal standards [106,111]. However, we have found

that response factors between PAFs, lyso-PAFs and

plasmenyl PCs require correction to their own family

of standards and cannot be extrapolated from LPC

standards [6,55]. Thus, direct comparison of the cal-

culated abundance of the same lipid species among

different samples is possible, provided that the signals

of the lipid species are normalized and standardized

to appropriate internal standards [108,112]. For all

quantitative analyses, non-naturally occurring species,

such as those with fatty acid chains comprising odd

numbers of carbons, are usually added as internal

standards before lipid extraction to compensate for

variations in sample preparation and in the ionization

efficiency attributable to matrix components or

machine instabilities. It is essential to use internal

standards with similar instrument responses. For all

calculations, the ratio of the peak area (or, in some

cases, height) for analyte isoforms to that for the

internal standards should be used.

Absolute quantification

Absolute quantification of specific lipid species relies on

the availability of pre-existing lipid standards, preferably
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as isotopically labelled forms as they exhibit identical

responses in mass spectrometers to their natural forms

as long as the isotopic labelling involves heavier atoms

(usually 13C). These standards may be added and com-

pared to endogenous species in a single run. True

absolute quantification requires addition of a reference

standard for each lipid present in the analyte matrix,

which is not practically feasible. This may be relaxed

to use closely related compounds (homologues or sim-

ple structural analogues) for comparison to second

messengers within sub-classes (i.e. a single spiked PAF

to quantify multiple endogenous PAFs), as has been

demonstrated for LPC quantification [106]. Care must

be taken to ensure comparable ionization efficiency,

which requires prior assessment. Liebisch et al. have

validated this approach for LPCs [106], but such care-

ful analysis has yet to be published for other second

messenger families, sub-groups and sub-classes. For

example, we have found that PAFs fragment with

different efficiencies than lyso-PAFs. Thus, one cannot

use PAF standards to assess the abundance of

lyso-PAFs in lipid extracts [6].

After normalization of peak area for each species to

that for the added internal standard to account for

lipid extraction efficiency, the absolute concentration

of a lipid species may be determined in comparison

with a known amount of isotopically labelled lipid

standards spiked at the time of the MS run by com-

paring the normalized peak areas of the paired labelled

and native lipids [113]. It must be emphasized that this

strategy is applicable only to a limited number of lip-

ids in complex mixtures, as there are often far more

target species than available standards. For example,

in our routine LC-ESI-MS analysis of PC second mes-

sengers (m/z 450–600) in tissue and plasma, we detect

~ 30–60 species depending on the sample analysed.

When analysing structural membrane PCs (m/z 700–
900), well over 100 species are detected. Obviously, it

is not feasible to quantify each species using corre-

sponding standards as the spectrum is already too

dense to accommodate all of the corresponding lipid

standards. Thus the absolute concentrations of priority

species may be determined using the standard addition

method [106]. Here, calibration curves are first estab-

lished by standard addition of a key unlabelled species

to samples before lipid extraction. Linear regression in

complex matrices across a concentration gradient of

the target species enables back calculation of endoge-

nous levels in the unspiked sample [106], and has been

used to successfully quantify absolute levels of PC(O-

16:0/0:0) and PC(O-16:0/2:0) in the temporal cortex of

the TgCRND8 Alzheimer’s disease transgenic mouse

model [6].

Relative quantification

For the majority of experiments, absolute lipid levels

are not required; instead, targeted lipidomic approaches

are used to compare second messenger composition

between basal and stimulated or normal and diseased

samples [63,112,114]. Here, addition of one or two non-

naturally occurring internal standards of the same class

or sub-class as the second messenger sub-classes under

investigation prior to lipid extraction is sufficient. As in

proteomics, isotopic labelling (or derivitization) may be

also used for relative quantification of a lipidome or to

track the fate of fatty acid chains of phosphoglyceride

backbones in order to understand metabolic pathways

[115–117] and half lives of defining structural determi-

nants within different cellular microdomains [118]. This

method is also useful for producing a comprehensive

panel of internal standards for quantitative profiling of

phospholipids [114].

Data processing and lipidome
characterization

Lipidomic data analysis is a daunting task, as the emerg-

ing field does not yet have the same level of bioinformat-

ics support afforded to the more mature disciplines of

proteomics and genomics. Targeted lipidomics of lipid

second messengers faces three main analytical challenges:

(a) a paucity of bioinformatic tools capable of spectral

analysis (peak identification and isotopic deconvolution,

notably for isobaric species), (b) a pressing need for

accurate lipid prediction algorithms before experiment-

ers can proceed to empirical validation, and (c) a

requirement for visual and reference tools capable of

displaying all theoretically possible lipid conformations

in 2D and 3D and referencing existing literature with

respect to known effects of individual species. The

increasing demand for automated lipidomic data pro-

cessing is leading to development of a number of soft-

ware packages, some of which are briefly reviewed here;

however, fundamental obstacles remain, such as the

impossibility of querying PubMed using the now stan-

dard lipid nomenclature that adheres to the LIPID

MAPS classification system [12].

Analytical software

LipidView (ABSciex, Framingham, MA, USA) is a com-

mercial software package with a large built-in searchable

database, encompassing more than 50 lipid classes and

over 25 000 lipid species represented in a lipid fragments

database. However, it lacks LC-MS output support,

and datasets cannot be fed directly from spectra.
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LipidSearch (http://metabo.umin.jp/index-English.htm)

is a free online tool that was developed by Mitsui

Knowledge Industry (Minato-Ku, Tokyo, Japan) in

collaboration with the Taguchi laboratory (Biomolecular

Engineering, University of Tokyo, Japan). LipidSearch

is designed for identification of glycerophospholipids

and sphingolipids. It is capable of analysing both

LC-MS and direct-infusion MS spectra. There are

three main components in the package: a mass naviga-

tor (a visualization and data analysis module), a lipid

search tool (the core module for lipid identification),

and a lipid database (storing theoretical masses and

lipid identification results).

Spectrum Extraction from Chromatographic Data

(SECD) and Lipid Mass Spectrum Analysis (LIMSA) are

two other open-access software packages designed to

perform lipid identification based on MS/MS spectra

with LC-MS support [119,120]. SECD works with LC-

MS data and can display results in a pseudo-3D map

showing retention time, the m/z value and intensity.

LIMSA is a dynamic lipid library that can be used

alone for batch processing or in combination with

other software such as SECD.

MZmine is a Java-based, platform-independent,

open-source data processing software with algorithms

for spectrum filtering, peak detection, isotopic correc-

tion, 2D and 3D map visualization, chromatographic

alignment and data normalization [121]. It supports

LC-MS output. Data analysis may be fully automated.

However, not all identifications have been curated,

and users must pay close attention to validating pre-

dicted identities.

The limitation of these programs is that the majority

rely heavily on polynomial smoothing or subjective

straight-line cut-off for background subtraction, which

further complicates assessment of low-abundance iso-

baric second messengers. In summary, there is gener-

ally a lack of consensus in the lipidomics field on the

choice of software and the optimal method for data

processing.

Profiling the lipidomic landscape

In most published lipidomics papers, identified species

are commonly reported only with the total number of

carbons and unsaturation for each class or sub-class of

lipids. This information alone is not sufficient for post-

lipidomic experimental verification or assessment of

second messenger signalling. Structural elucidation is

essential to identify and characterize the biological rel-

evance of various lipid species. It is easier to assign

bond linkages, carbon chain positions and species

identities to second messengers than it is for structural

membrane lipids. Most small signalling lipid species

have somewhat simpler and more predictable struc-

tures compared to high-molecular-weight membrane

glycerophospholipids. For example, LPCs have only

one fatty acid chain, which is usually acylated at the

sn-1 position, while PAF species have a long-chain sn-

1 alkylated carbon and an acetyl moiety at the sn-2

position. However, it must be recognized that struc-

tural isomers with reverse sn-1 and sn-2 chain linkages

have been detected. Moreover, structural discrimina-

tion between even the canonical isobaric LPCs and

PAFs may be difficult. We have recently developed a

LC-ESI-MS3 method that allows rapid elucidation of

the atomic connectivity of the fatty acid/alcohol substi-

tuent on the sn-1 position of PC and PAFs. This

method utilizes multi-stage fragmentation of sodiated

lipid species to reveal the identity of the parent mole-

cule. We have demonstrated the effectiveness of this

methodology to unambiguously identify isobaric LPC

and PAF species within complex cellular and tissue

lipid extracts [88]. Another challenge is to precisely

locate the position of double bonds on the fatty acid

chains. A novel approach was recently reported that

used ozone electrospray MS to distinguish lipid species

that differed only in the sites of double bonds. In this

method, the polyunsaturated double bonds are cleaved

by ozonolysis during ESI, resulting in a pair of frag-

ments that are diagnostic of the positions of double

bonds [122,123].

There have also been advances in online structure

prediction tools. The LIPID MAPS consortium hosts

a large MS/MS database covering thousands of lipid

species [124] that may be used to query expected lipids

of a given m/z with particular acyl compositions [125].

Although comprehensive, the LIPID MAPS databases

do not contain all theoretically possible lipid species.

To address this need, our group has recently devel-

oped a Java-based online tool called Visualization and

Phospholipid Identification (VaLID, https://www.

med.uottawa.ca/lipidomics/resources.html#tools) that

includes all theoretically possible phospholipids for

any possible m/z value and MS condition [19]. A sec-

ond recent tool is LipidHome, which generates all the-

oretically possible lipids currently being implemented

with a MS search engine [126]. Together with in-house

generated lists of curated species of second messengers,

which, in VaLID’s case, have been detected in central

nervous system samples and validated by enzymatic

hydrolysis, commercial standards or LC-ESI-MS3,

these tools are improving the confidence of post-spec-

tral analysis peak assignment. In addition, visualiza-

tion algorithms are provided to produce multiple

chemical structure files for each species [19,126]. These
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resources are useful for routine verification of m/z

identifications.

Finally, to facilitate lipid-related pathway discovery,

the Kyoto Encyclopedia of Genes and Genomes

(KEGG, http://www.genome.jp/kegg/) maintains one of

the most commonly used reference databases for lipid

pathways. This database includes information on fatty

acid biosynthesis and degradation, as well as informa-

tion on sterols and phospholipids. One of its collections,

KEGG Brite (http://www.genome.jp/kegg/brite.html),

includes a option where users can select a lipid of inter-

est and view reactions and pathways associated with

that lipid.

Summary

Disturbances in lipid metabolism are now recognized

to be primary determinants in the pathogenesis of

many common diseases, such as diabetes, neurodegen-

erative diseases, cancer and atherosclerosis. The sig-

nalling pathways triggered by second messenger

metabolites of structural membrane lipids may work

in concert or opposition to protect or damage target

cells and tissue. It is only with the development of

new MS tools capable of distinguishing lipid identities

at the molecular level that a true appreciation of the

diversity (and importance) of the glycerophospholipid

second messenger landscape has emerged. However, it

must be emphasized that the field of lipidomics in

general, and specifically the application of a targeted

approach to second messenger profiling, encompasses

not only identification and measurement of individual

lipid isoforms within the target ‘landscape’ but also

study of the mRNA and protein expression status of

the metabolic enzymes, transporters, effectors and

protein targets that affect regional lipid second mes-

senger identity and downstream signalling. Further, a

thorough lipidomic analysis also includes an unbiased

assessment of lipid function ranging from the physi-

cochemical basis of lipid behaviour to lipid–protein
and lipid–lipid interactions, as well as the impact of

dynamic lipid metabolism on cellular responses to

intrinsic and extrinsic stimuli. Lipidomics is not sim-

ply about cataloguing lipids present in a biological

system at a particular point in time. Advances in ge-

nomics have identified genetic determinants of neuro-

degenerative disease. Direct biochemical investigations

have elucidated multiple signalling pathways altered

by these genetic determinants leading to cognitive

deterioration [127,128]. The combination of genomics

with proteomics is being used to map the temporal

changes in gene and protein expression that occur

during transition from pre-symptomatic to symptom-

atic disease states. We argue that the next major

advance in rational therapeutic design will result from

tying the dynamics of the susceptible cellular metabo-

lome into these genomic and proteomic maps of dis-

ease. Such insight represents a novel, potentially

transformative, approach to treatment of neurodegen-

erative disease, for example harnessing endogenous

mechanisms of resistance to prevent synaptic dysfunc-

tion. The emerging field of lipidomics seeks to

address these important questions, identifying patterns

of membrane disruption that render cells and tissue

susceptible to genetic and environmental determinants

of disease. Future studies must consider how to inte-

grate these datasets into a framework of cellular

metabolism to achieve these goals.
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