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Lipid mediators participate in signal transduction pathways,
proliferation, apoptosis, and membrane trafficking in the cell.
Lipids are highly complex and diverse owing to the various
combinations of polar headgroups, fatty acyl chains, and
backbone structures. This structural diversity continues to pose
a challenge for lipid analysis. Here we review the current state
of the art in lipidomics research and discuss the challenges
facing this field. The latest technological developments in mass
spectrometry, the role of bioinformatics, and the applications of
lipidomics in lipid metabolism and cellular physiology and
pathology are also discussed. ©) 2010 Wiley Periodicals, Inc.,
Mass Spec Rev 29:877-929, 2010
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I. A LIPIDOMICS APPROACH

Lipids exhibit immense combinatorial and structural diversity.
This vast range of unique chemical entities encodes for distinct
functions within biological systems. Lipids play essential roles in
cell structure and organization, signaling events, and trafficking,
and sorting of macromolecules. However, the study of the role of
lipids has been complicated by their structural diversity and by
considerable technical challenges associated with distinguishing
pathogenic from non-pathogenic lipid species within samples
that contain several thousand lipid isoforms. ‘“The large-scale
analysis of lipid profiles in cells and tissues” (Piomelli, Astarita,
& Rapaka, 2007) was made possible by the dawn of lipidomics
(Han & Gross, 2003; Spener et al., 2003). However, lipid biology
and homeostasis are impacted by the physicochemical properties
of lipids, the physical basis of lipid behavior (i.e., lipid—lipid and
lipid—protein interactions), local concentrations and compart-
mentalization of lipids, lipid transporters and enzymes/proteins
involved in lipid metabolism, as well as by cellular response to
intrinsic and extrinsic stimuli. Therefore, ‘‘the full character-
ization of lipid molecular species and their biological roles with
respect to expression of proteins involved in lipid metabolism and
function, including gene regulation” (Spener et al., 2003)
represents a balanced and objective view of the lipidomics field
as a whole.

Empowered by technological advances in mass spectrom-
etry-based applications, the lipidomics field has gained momen-
tum over the years. Mass spectrometry has been successfully
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coupled to front-end separation or used directly (shotgun
lipidomics) to allow the identification of specific molecular lipid
species and their quantification. The integration and statistical
analyses of the sheer volume of new lipidomic data are facilitated
by advances in bioinformatics. Lipidomics is now considered an
integral part of systems biology, an interdisciplinary field that
focuses on the systematic study of complex interactions in
biological systems. The ultimate goal of scientists around the
world is to bridge “omics” sciences and cross-link available
fingerprints of genes, transcripts, proteins, and metabolites to get
acloser look at the cell interactome and function. The integration
of lipidomics with genomics, proteomics and metabolomics will
thus provide a powerful tool to decode molecular mechanisms of
lipid-associated disorders, and to identify biomarkers and novel
therapeutic targets.

This review on lipidomics will be of interest to the analytical
biosciences, biochemical, medical, and pharmaceutical com-
munities. It will commence with an overview of lipid biology
(structure, classification, physicochemical properties, isolation
and processing, cellular functions), and then move onto the new
horizons made possible by mass spectrometry and bioinformatics
in lipidomics research that have begun to unravel how lipids
contribute to cell and body function, and disease pathogenesis.
This review will end with a discussion of challenges facing
modern lipidomics research. Itis hoped that this review will act as
a bridge for researchers and clinicians across multiple disciplines
to generate novel approaches to disease diagnostics.

Il. CLASSIFICATION OF LIPIDS

To support the emerging field of lipidomics, a comprehensive
classification system for lipids with a universal platform
compatible with bioinformatics requirements was proposed in
2005 by Fahy and co-workers (Fahy et al., 2005). This
classification system has been under the leadership of the
International Lipid Classification and Nomenclature Committee
(ILCNC) and focused primarily on mammalian lipids. Recently
the classification system has been updated to encompass lipid
structures from non-mammalian sources such as plants, bacteria,
and fungi (Fahy et al., 2009). This classification system
distinguishes fatty acyls from other polyketides, glycerophos-
pholipids from other glycerolipids, and sterol lipids from other
prenols. As a result, lipids were regrouped under the following
eight categories that cover eukaryotic and prokaryotic sources:
fatty acyls, glycerolipids, glycerophospholipids, sphingolipids,
sterol lipids, prenol lipids, saccharolipids, and polyketides (Fig. 1).
Each category contains distinct classes, subclasses, subgroups, and
subsets of lipid molecules (LipidMapsConsortium, 2009). The
characteristics of each lipid class are outlined below.
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FIGURE 1. Representative structures of lipid classes.

A. Fatty Acyls

The fatty acid group is the fundamental building block of
complex lipids. It consists of a carboxylic acid with a long
unbranched, hydrophobic aliphatic tail that is saturated or
unsaturated. Fatty acids are structurally diverse and contain
distinct classes (Fig. 2) that are defined at the molecular level
based on the degree of branching, the number and position of
double bonds, the chain length, the cis—trans isomer conforma-
tions, and the presence of functional groups (Small, 1986;
Brennan & Nikaido, 1995; Ohlrogge & Jaworski, 1997; Vance &
Vance, 2002). Most naturally occurring fatty acids are composed
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of an even number of carbons and occur predominantly in
esterified form (e.g., waxes, oils). In plants, bacteria, and, more
rarely, in some animals, fatty acids can be assembled with an odd
number of carbon atoms. However, these fatty acids are much less
abundant than those with even numbers of carbons. Cyclic fatty
acids containing three to six carbon atoms, and heterocyclic rings
containing oxygen or nitrogen, are also found in nature.
Heteroatoms of oxygen, halogen, nitrogen, and sulfur can be
also linked to the carbon chains.

There are 14 classes of fatty acyls defined by specific
modifications to the core fatty acid (Fig. 2). The first class, fatty
acids and conjugates, is composed of 17 subclasses (Fig. 3)
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FIGURE 2. Representative structures of fatty acyls. Fatty acyls are composed of 14 classes: fatty acids and
conjugates, octadecanoids, eicosanoids, docosanoids, fatty alcohols, fatty aldehydes, fatty esters, fatty
amides, fatty nitriles, fatty ethers, hydrocarbons, oxygenated hydrocarbons, fatty acyl glycosides, and other
fatty acyls.
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FIGURE 3. Representative structures of fatty acids and conjugates. This class of fatty acyls is subdivided into
17 subclasses: straight chain, methyl branched, unsaturated, hydroperoxy, hydroxy, oxo, epoxy, methoxy,
halogenated, amino, cyano, nitro, thia, carbocyclic, heterocyclic, mycolic, and dicarboxylic fatty acids.
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beginning with the straight-chain saturated fatty acids that
contain a terminal carboxylic acid (CH3(CH,),COOH, n =4-30
or greater). Subsequent subclasses are further defined by one or
more substituents (e.g., methyl substituents), conjugates, and
branched-chain fatty acids such as the mycolic acids. More
complex fatty acids with multiple functional groups, such as
octadecanoids, can be divided into three subclasses that include
12-oxophytodienoic acid metabolites, lipids in the jasmonic
acid pathway of plant hormone biosynthesis, as well as other
octadecanoids (Agrawal et al., 2004). The eicosanoids class (Fig. 4)
is derived from arachidonic acid and includes prostaglandins,
leukotrienes, and other structural derivatives (Murphy & Smith,
2002). The docosanoids, which are derived from docosahexaenoic
acid, contain 22 carbon atoms (Bazan, 1989). Other major lipid
classes in the fatty acyl category include fatty acid esters subdivided
into wax monoesters and diesters, cyano esters, and the lactones.
The fatty ester class also has subclasses that include biochemical
intermediates such as fatty acyl thioester-CoA derivatives, fatty
acyl thioester-acyl carrier protein derivatives, fatty acyl carnitines
(esters of carnitine), and fatty adenylates.
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The fatty alcohols and fatty aldehydes are typified by
terminal hydroxy and oxo groups, respectively. The fatty amides
also include N-fatty acylated amines, unsubstituted amides,
homoserine lactones, and N-acyl ethanolamines (commonly
refered to as endocannabinoids). These subclasses confer distinct
biological properties. For instance, fatty acyl homoserine
lactones are fatty amides involved in bacterial quorum sensing
(Roche et al., 2004). Finally, hydrocarbons, oxygenated hydro-
carbons, fatty acyl glycosides, and long-chain ethers are also
regrouped under the fatty acyls category.

B. Glycerolipids

This category of lipids encompasses all glycerol-containing
lipids. Acylglycerols or the fatty acid esters of glycerol (e.g.,
mono, di, and triacylglycerols) are the best known glycerolipids
(Coleman & Lee, 2004). Other subclasses are the glyceroglycans
characterized by the presence of sugar residues attached to the
glycerol backbone via a glycosidic linkage, including glyco-
sylmonoradylglycerols and glycosyldiradylglycerols (Pahlsson
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FIGURE 4. Representative structures of eicosanoids. There are 13 subclasses of eicosanoids: prostaglan-
dins, leukotrienes, thromboxanes, lipoxins, hydroxy/hydroperoxyeicosatrienoic acids, hydroxy/hydro-
peroxyeicosatetraenoic acids, hydroxy/hydroperoxyeicosapentaenoic acids, epoxyeicosatrienoic acids,
hepoxilin, levuglandins, isoprostanes, clavulones and derivatives, and other eicosanoids.
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et al.,, 2001), and macrocyclic ether lipids present in the
archaebacteria membranes (Koga et al., 1993).

C. Glycerophospholipids

Glycerophospholipids are ubiquitous in nature. They are key
components of cellular membranes (Pereto, Lopez-Garcia, &
Moreira, 2004) and serve as binding sites for cellular and
extracellular proteins. Glycerophospholipid metabolites also
function as second messengers involved in proliferation and
apoptotic cell injury (Cronan, 2003). Glycerophospholipids are
derivatives of sn-glycero-3-phosphoric acid that contains at least
one O-acyl, or O-alkyl or O-alkyl-1’-enyl residue attached to the
glycerol moiety, and a polar headgroup composed of a nitro-
genous base, a glycerol, or an inositol unit. Naming of the
glycerophospholipids involves stereospecific numbering (sn)
(Hirschmann, 1960; IUPAC-IUB-CBN, 1967). The fatty acyl
substituents at the sn-1 and/or sn-2 position are generally referred
to as “‘radyl” groups. The double bond geometry of the radyl
moieties is described with E/Z designation (instead of trans/cis),
and species lacking one radyl group are denoted as “lyso”
glycerophospholipids. In response to lipidomic researchers
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worldwide, the nomenclature of glycerophospholipid classes
adopted by Fahy and co-workers (Fahy et al., 2005) has reverted
to the universally accepted/used two letter “‘phospholipid”
format (Table 1) in the updated comprehensive classification
system for lipids (Fahy et al., 2009).

Glycerophospholipids are grouped into classes (Fig. 5)
based on the composition of their polar headgroup at the sn-3
position of the glycerol backbone in eukaryotes and eubacteria or
at the sn-1 position in archaea (Pereto, Lopez-Garcia, & Moreira,
2004). The major classes of glycerophospholipids found in
mammalian cell membranes include glycerophosphatidic acids
(PA), glycerophosphocholines (PC), glycerophosphoethanol-
amines (PE), glycerophosphoinositols (PI), glycerophosphogly-
cerols (PG), glycerophosphoserines (PS), and cardiolipins (CL)
(Fig. 5). Each headgroup class is further differentiated into
subclasses on the basis of the sn-1 and sn-2 substituents on the
glycerol backbone. Fatty acids at the sn-1 position can be
substituted by ether or vinyl ether moieties (plasmanyl and
plasmenyl glycerophospholipids, respectively) in some of the
classes. In the case of the glycerophosphoglycerols and
glycerophosphoglycerophosphates (Fig. 5D,E) a second glycerol
unit constitutes part of the headgroup, whereas for the
glycerophosphoglycerophosphoglycerols (cardiolipins) a third

Mass Spectrometry Reviews DOI 10.1002/mas




LIPIDOMICS ERA: ACCOMPLISHMENTS AND CHALLENGES =

TABLE 1. Changes in the nomenclature of glycerophospholipids in the updated comprehensive
classification system for lipids (reproduced from Fahy et al., 2009)

Class Synonym Nomenclature

Old New
Glycerophosphocholines Phosphatidylcholines GPCho PC
Glycerophosphoethanolamines Phosphatidylethanolamines GPEtn PE
Glycerophosphoserines Phosphatidylserines GPSer PS
Glycerophosphoglycerols Phosphatidylglycerols GPGro PG
Glycerophosphoglycerophosphates Phosphatidylglycerol GPGroP PGP

phosphates

Glycerophosphoinositols Phosphatidylinositols GPlIns Pl
Glycerophosphoinositol Phosphatidylinositol GPInsP PIP
monophosphates phosphates
Glycerophosphoinositol Phosphatidylinositol GPInsP2 PIP2
bis-phosphates bis-phosphates
Glycerophosphoinositol Phosphatidylinositol GPInsP3 PIP3
tris-phosphates tris-phosphates
Glycerophosphates Phosphatidic acids GPA PA
Glyceropyrophosphates GPP PPA
Glycerophosphoglycerophosphoglycerols  Cardiolipins CL CL
CDP-glycerols GCDP CDP-DG
Glycosylglycerophospholipids [glycan]GP [glycan]GP
Glycerophosphoinositolglycans [glycan]GPIns  [glycan]PI
Glycerophosphonocholine GPnCho PnC
Glycerophosphonoethanolamines GPnEtn PnE
Monoradylglycerophospholipids Lysophospholipids LPX'

"X denotes PC, PE, PA, etc.
X denotes PC, PE, PA, etc.

glycerol unit is typically acylated at the sn-1" and sn-2' positions
(Fig. 5L).

Inositol-containing glycerophospholipids (Fig. SF-I) rep-
resent a unique and biologically diverse class. Phosphoinositides
or phosphorylated derivatives of PIs are the best characterized
inositol lipids. They play a wide variety of cellular roles in many
eukaryotic cells. Less understood are ceramides containing
inositol in fungi, and inositol glycolipids in pathogens. More
detailed overviews are available for the classification, nomen-
clature, metabolism, and profiling of glycerophospholipids
(Cronan, 2003; Coleman & Lee, 2004; Forrester et al., 2004,
Ivanova et al., 2004).

D. Sphingolipids

Sphingolipids are often enriched in neural tissues (Piomelli,
Astarita, & Rapaka, 2007). They play important roles in both
signal transduction and cell recognition. This category of lipids is
derived from the aliphatic amino-alcohol sphingosine or sphing-
4-enine (Fig. 6A), which is synthesized de novo from serine and
palmitoyl-CoA. Sphingolipids include ceramides, phosphos-
phingolipids (e.g., sphingomyelins), glycosphingolipids (e.g.,
cerebrosides and gangliosides), and other species that include
protein adducts (Merill & Sandhoff, 2002; Taniguchi, Honke, &
Fukuda, 2002). Ceramides (Fig. 6B) consist of a sphingosine
moiety that is amide-linked to a fatty acyl group (Fahy et al.,
2005). Ceramides are typically saturated or mono-unsaturated
with chain lengths varying from 14 to 26 carbon atoms; the
presence of a hydroxyl group on carbon 2 is fairly common. In
mammals, ceramides are the common precursors of phosphos-
phingolipids (Fig. 6C) in which the ceramide backbone is O-
linked to a charged headgroup (e.g., ethanolamine, serine, or
choline). Insects contain mainly ceramide phosphoethanol-
amines, and fungi have phytoceramidephosphoinositols and
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mannose-containing headgroups. Glycosphingolipids (Chester,
1998; UPAC-IUB-JCBN, 1999) are further subclassified based
on their carbohydrate moieties composition: (i) neutral glyco-
sphingolipids (Fig. 6E) contain uncharged sugar residues such as
glucose, galactose, N-acetylglucosamine (GlcNAc), N-acetylga-
lactosamine (GalNAc), and fucose; (ii) acidic glycosphingolipids
(Fig. 6F) contain phosphate or sulfate attached to neutral sugars
or charged sugar residues such as sialic acid (N-acetyl or N-
glycoloyl neuraminic acid). The latter are called gangliosides,
and the number of sialic acid residues is usually denoted with a
subscript letter (i.e., mono-, di-, or tri-) and a number reflecting
the subspecies within that category; (iii) basic glycosphingoli-
pids (Fig. 6G); and (iv) amphoteric glycosphingolipids (Fig. 6H).
In addition, sphingoid base analogs are regrouped under
sphingolipids because they are known to function as inhibitors
or antagonists of sphingolipids. In some organisms, these analogs
serve as surrogates for sphingolipids.

E. Sterol Lipids

The sterol category is subdivided into six classes (Fig. 7)
according to biological functions. Cholesterol (Fig. 7A) and its
derivatives are the most widely studied in mammalian systems.
Along with glycerophospholipids and sphingomyelins, sterol
lipids constitute important components of membrane lipids
(Bach & Wachtel, 2003). Unique sterol lipids also exist in plant,
fungal, and marine sources. Sterol lipids participate in different
biological processes as hormones and as signaling molecules
(Tsai & O’Malley, 1994). The C18 steroids include the estrogen
family. The CI19 steroids comprise the androgens such as
testosterone and androsterone (Fig. 7B). The C21 subclass,
containing a two carbon side chain at the C17 position, includes
the progestogens, glucocorticoids and mineralocorticoids.
The secosteroids comprise various forms of vitamin D
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(Fig. 7C) (Jones, Strugnell, & DeLuca, 1998). Additional classes
within the sterols category are the bile acids (Russell, 2003) and
their conjugates (sulfuric acid, taurine, glycine, glucuronic acid,
and others) (Fig. 7D).

F. Prenol Lipids

Prenol lipids (Fig. 8) are essential for cell survival in all
organisms, and are synthesized from the five-carbon building
units isopentenyl diphosphate and dimethylallyl diphosphate
which are produced via the mevalonate pathway in animals and
via the methylerythritol phosphate pathway in pathogenic
bacteria, malaria parasites and plants (Rodriguez-Concepcion,
2004). Carotenoids are examples of prenol lipids that function as
antioxidants and as precursors of vitamin A (Demmig-Adams &
Adams, 2002). Another biologically important class of mole-
cules is exemplified by the quinones and hydroquinones (Fig. 8B)
which contain an isoprenoid tail attached to a quinonoid core of
non-isoprenoid origin. Vitamin E, menaquinone (vitamin K2),
and ubiquinone (coenzyme Q) are examples of this class
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Polyprenols (Fig. 8C) and their phosphorylated derivatives play
important roles in the transport of oligosaccharides across
membranes. Polyprenol phosphate sugars and polyprenol
diphosphate sugars function in extracytoplasmic glycosylation
reactions (Raetz & Whitfield, 2002), in extracellular polysac-
charide biosynthesis in bacteria (Raetz & Whitfield, 2002), and in
protein N-glycosylation in eukaryotes (Helenius & Aebi, 2001;
Schenk, Fernandez, & Waechter, 2001).

G. Saccharolipids

Saccharolipids are compounds in which fatty acids are linked
directly to a sugar backbone that substitutes for the glycerol
backbone present in glycerolipids and glycerophospholipids.
Saccharolipids can occur as glycan or as phosphorylated
derivatives in six classes (Fig. 9). The acylated glucosamine
precursors of the lipid A (endotoxin) component of lipopoly-
saccharides in Gram-negative bacteria are the most familiar
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FIGURE 5. Representative structures of glycerophospholipids. The Lipid Map consortium has defined 21
classes of glycerophospholipids: PC, PE, PS, PG, glycerophosphoglycerophosphates, PI, P monophosphates,
PI bisphosphates, PI trisphosphates, glycerophosphates, glyceropyrophosphates, glycerophosphoglycer-
ophosphoglycerols (cardiolipins), CDP-glycerols, glycosylglycerophospholipids, glycerophosphoinositol-
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tetracther phospholipids, oxidized glycerophospholipids, and other glycerophospholipids. Subclasses
within these groups are further defined by linkage to the glycerol backbone.
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saccharolipids (Raetz & Whitfield, 2002). Also included in this
category are the acyl aminosugars of rhizobia, which are soil
bacteria that engage in a symbiosis with leguminous plants that
produce nitrogen-fixing root nodules (Spaink, 2000). Additional
saccharolipids include fatty acylated derivatives of glucose
which are best exemplified by the acylated trehalose units of
certain mycobacterial lipids (Brennan & Nikaido, 1995).
Acylated forms of glucose and sucrose have been also reported
in plants (Ghangas & Steffens, 1993).

H. Polyketides

Polyketides (Fig. 10) are synthesized from propionyl-CoA and
methylmalonyl-CoA by polyketide synthases in a process
analogous to fatty acid biosynthesis (Khosla et al., 1999; Walsh,
2004). The different classes of polyketide synthases produce a
great diversity of natural product structures. The class I
polyketide synthases form constrained macrocyclic lactones
ranging in size from 14 to 40 atoms, whereas class II and III
polyketide synthases generate complex aromatic ring systems.
Polyketide backbones are often modified by glycosylation,
methylation, hydroxylation, oxidation, and/or other processes.
Some polyketides are linked with non-ribosomally synthesized
peptides to form hybrid scaffolds. Many commonly used anti-
microbial, anti-parasitic, and anti-cancer agents are polyketides
or polyketide derivatives (Reeves, 2003). Important examples of
these drugs include erythromycins (Fig. 10A), tetracyclines
(Fig. 10D), and anti-tumor epothilones. Other polyketides
include potent toxins (Hopwood, 2004).
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Ill. PHYSICAL PROPERTIES OF LIPIDS

Lipids are operationally classified as hydrophobic or amphi-
pathic molecules that participate in different types of associa-
tions. Neutral or non-polar lipids (e.g., sterol esters,
glycerolipids, hydrocarbons, and carotenoids) participate in
non-covalent interactions through their hydrocarbon chains with
other lipids and hydrophobic regions of proteins. Examples
include fat in adipose tissue, chylomicrons, albumin-fatty
acid complexes, etc. Polar lipids (e.g., glycerophospholipids,
sphingolipids, and sterol lipids) interact with proteins via
hydrogen bonding, electrostatic and/or hydrophobic forces as
in cellular membranes, mitochondria, endoplasmic reticulum
(ER), and serum lipoprotein complexes. Fatty acids, hydroxylic
acids or complex branched acids are linked covalently as esters,
amides, or glycosides to polysaccharide structures as in lip-
opolysaccharides of bacterial cell walls. At the lipid/water
interface, hydrogen bonding and electrostatic interactions
between polar headgroups are the predominant forces. At the
lipid bilayer core, hydrophobic interactions govern the ordering
of membranes (i.e., the compactness of acyl chains and sterol
rings).

Polar lipids exhibit amphipathic character and have critical
micelle concentrations in the nM range (Israelachvili, 1992).
Thus, the amphipathic balance in polar lipids is weighted heavily
in favor of the non-polar domain of the molecule (Heerklotz &
Epand, 2001). In biological membranes, polar lipids form either
bilayer or hexagonal-II structures under physiological condi-
tions. The bilayer is stabilized by the exposure of the polar
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FIGURE 6. Representative structures of sphingolipids. There are 10 classes of sphingolipids: spingoid
bases, ceramides, phosphosphingolipids, phosphonosphingolipids, neutral glycosphingolipids, acidic
glycosphingolipids, basic glycosphingolipids, amphoteric glycosphingolipids, arsenosphingolipids, and
other sphingolipids.
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FIGURE 7. Representative structures of sterol lipids. This category is subdivided into six classes: sterols,
steroids, secosteroids, bile acids and derivaties, steroid conjugates, and other sterols.

headgroup to the aqueous milieu, and by the sequestering of the
hydrocarbon chains within the hydrophobic core (Tieleman &
Marrink, 2006). The hexagonal-II structure consists of tubes of
water formed by the lipid polar groups, and these tubes are
packed into a two-dimensional hexagonal array. The amphipathic
balance favors the hydrocarbon affinity, and typically the polar
group is less hydrated than in bilayer-forming lipids. In living
cells the membranes are comprised of polar and non-polar
lipids within a lipid matrix that exhibits invariably a bilayer
arrangement.

A. Polar Groups

Polar lipids are classified based upon their headgroup moieties.
The simplest and most abundant structures of polar lipids are the
galactosylglycerolipids. These are the dominant polar lipids of
photosynthetic thylakoid membranes (e.g., mono- and di-
galactosyldiacylglycerols). Other glycosylglycerides include
sulphonated sugars such as sulphoquinovosyldiacylglycerol
found abundantly in higher plant photosynthetic membranes.
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The sugar residues represent the polar groups of these lipids and
provide hydrogen bonding potential. While the presence of one
sugar residue in membrane lipids favors the formation of
hexagonal-II structures, the presence of two sugar residues is
conducive to the formation of bilayer structures under physio-
logical conditions.

Glycerophospholipids, the most common membrane lipids,
tend to form bilayer structures under physiological conditions.
However, polyunsaturated PE form hexagonal-II structures.
Some classes possess a net negative charge at pH 7 such as the
inositol, serine, glycerol and ethanolamine phosphatides, while
the choline phosphatides are zwitterionic.

Sphingolipids represent another large group of polar
membrane lipids. Sphingomyelins are the most common
sphingolipids and are characterized by a phosphocholine polar
group. Most sphingolipids have sugar residues attached to the
hydroxyl group of the ceramide. The attachment of phosphor-
ylinositol to ceramide represents the sphingolipid analogue of
phosphatidylinositol, and is a major component of sphingolipids
in yeast (e.g., mannosylinositol- and mannosyldiinositol-
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FIGURE 8. Representative structures of prenol lipids. There are five classes of prenol lipids: isoprenoids,
Quinones and hydroquinones, polyprenols, hopanoids, and other prenols.

phosphorylceramide). The cerebrosides have one hexose sugar
group, most commonly glucose or galactose. The esterification of
a sulfur containing group to these sugar residues forms the
negatively charged sulfatides. Sphingolipids with complex
oligosaccharides and sialic residues form the gangliosides. These
are oligoglycosylceramides containing N-acetyl-neuraminic acid
(sialic acid) or less commonly, N-glycolyl-neuraminic acid, and
are joined via glycosidic linkages to one or more of the
monosaccharides or to another sialic acid residue. The sialic
residues of gangliosides carry a net negative charge at neutral pH
(LipidLibrary).

B. Hydrocarbon Chains

Membrane polar lipids contain unbranched fatty acyl chains with
even carbon numbers (C14—C26) and cis—unsaturated double
bonds located at specific positions. As a general rule, the position
of the unsaturated double bond is determined with respect to the
carboxyl functional group (A classification) or terminal methyl
group (o classification). The desaturation process of the fatty
acyl chain involves insertion of the first double bond in the middle
of a C-18 chain (A/w9). Subsequent desaturations occur
sequentially in w6 and then w3 positions of the chain in plants
and phytoplanktons (Wolf & Quinn, 2008). Rotation around the
cis-unsaturated bonds is restricted, which produces a kink in the
fatty acyl chains and impairs tight packing in the bilayer matrix.
This results in reduced melting temperature of the lipid
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(biophysical trait) and a liquid-crystalline or fluid disordered
bilayer arrangement. Thus, individual isoforms of given
categories and classes will display unique properties and have
different impacts on the cell.

The lipid matrix of biological membranes is fluid, with the
notable exception of lipids in the purple membrane of
Halobacterium, which adopt more or less crystal-like structures.
Lipid molecules are relatively mobile in the bilayer, and
constraints on this motion occur by interactions with the
proteins and other membrane constituents. Lipids exhibit lateral
diffusion and translational/rotational motion in the membrane
bilayer, as well as internal motion within the lipid molecule. The
latter involves rotational motion of the polar group and
trans-gauche isomerisation of the hydrocarbon chains (Wolf &
Quinn, 2008).

The presence of cholesterol in the cell membrane exerts a
considerable ordering effect on the surrounding lipids. The
depletion of cholesterol from the membrane was observed to have
little effect on the orientation of the molecules in the surface
region, but was associated with a marked transition to a more
disordered environment in the hydrocarbon chains domain
(Benninger et al., 2005). Polar lipids also exhibit spontaneous
movement from one leaflet of the bilayer to the other. This
movement is relatively slow because of the energy requirement to
move the hydrated polar headgroup from an aqueous environ-
ment into the hydrocarbon domain in the center of the bilayer.
This factor is responsible for maintaining the asymmetric
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FIGURE 9. Representative structures of saccharolipids. Six classes of saccharolipids have been defined:
acylaminosugars, acylaminosugar glycans, acyltrehaloses, acyltrehalose glycans, other acyl sugars, and

other saccarolipids.

distribution of polar lipids across biological membranes. The
creation of phospholipid asymmetry is an enzymatic, energy-
requiring process and the dissipation of the asymmetry mediated
by scramblase enzymes is associated with physiological
processes such as apoptosis. Active bi-directional translocation
of phospholipids across the inner and outer leaflet of the plasma
membrane has been demonstrated for PS and PE (from the
cytoplasmic leaflet to the outer surface of the membrane) and PC
(from the outer leaflet to the cytoplasmic surface) (Wolf & Quinn,
2008).

IV. BIOCHEMICAL HOMEOSTASIS

Complex lipids are subject to enzyme hydrolysis and remodel-
ing/turnover. Unfortunately, our ability to profile these changes at
the molecular level and across molecular species is limited. For
instance, glycerolipids and glycerophospholipids are subject to
acylation-deacylation reactions. The superfamily of phospholi-
pase A, (PLA,) enzymes hydrolyzes glycerophospholipids at the
sn-2 ester bond (Fig. 11A) (Burke & Dennis, 2009). Acyltrans-
ferases catalyze the exchange of esterified fatty acids from one
lipid to another (Kerkhoff et al., 2000). The phospholipase C
(PLC) family hydrolyses phosphatidylinositol 4,5-bisphosphate
(PIP,) to form the second messengers diacylglycerol (DAG) and
inositol-1,4,5-trisphosphate (InsP;) (Fig. 11A), leading to a
cascade of intracellular responses that result in cell growth, cell
differentiation, and gene expression. Modifications of the
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headgroup of phospholidpids are carried out by phospholipase
D (PLD)-catalyzed transphosphatidylation. The PLD family of
enzymes hydrolyses glycerophospholipids to generate PA and
the respective headgroup (Fig. 11A). Sphingomyelinases cata-
lyze the cleavage of the phosphocholine moiety from sphingo-
myelin to generate ceramide (Fig. 11B) (Wolf & Quinn, 2008).
Lipids containing polyunsaturated fatty acyl chains are also
subject to reversible or irreversible modifications as a result of
oxidative stress (Leitinger, 2008; Vejux, Malvitte, & Lizard,
2008).

A detailed overview of the enzymatic and non-enzymatic
modifications of lipids is beyond the scope of this review. Lipid
analyses, characterization, and quantification are important to
understand lipid metabolic turnover and the role of lipids in
various industrial/occupational, agricultural, and drug devel-
opmental processes, and disease etiology.

V. CELLULAR FUNCTIONS OF LIPIDS

Cellular membranes consist of complex arrangements of lipids
and proteins. Lipids fulfill diverse functions in the cell (Fig. 12)
(Dowhan, 2009). They facilitate compartmentalization of
cellular membranes and organelles by defining permeability
barriers with respect to their surrounding milieu. Lipids are
essential components of multi-subunit protein complexes, and
they provide the matrix within which membrane proteins fold.
Lipids also mediate membrane trafficking events essential for
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FIGURE 10. Representative structures of polyketides. Fourteen classes of polyketides have been defined:
linear polyketides, halogenated acetogenins, ammonaceae acetogenins, macrolides and lactones,
ansamycins and related polyketides, polyenes, linear tetracyclines, angucyclines, polyether antibiotics,

aflatoxins and related substances, cytochalasins, flavonoids, aromatic polyketides, non-ribosomal peptide/
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many key biological processes, and specific lipid molecular ~ A. Structural Integrity of Cellular Membranes

species are involved in signaling processes by defining

membrane domains and by acting as first and second messengers. Cell membranes contain more than 1,000 different lipid species
This section will focus on these vital cellular functions of lipids (van Meer, 2005). The multicomponent assemblage of cell
and will highlight several new findings. membranes exhibits complex phase behavior, with regions of
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FIGURE 11. Phospholipases and sphingomyelinases cleavage sites on
glycerophospholipids and sphingomyelin, respectively.

structural and compositional heterogeneity. Glycerophospholipids
(i.e., PC, PE, PS, PI, and PA (Fig. 5)) represent the major structural
lipid class in eukaryotic membranes. More than 50% of
glycerophospholipids in most eukaryotic membranes consists of
PC (van Meer, Voelker, & Feigenson, 2008). The relative
abundance of 1,2-diacyl; 1-acyl, 2-alkyl; 1-alkyl, 2-acyl, and
di-alkyl species that account for this 50% is not fully known,
even though the name “PC” generally refers to the di-acyl
species. PC molecular species generally have one cis-unsaturated
fatty acyl chain which makes these species fluid at room
temperature. Due to the relatively large-sized headgroup, PC is
somewhat cylindrical and spontaneously forms planar bilayers
(van Meer, 2005).

Mammalian cell membranes also contain sphingolipids such
as sphingomyelin, glucosylceramide, galactosylceramide, and
gangliosides (van Meer & Lisman, 2002). These mainly possess
saturated (or trans-unsaturated) carbon chains, forming longer
and narrower cylinders than corresponding PC species. Sphin-
golipids present in the membrane bilayer exhibit tight packing
which is further strengthened by interfacial hydrogen bonding.
The interaction of sphingolipids (e.g., sphingomyelin, ganglio-
sides) and saturated glycerophospholipids with cholesterol (the
major non-polar lipid of cell membranes) favors the formation of
liquid-ordered microdomains or lipid rafts, which are segregated
from the remaining more fluid membrane (Silvius, 2003; Simons
& Vaz, 2004). A recent simulation modeling study assessed the
molecular nature of lipid rafts at the nanoscale level. This study
revealed spontaneous separation of saturated PC/unsaturated PC/
cholesterol mixtures into liquid-ordered and liquid-disordered
phases. Specifically, this study predicted the existence of surface
tension between the monolayer leaflets that drives the registration
of distinct domains (Risselada & Marrink, 2008).

The lipid composition of the plasma membrane and
intracellular organelle membranes are uniquely and specifically
functionally tailored (van Meer, Voelker, & Feigenson, 2008).
The plasma membrane contains high amounts of sphingolipids,
sterols, and saturated glycerophospholipids (Fig. 13), which pack
at high densities and promote bilayer rigidity and imperme-
ability, as well as the compartmentalization of specific proteins
involved in signaling and cell—cell adhesion (see Section V.B).
On the other hand, the ER membrane shows a symmetric lipid
distribution and contains primarily unsaturated glycerophospho-
lipids that make the membrane more fluid to facilitate the
incorporation of newly synthesized proteins and fusogenic events
(Holthuis & Levine, 2005). The involvement of the mitochondria
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in the synthesis of PA and PG (precursors of CL, unique to
mitochondria, and PE) serves organelle-specific functions. It has
been proposed that the presence of PG, the high proportion of CL.
in the inner mitochondrial membrane, and a high PE/PC ratio,
optimize oxidative phosphorylation (van Meer, Voelker, &
Feigenson, 2008).

Along these lines, a recent lipidomic study characterized the
lipidome and electron transport chain activities in purified non-
synaptic and synaptic mitochondria from the cerebral cortex of
C57BL/6J mice (Kiebish et al., 2008). The activities of specific
electron transport chain complexes were found to be lower in
synaptic, compared to non-synaptic, mitochondria. Parallel
“shotgun lipidomic” analyses revealed that the levels of CL
were lower, whereas the levels of ceramide and PS were higher in
synaptic mitochondria, as compared with non-synaptic mito-
chondria. The distribution of CL molecular species was similar in
both populations and formed a unique pattern that consisted of
seven major molecular species groups when arranged according
to m/z ratios. The findings of this study imply that non-synaptic
and synaptic mitochondrial lipidomic heterogeneity could
influence energy metabolism, which may contribute to metabolic
compartmentalization of the brain. The effects of lipid compo-
sition on mitochondrial electron transport chain activity point to a
general concept of specialized lipid domains, the most well-
known of which are lipid rafts. The following sections will
outline the functional properties of lipid raft domains and the
lipid messengers produced by the signaling-induced hydrolysis
of structural lipids.

B. Signal Transduction

Regulated enzymatic processing by phospholipases (Fig. 11), as
well as specific and non-specific oxidative modifications, convert
structural lipids into intra- and extra-cellular first and second
messenger signaling molecules of low molecular weight, or
“lipid mediators,” with significant physiological and pathophy-
siological consequences. Examples of lipid mediators include
eicosanoids such as prostaglandins and leukotrienes (Fig. 4)
which are lipid metabolites derived from arachidonic acid, and
also lysophospholipids and their metabolites which include
platelet-activating factor (PAF), LPA, and sphingosine-1-
phosphate (Bosetti, 2007; Shimizu, 2008). These lipid mediators
can elicit physiological and pathophysiological responses
independently or through specific G-protein coupled receptors.
For instance, PLA, generates lipid mediators from structural
glycerophospholipids by liberating fatty acids and producing
lysophospholipids. LPC species activate specific G-protein
coupled receptors to regulate the cytoskeleton and cellular
Ca** homoeostasis, proliferation, survival, migration, and
adhesion (Meyer zu Heringdorf & Jakobs, 2007; Shimizu,
2008). Ether LPC, also known as LPAF, is further modified by
specific acyl-transferases to generate potent lipid signaling
molecules (PAF). Specifically, 1-O-hexadecyl-2-acetyl-sn-
glycero-3-phosphocholine (C16-PAF) is upregulated during
PC12 cell differentiation (Whitehead et al., 2007). Inflammatory
conditions such as stroke and various neurodegenerative
diseases, in which PLA, activity is aberrantly increased cause
LPC and PAF overproduction (Kita et al., 2006; Shimizu, 2008).
PAF has long been known to be upregulated in ischemia and
neurodegeneration. However, little was known about the role of
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FIGURE 13. Non-random lipid composition of the plasma membrane (PM) and the endoplasmic reticulum
(ER) membrane. The plasma membrane is rich in sterols, sphingolipids, and saturated glycerophospho-
lipids. The plasma membrane has an asymmetric lipid arrangement with the aminoglycerophospholipids
concentrated in the cytosolic leaflet and the sphingolipids concentrated in the exoplasmic leaflet. The
membrane topology of cholesterol is not known, but its location is probably determined by its high affinity
for sphingolipids and saturated glycerophospholipids (McConnell & Vrljic, 2003; Puri et al., 2003; Malathi
etal.,2004). The ER membrane, on the other hand, has a symmetric lipid distribution, and contains primarily
unsaturated glycerophospholipids to endow the membrane fluid characteristics to facilitate the
incorporation of newly synthesized proteins and fusion related events. This figure was adapted from
Holthuis and Levine (2005).
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individual PAF isoforms in regulating neuronal survival until
recently (Ryan et al., 2008). Both C16-PAF and C18-PAF cause
PAF receptor-independent death through distinct signaling path-
ways. C16-PAF activates caspase-7, whereas C18-PAF triggers
caspase-independent death in PAF receptor-deficient neurons.
Interestingly, PAF receptor signaling is either pro- or anti-
apoptotic, depending upon the identity of the sn-1 fatty acid of the
PAF ligand. The activation of the PAF receptor by C16-PAF is
anti-apoptotic, and it inhibits caspase-dependent death. The
activation of the PAF receptor by C18-PAF, however, is pro-
apoptotic. This PAF isoform-specific regulation of the PAF
receptor dictates PAF signaling and cellular fate (apoptosis,
neurodegeneration, or neuroprotection).

A large body of evidence implicates lipid rafts in cell
signaling (Fig. 12) (Mishra & Joshi, 2007). Lipid rafts serve
as concentration platforms of lipids (Iwabuchi, Handa, &
Hakomori, 2000; Marmor & Julius, 2001; Nagafuku et al.,
2003) and proteins (Moffett, Brown, & Linder, 2000; Galbiati,
Razani, & Lisanti, 2001; Harris & Siu, 2002; Foster, De Hoog, &
Mann, 2003) that are involved in cell adhesion and signaling.
These molecules include monosialogangliosides GM; and GM3,
PIP,, doubly acylated tyrosine kinases of the Src family, small
GTP binding proteins, and regulatory subunits of heterotrimeric
G proteins. Lipid rafts also harbor glycosylphosphatidylinositol
(GPI)-anchored proteins and transmembrane proteins such as G-
protein coupled receptors, whose activity is controlled by their
localization to lipid rafts (Bari et al., 2005; Patel, Murray, & Insel,
2008; Zheng et al., 2008). Mo and co-workers demonstrated that
GM, is involved in the phosphorylation and activation of the
extracellular-regulated protein kinases (ERKSs) in the striatum,
hippocampus, and frontal cortex of male rats in situ or in vivo (Mo
et al., 2005) A recent study suggests that modulation of GM,
levels in lipid rafts regulates membrane partitioning of the
platelet-derived growth factor receptor (PDGFR) and mitogenic
signaling via the Src family of protein tyrosine kinases (Veracini
et al., 2008).

The implication of intact subsets of lipid rafts and their lipid
components in nerve growth factor signaling is also documented
(Dobrowsky, 2000). Ceramide generation in lipid rafts is
instrumental for Fas signaling and for the induction of apoptosis
in B- and T-lymphocytes (Kirschnek et al., 2000). Specifically,
Fas signaling triggers the translocation of acid sphingomyelinase
to lipid rafts. The downstream accumulation of ceramide induces
coalescence of raft units into large platforms in which
oligomerisation of downstream effectors (i.e., FADD/MORT-1
and pro-caspase-8) occurs, thus leading to Fas apoptotic signals
(Cremesti, Goni, & Kolesnick, 2002). In primary afferent
neurons, neuronal excitability and synaptic transmission is
modulated following the binding of endogenous cannabinoids,
that is, N-arachidonoyl ethanolamine and 2-arachidonoyl
glycerol, to the cannabinoid receptors CB1 and CB2. The
synthesis of 2- arachidonoyl glycerol via the DAG pathway
occurs within lipid rafts. Interestingly DAG, often perceived to
act as a single lipid second messenger, is in fact, a family of over
50 isoforms (Callender et al., 2007). Evidence indicates that each
isoform controls distinct cellular processes (Deacon et al., 2002).
Moreover, the segregation of N-arachidonoyl ethanolamine and
2-arachidonoyl glycerol in lipid rafts along with the cannabinoid
receptor CB1 suggests that intrinsic-autocrine signaling and/or
retrograde-paracrine signaling occur within lipid rafts (Rimmer-
man et al., 2008).
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C. Regulation of Membrane Trafficking

Lipids function in concert with specific proteins to regulate
membrane trafficking events within the cell. The phosphoinosi-
tides (PI) control cell motility and membrane trafficking by
regulating the recruitment, assembly and disassembly of specific
protein complexes (Lemmon, 2008; Vicinanza et al., 2008).
These complexes are targeted to sites of action by binding to
specific PI species. These species are spatially and temporally
regulated through various PI kinases and phosphatases localized
to specific intracellular compartments. PI-protein interactions
are characterized by relatively low binding affinities, and they
require auxiliary stabilizing binding sites to recruit either
membrane-resident proteins or specific-organelle-associated
small GTPases. This combinatorial nature of the PI system
enhances organelle recognition specificity. The accumulation of
PIP, in lipid rafts has been proposed as the mechanism
underlying its involvement in signaling to the actin cytoskeleton
and in vesicle trafficking (Caroni, 2001). Specifically, PIP,-
dependent lipid rafts capture microtubules to promote and
control cell motility, polarity, and organization (Golub & Caroni,
2005).

Several enzymes involved in glycerophospholipid metabo-
lism have long been implicated in membrane trafficking,
including PLA,, PLC, and PLD (Darios, Connell, & Davletov,
2007). PLA, activity, which mediates the release of long chain
polyunsaturated fatty acids and LPC, has been shown to play a
role in vesicle fusion in many biological systems (Freeman,
Terrian, & Dorman, 1990; Nagao etal., 1995; Almeida, Cunha, &
Ribeiro, 1999; Juhl et al., 2003; Staneva, Angelova, &
Koumanov, 2004). Vesicle fusion is known to be directly
modified by fatty acids. For example, palmitoylation of the
SNARE proteins SNAP-23 and SNAP-25 stimulates their
accumulation in membrane domains and membrane fusion
(Washbourne et al., 2001; Koticha, McCarthy, & Baldini, 2002;
Salaun, Gould, & Chamberlain, 2005). Recent studies have also
highlighted an important role for w6 and w3 polyunsaturated
fatty acids in activating one of SNAP-25’s SNARE partners,
syntaxin (Darios & Davletov, 2006; Connell et al., 2007).
Important insights into the role of LPC have been gained from
studies on snake presynaptic PLA, neurotoxins (SPANs),
demonstrating that LPC induces exocytosis of neurotransmitters
and subsequent paralysis.

Recent mass spectrometry studies have shown that SPAN
activity in cerebellar neurons generates myristoyl LPC and oleic
acid as the major hydrolytic products (Rigoni et al., 2005).
The treatment of cerebellar neurons with a mixture of myristoyl
LPC and oleic acid or with myristoyl LPC on its own replicates
SPAN-induced exocytosis. Although the mechanism by which
myristoyl LPC stimulates exocytosis remains elusive, the
authors proposed that the preferential localization of LPC to
the external presynaptic leaflet (Kalin et al., 2004) and its
inverted cone shape could alter membrane curvature to
enhance exocytosis. Thereby, it paralyzes the neuromuscular
junction. Curvature is an important factor for membrane fusion
because a high ‘‘curvature strain” can provide the driving
force required to overcome the energetic barrier of fusion.
Thus, the variation of lipid composition partly dictates the
ability of membranes to undergo fusion. Plasma membranes in
fusogenic contexts (synaptic vesicles, synaptic membranes,
viral membranes) have a ratio of PC to PE headgroups measured
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between 0.9 and 2.0 (Breckenridge et al., 1973; Aloia, Tian, &
Jensen, 1993). PE (Emoto & Umeda, 2000), cholesterol (Marsh,
2006; Churchward et al., 2008), and DAG (Churchward et al.,
2008) have been identified as critical factors for fusion.
Specifically, the ability of PE to induce membrane fusion
events may be governed by its headgroup which promotes
negative membrane curvature (Haque, Mclntosh, & Lentz,
2001).

In summary, lipids play highly specialized roles in cells.
New technological advances in mass spectrometry are being used
to characterize the specific lipids involved in each of the
processes described above. Moreover, these new technologies
will allow assessment of dynamic physiological and pathophy-
siological lipid changes, providing further insight into lipid
control in cellular biology in health and disease.

VI. SAMPLE PREPARATION

Elucidation of the biochemical and biophysical properties of
membrane lipids and their cellular functions is highly dependent
upon the preparation of high purity, morphologically distinct
membranes or subcellular membrane fractions. To achieve
optimal separation the homogenization steps must break down
cells into their subcellular organelles while preserving the
integrity of vesicular organelles that encapsulate hydrolases
and other enzymes capable of altering the composition of lipids.
In addition, sample preparation should be quick and performed at
low temperatures in the presence of antioxidants and inhibitors of
hydrolytic enzymes and proteases/phosphatases.

A. Homogenization

The homogenization step is highly influenced by the operational
criteria which differ among tissues. This step must be optimized
in such a way as to result in a high relative yield of specific
organelles with intact composition and functional integrity. The
method of choice is influenced by the presence of tough
extracellular matrices or cell walls, in which case pretreatment
with collagenase or cellulase may be required. It is also crucial to
employ homogenization buffers that mimic the in vivo pH and
solute composition of the membranes.

A variety of homogenization methods has been employed
based on mechanical disruption (Potter-Elvehjem, rotating blade
devices such as Waring blendor and Ultraturax, glass beads) or
other shear forces (pressure/cavitation, freeze-thaw). Homoge-
nization may result in artefactual reshuffling of membrane
subfractions/components or rupturing of organelles, and chimer-
ical fusion of naturally separated membrane domains. It is
thought that mixing can only be partially circumvented.
However, application of ion beam- or matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spec-
trometry imaging (Jackson, Wang, & Woods, 2005a; Schiller
et al., 2007) may allow more precise determination of the
excessive mechanical stress on tissues and whether cells produce
artefactual membrane subfractions. Homogenization using a
loosely fitted Potter homogenizer results in the formation of
clumps which represent associations of different organelle
membranes. Using buffers of high ionic strength and/or chelating
agents like EDTA will reduce the propensity for clumping. Such
buffers most likely cause desorption of peripheral membrane
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proteins. Moreover, the ionic strength and divalent cations
present in buffers have a profound influence on lipid composition
of detergent resistant membrane (DRM) domains prepared
from lipid-rich tissues such as rat brain (Chen et al., 2007).
Divalent cations appear to participate in the creation of a delicate
scaffold network of lipids held together by binding and bridging
polar headgroups. Together, this combination modulates the
activity of the detergent and prevents the micellization of the
cytosolic membrane leaflet. Furthermore, the temperature at
which the detergent treatment is performed changes the
compactness of the lipid phase, thereby influencing the
penetration of the detergent into the hydrophobic bilayer core.
Various detergents with distinct hydrophilic/hydrophobic
balance also produce different effects that cannot readily be
predicted from standard physicochemical parameters. For
example, membrane treatment with detergents of different
critical micellar concentrations (i.e., Triton X-100 and Brij98)
produces DRM fractions that differ in lipid composition in the
inner and outer leaflets of the original membrane (Pike, Han, &
Gross, 2005).

B. Membrane Fractionation

Density gradient sequential centrifugation steps are routinely
employed to isolate membrane fractions with distinct densities
and lipid/protein compositions. Purity and authenticity of these
membrane fractions is usually assessed based on their enrich-
ment in different biological markers using immunoblotting and
enzymatic assays. Marker enzymes are intrinsic membrane
proteins (with the exception of enzymes located within
lysosomes and peroxysomes), and they can be conveniently
assayed. Lipidomics can also be helpful in characterization of
membrane fractions, for example, to establish the cholesterol/
sphingomyelin ratio in lipid raft domains (Koumanov, Wolf, &
Quinn, 2004; Koumanov et al., 2005).

Subcellular fractionation can also be achieved by affinity
chromatographic and polymer phase separation methods. In the
latter polyethylene glycol and dextran, two structurally different
polymers, are mixed in aqueous media. As a result, two distinct
phases are formed with an upper layer enriched in polyethylene
glycol and a lower layer enriched in dextran (Persson & Jergil,
1995). Membranes of different subcellular origin partition
between the two phases based upon their surface charge or
hydrophilic character. Polymer partition has been successfully
employed for the separation of plasma membranes from rat liver
(Cao et al., 2006) and crude rat brain microsomal membrane
preparations (Schindler et al., 2006). In addition this two-phase
partitioning method, in conjunction with affinity to agarose beads
coated with nickel-nitrilotriacetic acid, proved successful in the
isolation of Escherichia coli inner membranes (Everberg et al.,
2006).

Membrane fractions can also be purified via immunoaffinity
purification using antibodies specific for markers enriched in
these fractions. This method proved successful for the purifica-
tion of peroxisomes (Luers et al., 1998; Kikuchi et al., 2004),
tubulovesicles (Calhoun & Goldenring, 1997), Golgi apparatus
membranes (Henley & McNiven, 1996), microsomal membranes
(Srinivasan et al., 2001), plasma membranes (Morciano et al.,
2005; Lawson et al., 2006), and brain DRM fractions (Madore
et al., 1999). Immunoaffinity purification has been successfully
used in tandem with density gradient centrifugation for the
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purification of plasma membranes from mouse liver (Zhang et al.,
2007).

C. Lipid Extraction

Ideally a lipid extraction procedure should quantitatively extract
cellular lipids without degradation and contamination with non-
lipid components such as free sugars and amino acids. The
effectiveness of the lipid extraction procedure will, to a large
extent, depend on the chemical nature of the lipid components
and the kind of complexes or associations in which they occur in
the cell. Lipids in hydrophobically associated forms may be
extracted with relatively non-polar solvents such as ethyl ether,
chloroform or benzene. Membrane associated lipids require polar
solvents such as ethanol or methanol to disrupt the hydrogen
bonding networks or electrostatic forces between lipids and
proteins. Covalently bound lipids cannot be extracted directly by
any solvents, and must first be cleaved from the complex by acid
or alkaline hydrolysis. This criterion is particularly useful when
studying protein—lipid interactions as lipids covalently bound
with proteins can be purified by protein immunoprecipitation and
subsequently identified by mass spectrometry (Wislet-Gende-
bien et al., 2008). Therefore the chemical nature of lipids must be
taken into consideration during lipid extraction.

In general, to avoid oxidation of double bonds all solvent
destined for lipid extraction should be freshly distilled and
peroxide free. For highly unsaturated lipids, solvents should be
de-aerated by bubbling nitrogen through them and the extraction
and subsequent operation steps should be carried out under
nitrogen. It is desirable to not bring the lipid extract to complete
dryness nor to leave it in this state for lengthy periods. Lipid
extraction should be performed at room temperature (or below if
necessary) to prevent/reduce lipid peroxidation and hydrolysis.
To improve lipid recovery, extraction must be performed under
experimental conditions that avoid rapid protein denaturation.
The clumping of denaturated proteins into aggregates affects the
separation of lipids from proteins and hence the extraction of
lipids into non-polar solvents.

Lipids are typically extracted into glass tubes. It is therefore
essential that all lipid extraction glassware is silanized to avoid
the lipids sticking to glass, especially when working with polar
lipids such as the phosphoinositides. A comprehensive descrip-
tion of lipid extraction protocols and a comparison of solvents
used for lipid extraction are outlined on the Cyberlipid website
(www.cyberlipid.org). Briefly, an aqueous suspension of bio-
logical material is mixed with a polar solvent such as methanol
and non-polar solvents such as chloroform to allow the formation
of a one-phase system. In this environment proteins form a fine
precipitate that does not hinder lipid extraction. Lipidomics
studies by mass spectrometry-based approaches may be
conducted directly from this solvent mixture. However, it may
be useful to adopt a subsequent step involving generation of a two
immiscible-phase system (Folch, Lees, & Sloane Stanley, 1957;
Bligh & Dyer, 1959) following the addition of aqueous buffer.
This step helps to separate water soluble constituents (proteins,
sugar, and salts) that act as ESI suppressors (Section VIII.A.5)
into an upper aqueous phase separated from the lipid-containing
water-insoluble lower phase. Proteins accumulate at the aqueous/
chloroform interface. Ionic strength and acidic buffer pH favor
the hydrolysis of anionic lipids (e.g., phosphoinositides and
gangliosides). These lipids tend to partition into the aqueous-
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alcoholic layer at pH greater than 4. Excessive acidification
results in the cleavage of vinylether bonds of plasmalogens, and
this effect can be exploited to distinguish between akyl ether and
vinyl ether isoforms.

In tissues where both acid-resistant and plasmenyl lipids are
to be examined, two separate extracts should be prepared taking
into consideration the preceding factors. If a biological sample is
enriched in proteins or amphiphiles, the separation of the upper/
lower phases may prove difficult. Thus, protocols derived from
the Folch procedure (Folch, Lees, & Sloane Stanley, 1957) have
been developed to allow an efficient separation of layers in
a timely manner. These protocols may include centrifugation,
cooling, alteration of chloroform/methanol ratio, or addition of
saline buffers. When the lower chloroform layer is turbid, barium
oxide or anhydrous sodium sulfate is added to the extract to
remove water. However, contamination by water jeopardizes the
integrity of lipid extracts. Specifically, a residue of acidic water
remains in the lipid extract following solvent evaporation, and
this results in the hydrolysis of vinyl ether bonds that again can be
exploited through parallel extracts to distinguish between PC
subclasses. Lipid oxidation also occurs at the air interface
because evaporation of water is slow.

An automated robot with solid phase extraction protocols
has been developed for the analysis of lipid classes (Ruiz-
Gutierrez & Perez-Camino, 2000). Solid phase extraction
reduces the volume of solvent required and lipid oxidation, and
allows simultaneous treatment of numerous lipid samples.
Stationary phases are designed for quantitative extraction of
phospholipids on reverse phase, or separation of neutral lipids/
phospholipids on normal phase (Persson et al., 2007).

D. Sample Storage

Sample storage is of paramount importance to protect lipids from
chemical alterations. In living organisms intrinsic protective
mechanisms and associations of lipids with natural compounds
protect double bonds of vinyl ether and polyunsaturated fatty
acids against attack by reactive oxygen species. The lipid
isolation and extraction procedure eliminates these natural lines
of defense. As a result, the addition of antioxidants, for example,
butylated hydroxy-toluene (BHT, 2,6-di-tert-butyl-p-cresol) and/
or tocopherol, to the lipid extracts is required. These radical
scavengers are soluble in solvents of low polarity and are easily
added to the lipid extract. Moreover, their oxidation can be used
as a potential indicator of damage to the biological lipids. In
general, antioxidants must be added to the lipid extracts with
caution and at concentrations below 0.00001 (w/w) since BHT is
known to act as pro-oxidant at high concentrations (Christie,
1989). Potential for oxidation also increases following sample
contamination with heavy metals such as copper and/or iron
which catalyse the production of free radicals in Fenton-type
reactions. To circumvent such contamination, single-use vessels
with polytetrafluoroethylene (PTFE) or Teflon fittings can be
employed. In fact, it is recommended to utilize Teflon fittings for
all pre-analytical steps in lipidomics reasearch. In addition, the
exposure of lipid extracts to UV light can be particularly
deleterious. Elevated storage temperatures also favor double-
bond migration and diene conjugation, thus resulting in extensive
peroxidation especially in concentrated solutions.

Lipid extracts are ideally stored at low temperatures
(<20°C) in solvent-diluted solutions contained in opaque vessels
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purged with nitrogen gas and sealed by PTFE caps and tape.
Polyunsaturated glycerophospholipids remain unchanged for up
to 6 months upon storage under these conditions. Sphingolipids
are expected to be stable for much longer periods of time since
they are generally more saturated. Sterols, steroids, and bile acids
are also innately resistant to chemical alterations (Sobolik et al.,
1996; Lin & Connor, 2001). In contrast, dehydrocholesterol and
ergosterol, which contain double bonds in the B-ring, are less
stable. They must be analyzed as soon as possible after isolation,
and handled under low illumination and inert atmosphere.
Evaporation of the solvent must be performed prior to analysis
under a stream of nitrogen at temperatures not exceeding 40°C or
using a SpeedVac.

VII. NON-MASS SPECTROMETRY BASED
EXPERIMENTAL APPROACHES IN LIPIDOMICS
RESEARCH

The separation and analysis of lipids have been traditionally
carried out on gels (Vitic, Nikolic, & Nikolic, 1981) or paper
(Curt Boeckel, 1962) in one- or two-dimensional electrophoresis.
Other common lipid analyses methods include thin-layer
chromatography (TLC), gas chromatography (GC), high per-
formance liquid chromatography (HPLC), nuclear magnetic
resonance (NMR) spectroscopy, and mass spectrometry-based
techniques (Otieno & Mwongela, 2008; Wenk, 2005). Specifi-
cally, metabolic labeling of lipids in tissues and cells using
radioactive precursors (e.g., 3H—, 14C—, and *?P-labeled carbon
sources or phospholipid headgroups) and fluorescent precursors
(e.g., N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl), NBD) has been
employed to quantify lipids at the mass level if the label is
exposed to the cell/tissue long enough to ensure steady-state
incorporation (under the assumption of equilibration into all
metabolic pools). For low abundance lipids such labeling regimes
are coupled to chromatographic separation techniques for
quantification. The following sections summarize the non-mass
spectrometry based experimental approaches employed in
lipidomics, emphasizing their shortcomings and advantages.

A. Thin Layer Chromatography

Thin layer chromatography (TLC) (Geiss, 1987; White et al.,
1998) has been routinely used for lipid analyses. This method
does not require sophisticated instrumentation and allows rapid
screening of lipid extracts. The solvent systems employed in TLC
are very well established for most lipid classes. Lipids are
detected by iodine vapor and class specific dyes/radioactivity
(Wenk, 2005). However, TLC based experiments are time
consuming and lack resolution power and specificity. This
generally limits the resolution power of TLC to the main classes
of lipids present in a biological sample. Other problems
associated with TLC that limit lipidomics applications are
prolonged exposure of the sample to air, which can lead to sample
degradation particularly if acids or bases are used in the
developing phase, and the destructive charring of the plate for
lipid identification prevents further analysis of the lipids.

B. Gas Chromatography

With the advent of GC the separation of lipids by TLC followed
by their hydrolysis and derivatization made possible the
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identification of individual fatty acid molecular species
(Gutnikov, 1995), TAG and sterols (Wenk, 2005). Detection
methods generally include mass spectrometry. However,
GC methods are very sensitive to compound polarity, and the
need for multiple derivatization steps to improve volatility
renders lipid analyses problematic. Sample recovery can also
pose an issue during the derivatization procedures since low
abundance lipid species may not be detected. GC based methods
are time consuming (especially for long-chain fatty acids), and a
major drawback of these methods is the large amount of lipids
required for the derivatization. Although GC is sensitive, the
analysis is conducted at high temperatures that may result in
analyte isomerization and/or decomposition. Also, the GC-
derived analyses yield information on the hydrolysis products of
lipids and not on the parent compounds.

C. High Performance Liquid Chromatography

High performance liquid chromatography (HPLC) has been
applied for ascertaining the fatty acid profiles of lipid mixtures
using ultraviolet, fluorescence, flame ionization, refractive
index or mass spectrometric detection methods. HPLC is
versatile for the separation of glycerophospholipids, sterols,
neutral lipids (TAG and DAG), fatty acids, and lipid headgroup
derivatives (Wenk, 2005). HPLC is an easily automated
method with quantification potential, and both reverse- and
normal-phase conditions have been developed and are available
for lipid analyses. Normal-phase HPLC generally separates
glycerophospholipids based on the polarity of their headgroups,
whereas reverse-phase HPLC separates phospholipids based
on the hydrophobicity of their fatty acyl chains. In reverse-
phase HPLC separation the order of elution in a class of
lipid is related to the length of the fatty acyl chain. Lipids
containing shorter fatty acyl chains elute faster than those
with longer ones. Furthermore, the higher the degree of
unsaturation, the faster the lipid elutes (Houjou et al., 2005).
Mobile phase gradients are also easily established in HPLC,
thus allowing the collection of different lipid fractions for
further examination.

Caution should be exercised during HPLC analyses at
temperatures lower than 10°C since this may lead to the
precipitation of lipids insoluble in the solvent system used,
resulting in the splitting of elution peaks into micellar and
monomeric compounds. In addition, the application of lipids in
chloroform/methanol mixtures (1:1 or 2:1, v/v) on the column
can interfere with retention on the silica gel of the stationary
phase, and the metal tubing of the equipment may deteriorate due
to exposure to HCI formed from chloroform. Recent studies have
employed HPLC coupled to evaporative light-scattering to
analyze and quantify neutral and acidic lipids (e.g., monoga-
lactosyldiacylglycerol, digalactosyldiacylglycerol, and sulfoqui-
novosyldiacylglycerol) of photosynthetic organisms (Yunoki
et al., 2009). HPLC has been also used in conjunction
with secondary chromatographic systems and mass spectrom-
eters for enhanced lipid detection and analysis performance
(Altria, 2000; Vissers et al., 1996). Over the years, interest in
microcolumns has been pursued. This approach has allowed
working with small sample sizes and low volumetric flow rates
(Vissers, 1999). However, a limitation of using microcolumns is
the lower sample capacity, which is proportional to the surface
area of the stationary phase.
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D. Capillary Electrophoresis

The most common capillary electrophoresis modes used for lipid
analyses include capillary zone electrophoresis, capillary
electrochromatography, electrokinetic ~chromatography or
micellar electrokinetic chromatography, microemulsion electro-
kinetic chromatography, and microchip capillary electrophore-
sis. Capillary electrophoresis coupled to indirect UV detection is
preferable over direct UV detection which suffers from limited
sensitivity. However, indirect ultraviolet absorbance detection
also suffers from a moderate dynamic range and detection limits
in the micromolar range. Capillary zone electrophoresis has been
used to characterize saturated and unsaturated fatty acids,
gangliosides, and CL (Otieno & Mwongela, 2008). Capillary
electrophoresis has been employed in conjunction with mass
spectrometry for the characterization of bacterial lipopolysac-
charides (Li & Richards, 2007). Capillary electrochromatog-
raphy has been utilized for the separation of triglycerides
(Dermaux & Sandra, 1999), sterols and sterol derivatives (Abidi,
2004) in vegetable oils, and for the separation of retinyl esters
(lipid vitamins) (Roed, Lundanes, & Greibrokk, 1999, 2000).
Microchip capillary electrophoresis has been employed for the
separation of PI, PIP, and PIP, (Lin et al., 2003). Difficulties
encountered with the use of capillary electrophoresis for lipid
separation include lipid aggregation especially at concentrations
above their critical micellar concentrations, as well as reduced
separation selectivity between successive homologs. Moreover,
most capillary electrophoresis methods use aqueous electrolyte
separation media, which limits determination of lipids due to
their poor solubility in aqueous buffers. Although the presence of
unsaturated groups such as carbonyl, carboxyl and phosphate
allows the ultraviolet detection of glycerophospholipids at 200—
214 nm, many lipids are difficult to detect due to the lack of
conjugated double bonds and unreactive aliphatic function
groups in their structures. Additionally, solvents, buffer additives
and various analytes absorb in the region of 190—220 nm (Otieno
& Mwongela, 2008). The coupling of capillary electrophoresis to
mass spectrometry may provide a useful means for the rapid
identification of low-abundance lipids, and for the structural
characterization of complex lipids (Li & Richards, 2007; Gaspar
etal., 2008). However, the difficulty of establishing a universally
optimized buffer system that would allow sufficient solubiliza-
tion of the entire cross-section of lipids seems to be insurmount-
able at present.

E. Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) has also been commonly
used for the structural analyses and quantification of lipid
species. For example, proton NMR was utilized to analyze lipid
profiles of human erythrocytes (Adosraku et al., 1994). High
resolution *'P-NMR spectroscopy was also employed to
determine the phospholipid composition of tissues and body
fluids (Schiller & Arnold, 2002). Two-dimensional 'H-'*C
heteronuclear single quantum coherence NMR (2D HSQC
NMR) was recently reported for the global profiling of
mycobacteria lipids (Mahrous, Lee, & Lee, 2008).

Both 'H and *'P NMR can directly analyze lipids in a non-
destructive manner. However, NMR suffers from low sensitivity
which ultimately requires very long NMR signal accumulation
times. In addition, NMR spectra are dominated by very abundant
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lipids such as phosphocholine and cholesterol (Wenk, 2005),
which compromises the ability of this technique to resolve low-
abundance lipids.

F. Biochemical Methods

Many lipids in pure form or mixtures have been analyzed by
biochemical assays such as monolayer adsorption, Langmuir—
Blodgett films, immobilized lipid biosensors and lipid blots/
beads (Wenk, 2005). These approaches are sensitive and permit
the determination of the identity of potential lipid interaction
partners. The functional immobilization of lipids, however,
complicates the technical feasibility, and automation and
throughput are generally limited. Optical, calorimetric, and
radiometric approaches using liposomes or micelles have been
used for binding studies and enzymatic assays. Lipid antibodies
and reactive lipids have been employed in cell biology studies to
elucidate the subcellular localization of lipids and to identify
lipid-binding proteins, respectively. However, availability and
specificity of lipid antibodies and reactive probes pose technical
challenges yet to be resolved.

VIIl. MASS SPECTROMETRY IN LIPIDOMICS
RESEARCH

The analysis of lipids poses a constant challenge owing to their
large number and structural diversity. It was estimated that the
theoretical number of distinct lipid isoforms is close to 200,000
(Oresic, Hanninen, & Vidal-Puig, 2008; Yetukuri et al., 2008).
Although it is not yet possible to analyze all these lipids at once,
new mass spectrometry-based technological innovations are
expanding the number and types of lipids that can be analyzed
(Han & Gross, 2003; Pulfer & Murphy, 2003; Guan & Wenk,
2006; Wolf & Quinn, 2008; Gross & Han, 2009). Mass
spectrometry offers high sensitivity and resolution for the
characterization of global lipid profiles in a given cell or
organism. A schematic diagram of an overall lipidomics
approach is presented in Figure 14.

Modern mass spectrometry methods include ionization by
electrospray (ESI), fast atom bombardment (FAB), atmospheric
pressure chemical-ionization (APCI), atmospheric pressure
photo-ionization (APPI), MALDI, and tandem mass spectrom-
etry (MS/MS or MS"). Choosing a particular mass spectrometry
method strongly depends on the lipid class to be analyzed. It is
generally accepted that ESI is best suited for the analysis of
phospholipids (Han et al., 2006b; Brugger et al., 1997), whereas
APCI works best for relatively non-polar compounds like TAG
and wax esters. However, APCI has been equally successful in
detecting various glycerophospholipids in HPLC-MS experi-
ments with human meibomian lipids (Butovich et al., 2007
Butovich, Uchiyama, & McCulley, 2007). The following
sections will introduce the scanning and ionization modes, as
well as the different types of mass spectrometers employed in
lipidomics research.

A. lonization Modes

Mass spectrometry is an analytical technique that separates
charged analyte ions in the gas-phase based on their mass-to-
charge ratios (m/z values). Creating these gas phase analytes is
the role of the ionization method. The ionization methods
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FIGURE 14. A schematic diagram of the overall lipidomics approach.

commonly used in lipidomics research are summarized in the
following sections.

1. Electron lonization

Electron ionization (EI), the most popular ionization method for
organic molecules when applicable, was first described by
Dempster (1918). Conventionally, the sample molecules vapor-
ized in the gas phase are bombarded with a beam of energetic
electrons (~70eV) at low pressure (107> to 10~ %torr) (Dass,
2007b). During this process positive ions are formed by the
ejection of an electron from the target molecules. EI is simple to
use, and compatible with volatile lipid molecules. However, the
non-volatile lipid molecules have to be converted to methyl,
trimethylsilyl, or t-butyldimethylsilyl (TBDMS) derivatives
prior to EI-MS analysis, which results in additional sample-
handling steps and yields side products from incomplete
derivatizations. Furthermore, the lipid molecules are not stable
under high-energy electron-beam bombardment, resulting in
ions produced by extensive fragmentation and double bond
migration (Kawai, Takeda, & Terao, 2007; Minami et al., 2007,
Oursel et al., 2007; Bicalho et al., 2008; Long et al., 2008).

2. Chemical Ionization and Atmospheric Pressure
Chemical Ilonization

Chemical ionization (CI) is a less energetic ionization process
than electron ionization. As usually practiced it is based upon
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gas-phase acid-base reactions between the sample molecules and
ions produced by EI of a reagent gas (Munson & Field, 1966). In
the ion source the reagent gas (such as methane, ammonia, and
isobutane) is present in large excess compared to the sample
molecules. CI involves the following three steps: (i) the high-
energy electron beam preferentially ionizes the reagent gas;
(ii) the reagent gas ions (e.g., CH; *) initially formed interact with
other reagent gas molecules, and produce the more stable reagent
ion (e.g., CHY and C,HY) via ion-molecule reactions; (iii) the
sample ions are formed by ion-molecule reactions (e.g., proton
transfer) between the sample molecules and the stable reagent
ions (Dass, 2007b).

Atmospheric pressure chemical ionization (APCI) is a type
of chemical ionization performed at atmospheric pressure, and
can be used for the analysis of liquid chromatography effluents.
The LC effluents containing analytes are simultaneously heated
to relatively high temperatures (the mobile phase solvent absorbs
most of the heat) and atomized (sprayed) with high flow rates of
nitrogen, creating an aerosol of fine droplets that readily
evaporate. This mixture of gas-phase analytes, solvent and
atomizing gas is then subjected to a corona discharge created by
raising a sharp metal needle to several thousand volts. The
primary ions (e.g., NJ) are produced by EI resulting from the
electrons from the corona discharge and the excess atomizing
gas. These primary ions react with solvent molecules (such as
H,O, methanol and acetonitrile) in a complex sequence to
ultimately form the solvated ions of highest proton affinity (e.g.,
H;0"(H,0),). Subsequently the analyte ions are formed through
gas-phase ion-molecule reactions between the analyte molecules
and these solvated ions (Dass, 2007b). APCI-MS is used for
qualitative and/or quantitative analyses of complex mixtures of
many lipid classes, including fatty acyls, TAG, phospholipids,
ceramides, carotenoids, and steroids (Byrdwell, 2001, 2005). CI
and APCI-MS are also used for locating double bonds in
unsaturated lipids (Moneti et al., 1996; Van Pelt & Brenna, 1999;
Lawrence & Brenna, 2006; Xu & Brenna, 2007).

3. Atmospheric Pressure Photo-Ionization

Atmospheric pressure photo-ionization (APPI) is a relatively
new technique suitable for the analysis of PC (Delobel, Touboul,
& Laprevote, 2005), fatty acyls and glycerololipids (Cai &
Syage, 2006a), sphingolipids (Delobel et al., 2006; Roy et al.,
2006; Munoz-Garcia et al., 2008) and oils (Gomez-Ariza, Arias-
BorregoA, & Garcia-Barrera, 2006; Lerma-Garcia et al., 2008).
In this approach, which is a modification of APCI, the liquid
effluent is vaporized in a heated nebulizer to generate gas-phase
analytes. Ionization is triggered by a beam of photons emitted
from a UV lamp, usually a krypton discharge lamp emitting
photons at 10eV, as a replacement for the corona discharge in
APCI. Since most lipid molecules have ionization energies
higher than 10 eV, the ionization mechanism only rarely involves
direct APPI of analyte molecules as in EI. In the more common
dopant-assisted APPI mode two steps are involved. In the first
step the ionization region is filled with the high-concentration
dopant with a low ionization energy (e.g., acetone, benzene,
toluene, and xylene), and the dopant radical cations are produced
by absorption of photons. In the second step the analytes are then
ionized by direct charge transfer from dopant radical cations or
by the solvent-mediated ionization. During the latter, the solvent
molecule S is ionized by a proton transfer from the dopant radical
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cation, forming an SH™ ion, which in turn ionizes the analyte
molecule by a second proton transfer reaction (Raffaelli & Saba,
2003; Cai et al., 2007; Dass, 2007b). Compared to APCI (Section
VIII.A.2) and ESI (Section VIILLA.5), APPI provides lower
detection limits, generally the highest signal intensities, and the
highest S/N ratio in analyzing lipid molecular species separated
by normal-phase liquid chromatography (Cai & Syage, 2006b).

4. Secondary Ion Mass Spectrometry and Fast Atom
Bombardment Ionization

Secondary ion mass spectrometry (SIMS) is a surface character-
ization technique that is used for the analysis of samples from
solid surfaces or thin films (Handa et al., 1983). In this approach a
primary high-energy (several keV) ion beam bombards the
surface of the sample directly, resulting in sputtering
of secondary ions. The ejected secondary ions are then collected
and analyzed by a mass spectrometer. Fast atom bombardment
(FAB) may be considered as an improved version of SIMS for
organic analysis, discovered by Barber et al. (1981, 1982). The
sample to be analyzed is mixed with a low-volatility and inert
liquid matrix (e.g., glycerol), and is bombarded with a beam of
high-energy (usually several keV) atoms under vacuum. Both
SIMS and FAB are suitable for lipid analysis after TLC
separation. The differences between SIMS and FAB lie in the
following: (i) SIMS is performed directly on the surface of the
sample and the secondary ions produced during the sputtering
process are measured, whereas FAB uses a liquid phase as a
matrix and the sample is mixed with the matrix prior to
ionization; (ii) while SIMS uses a cation beam such as Ar™ or
Xe™t, FAB uses an electrically neutral atom beam such as Ar° or
Xe® (Matsubara & Hayashi, 1991). SIMS can be a powerful
technique in imaging mass spectrometry for lipid distributions in
biological specimens. However, a common drawback of SIMS is
the difficulty to desorb ions with m/z over 500, which makes the
detection of large lipid molecules very difficult (Walker, 2008).
FAB-MS can reveal valuable information on the structures of
complex lipids (such as homogeneity, molecular weight,
molecular species, composition of fatty acid, fatty acid position
in the glycerol backbone, etc.) (Matsubara & Hayashi, 1991).
FAB has nowadays been largely replaced by APCI and ESI, but
recently FAB-MS in the negative ion mode has been employed to
unambiguously distinguish between cis and trans isomers of
monounsaturated fatty acids (Ji et al., 2007a,b).

5. Electrospray lonization

Electrospray ionization (ESI), a ““soft’”” ionization technique (i.e.,
little or no molecular fragmentation occurs during ionization),
was developed by Fenn et al. (1989). The sample solution
(usually from liquid chromatography) is sprayed at the end of a
fine capillary needle held at a high electric potential (several kV),
forming small charged droplets. As the solvent vaporizes the
sample ions are produced via either the charge-residue model
(CRM, most likely valid for biopolymer analytes) or the ion-
desorption model (IDM, believed to dominate for small-
molecule analytes). ESI yields gas-phase ions directly from
molecules in a solution, and thus can ionize effluents from liquid
chromatography. Currently, it is the most frequently used
ionization technique for lipid analysis. The principles and
mechanisms of ESI for lipids have been well summarized in
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many review articles and books (Fenn et al., 1989;
Duffin, Henion, & Shieh, 1991; Hsu, Bohrer, & Turk, 1998a;
Hsu & Turk, 2003; Pulfer & Murphy, 2003; Isaac et al., 2007;
Postle et al., 2007; Dass, 2007b). Here we emphasize the newer
developments.

In positive ion mode ESI most commonly yields ions that are
protonated molecules. However, ionization via adduction of
doped-in metal cations was introduced to ESI for lipid structure
identification, forming the sodiated, lithiated and copper-
containing ions (Hsu & Turk, 2000e, 2003, 2006, 2008a,b;
Afonso et al., 2005; Simoes et al., 2008; Smith et al., 2008).
Another innovation of ESI in lipid analysis is ozone electrospray
(OzES]I). In this approach ozone is introduced into the ion source
together with the desolvation gas, permitting the analysis of
double-bond positions in a broad range of common unsaturated
lipids including acidic and neutral glycerophospholipids, sphin-
gomyelins, and TAG (Thomas, Mitchell, & Blanksby, 2006;
Thomas et al., 2007).

“ESI with intrasource separation” is used in shotgun
lipidomics for direct quantification of lipids from ‘“‘crude”
extracts (Han & Gross, 2005). The intra-source separation
strategy enables comprehensive profiling of the cellular lipidome
by direct infusion of crude lipid extracts without front-end
chromatographic separation (Han & Gross, 2003, 2005; Han
etal.,2004). By employing both positive and negative ion modes,
as well as adjusting the pH of the lipid extract, it is possible to
preferentially ionize anionic lipids, weak anionic lipids and
neutral lipids under different ESI experimental conditions. The
use of intrasource separation with its exploitation of selective
ionization methods is expected to simplify the requirements for
lipid purification prior to mass spectrometry in such a shotgun
survey approach, and indeed this is found to be the case
(Adibhatla, Hatcher, & Dempsey, 2006).

6. Matrix-Assisted Laser Desorption/lonization

MALDI is another ‘“‘soft” ionization technique (Karas &
Hillenkamp, 1988; Tanaka et al., 1988) successfully used for
lipid analysis. During the MALDI process samples are first
embedded in a dry crystalline matrix. A pulsed laser beam (most
commonly a nitrogen laser) is then used to irradiate the resulting
sample-matrix crystals, triggering vaporization and ionization of
the target sample and matrix molecules. Unlike EST, MALDI can
ionize the analyte directly from the solid phase. MALDI is easily
coupled with TLC for the analysis of different lipid classes (e.g.,
phosphatidylcholines, sphingomyelins, neutral glycosphingoli-
pids and gangliosides) (Guittard, Hronowski, & Costello, 1999;
Lessig et al., 2004; Dreisewerd et al., 2005; Nakamura et al.,
2006; Rohlfing et al., 2007; Fuchs et al., 2007a; Distler et al.,
2008). MALDI is also largely used in imaging mass spectrometry
for investigating the distribution of lipids through the direct
analysis of thin tissue sections (Rujoi, Estrada, & Yappert, 2004;
Jackson, Wang, & Woods, 2005b; Cornettetal., 2007; Isaac et al.,
2007; McDonnell & Heeren, 2007; Schiller et al., 2007; Chen
etal.,2008; Hou et al., 2008). However, the use of this technology
is still considered better suited to analysis of high molecular
weight protein targets rather than low molecular weight lipids
(Schiller et al., 2004). MALDI has been applied for the analysis
of glycerophospholipids (e.g., PC, PE, PS, and CL) since they
produce [M+H]*, [M+Na]*, and [M+Li]" ions in the
positive-ion mode (Li, Gross, & Hsu, 2005; Fuchs et al.,
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2007b; Hayasaka et al., 2008; Stubiger, Pittenauer, & Allmaier,
2008). The headgroup and the identity/position of individual
fatty acyl chains of glycerophospholipids could be identified by
MALDI coupled to post-source decay (PSD) fragmentation in
a time-of-flight mass spectrometer (Fuchs et al., 2007b; Stubiger,
Pittenauer, & Allmaier, 2008).

B. Mass Spectrometers

A mass spectrometer has three essential components: (i) an ion
source that converts the sample molecules into charged ions in the
gas phase; (ii) a mass analyzer employs electric and/or magnetic
fields to sort ions according to their m/z values; and (iii) a detector
that measures the signal of each m/z-resolved ion. Mass
spectrometers with one type of mass analyzer, and hybrid mass
spectrometers (e.g., quadrupole linear ion trap, quadrupole TOF
and linear ion trap-orbitrap) combining different types of mass
analyzers, are frequently used in lipid identification and
quantification. For example, quadrupole-linear ion trap hybrids
combine the functions of multistage MS" in the ion trap with
precursor ion scanning and neutral loss scanning as well as MRM
for quantification using the triple quadrupole (Nakagawa et al.,
2005; McDonald et al., 2007; Shaner et al., 2009; Zhao et al.,
2008). The mass spectrometers commonly employed in lipido-
mics are described below.

1. Time-of-Flight Mass Spectrometer

In the TOF mass spectrometer ions are accelerated to the same
high kinetic energy (Ek) and thus ions of different m/z have
different velocities (v). The m/z values of ions are deduced from
their flight time (t) through a tube with a fixed length (L) under
high vacuum. The kinetic energy of a specific ion is Ek =m x v?/
2 where m is the actual mass of the ion (in kg in the SI system of
units). Note that m=m x m, where m, is the atomic mass
constant (1/12 of the mass in kg of a single atom of the isotope
'2C) and m is the mass of a single atom or molecule on the
corresponding atomic mass scale. The time of arrival of an ion at
the detector is then 7= L/v, or v =L/t. The potential energy (Ep)
before acceleration of the ion is related to its charge (g =z X e,
where e is the fundamental unit of charge) and to the electrical
potential U at the start of the ion’s acceleration, as
Ep=gxU=ze x U. Theoretically, in the absence of any
distorting collisions all the potential energy is converted to
kinetic energy, so that Ek = Ep, that is, m X V22 =ze x U. If we
now replace m with m xm, and v with L/t we obtain the
fundamental equation for the time-of-flight mass spectrometer:
mlq = (mlz) x (myle) = QUIL*) x *. Since m, and e are funda-
mental constants of nature and U and L are fixed parameters of the
particular time-of-flight instrument, measurement of ion
arrival time ¢ amounts to measurement of m/z. Usually the
accurate relationship between the two is established by
calibration using ions of known m/z values rather than by direct
calculation using values of U and L.

Time-of-flight analyzers are well suited for combination
with MALDI ion sources that are intrinsically pulsed in nature,
and as a result the majority of commercially available TOF
instruments are equipped with MALDI device as ionization
sources. TOF and hybrid TOF instruments, such as ion mobility-
TOF, TOF-TOF, Qqg-TOF, and QIT-TOF, have all been used for
lipid analysis (Woods et al., 2004; Jackson et al., 2005¢; Trimpin,
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Clemmer, & McEwen, 2007; Shvartsburg & Smith, 2008;
Shimma et al., 2008).

2. Ion Trap Mass Spectrometer

The three-dimensional ion trap instrument is composed of a
doughnut-shaped central ring electrode and two end-cap electro-
des, all with hyperbolic geometry. The trapping electric field is
formed by applying direct current (dc) and radio-frequency (rf)
potentials to the ring electrode and ground potential to the end-
cap electrodes. By manipulation of the ratios of the dc and rf field
strengths, the analyte ions can be captured and subjected to
various techniques of mass spectrometry including straightfor-
ward m/z analysis, MS/MS, and even multi-stage MS" analyses.
These tandem MS experiments are achieved by manipulating
ions’ motion in time rather than in space as is done in triple-
quadrupole instruments for example (Dass, 2007a). Ion trap mass
spectrometers are cost-friendly and offer good sensitivity and
high throughput. These instruments have been used for
glycerophospholipid characterization using MS" up to MsS*
(Larsen et al., 2001). However, accurate mass determinations and
highest-quality quantification are not possible with ion trap mass
spectrometers since these instruments suffer from low dynamic
range, limited resolving power, and space-charge effects that
severely limit the number of ions that can be stored at any
one time without significant degradation of resolving power,
m/z accuracy, etc. Higher resolution and expanded dynamic range
have been made possible with the development of “linear” or
“two-dimensional” ion trap (LTQ) instruments (Schwartz,
Senko, & Syka, 2002).

The orbitrap is a newer member of the ion-trap family of
mass analyzers. It consists of an axial spindle-like central
electrode and a coaxial barrel-like outer electrode. The trapped
ions undergo rotation and harmonic oscillations along the central
electrode. The m/z values of the trapped ions are related to the
frequencies of their harmonic oscillations along the central axis.
Mass analysis is performed by measuring the image current that
is induced in the outer electrode by the motions of the ions and
converting the time-domain signal into mass spectra using fast
Fourier transforms (Dass, 2007a). Orbitrap mass spectrometers
offer high mass accuracy and resolving power. Hybrid LIT-
orbitrap instruments have been employed for high-quality
lipidome identification and quantification (Schwudke et al.,
2007a,b).

3. Triple-Quadrupole Mass Spectrometer

The advantages of triple-quadrupole mass spectrometers in
lipidomics research include their ability to perform precursor ion
scanning and neutral loss scanning and their unequalled ability to
provide quantitative analyses of high precision and accuracy
using the multiple-reaction monitoring (MRM) mode. These
characteristics are suitable for the analysis of various lipid classes
(Larsen et al., 2001; Bielawski et al., 2006; Isaac et al., 2007;
Shaner et al., 2009).

A linear quadrupole consists of four precisely matched
parallel metal rods. The dc and rf potentials are applied between
the two opposing pairs of these electrodes to produce a high-
frequency oscillating electric field. Mass separation is thus made
possible by the oscillatory motions of ions in this electric field,
rather similar to the selective ion trapping conditions in an ion
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trap. Ions of a specific m/z value pass through the quadrupole
rods only with specific values of the dc and rf potentials. A
mass spectrum is usually obtained by changing both the dc
and rf potentials while keeping their ratio constant (Dass,
2007a).

In triple-quadrupole instruments, three quadrupoles are
arranged sequentially. While the first (Q1) and third (Q3)
quadrupoles are operated in the mass-selective mode using both
dc and rf potentials, the second quadrupole (Q2) is operated with
only the rf potential. Therefore, Q2 allows all ions above
a minimum cut-off m/z value to pass through, and serves as a total
ion containment region and a gas collision cell in which ion-
molecule collisions can induce ion fragmentations that provide
chemical information.

Triple-quadrupole instruments are well suited for tandem
mass spectrometry. Since ion transmission through quadrupoles
is normally limited to ions with kinetic energies in the range 0—
100 eV, the MS/MS fragmentations induced in Q2 are said to be
in the low-energy range (Dass, 2007c). Triple-quadrupole
instruments can perform tandem mass spectrometry in space
(compare the case of ion traps that do so “in time”” within a fixed
spatial region). In product ion scanning, precursor ions with
particular m/z values are selectively transmitted by QlI,
fragmented in Q2 (collision cell), and the resulting product ions
are analyzed by scanning Q3. Triple-quadrupole mass spec-
trometers can also perform precursor ion scanning (Q3 set to
transmit ions of selected m/z while Q1 scans the precursor ions)
and neutral loss scanning (Q1 and Q3 are scanned together with a
selected fixed m/z difference between them). They are most often
operated in MRM mode that provides the currently best available
performance in quantitative analyses. In MRM mode Q1 is set to
transmit a selected precursor ion and Q3 is also set for a selected
product ion. After a sufficient time for enough ions to be counted
to provide a statistically meaningful measurement, both Q1 and
Q3 can be rapidly switched to different values for another analyte
or for an internal standard used for quantification. This approach
provides large dynamic range and impressive accuracy and
precision with measurement capability compatible with even fast
chromatography timescales, together with a significant improve-
ment in detection selectivity (less interfence from co-eluting
compounds) compared with simple monitoring of only selected
precursor ions.

The main disadvantages of all quadrupole instruments
arise from their low resolving power and thus limited precision
and accuracy in m/z measurement for unambiguous identi-
fication of lipids. It is also essentially impossible to perform
MS" experiments with n>2, unlike the trap instruments.
Moreover, as scanning instruments they have very poor
efficiencies of ion utilization in all scanning modes (so-called
low duty-cycle), a disadvantage that is much less important in
the ““peak jumping”” MRM mode. Some of these disadvantages
are overcome by various hybrid instruments. The so-called
Qq-TOF instruments, in which Q3 is replaced by a TOF
(Ekroos et al., 2002; Rainville et al., 2007), have been
employed to improve resolving power for product ions in
MS/MS mode and allows more precise m/z determinations for
lipids. The QQ-LIT (or QTRAP) mass spectrometers, in which
the third quadrupole (Q3) is replaced with a LIT that can also be
operated as a conventional Q3, can perform precursor and
neutral loss scans and MRM analyses as well as multiple-stage
MS/MS (MS").
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4. Fourier Transform Ion Cyclotron
Resonance Spectrometer

A Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer, also known as Fourier transform mass spectro-
meter, allows the determination of m/z values of ions based on
their cyclotron frequency in a fixed magnetic field. The essential
part of FT-ICR is a cell that is composed of three pairs of opposing
plates that permit trapping, excitation, and detection. The cell is
placed in a strong magnetic field. Ions are confined laterally in
this trap by a static magnetic field and axially by a static electric
field applied using one of the pairs of opposing plates. lons are
excited to coherent orbital motions with frequencies that are
m/z-dependent by a broadband rf pulse applied via a second
pair of opposing plates, and are detected by measuring the
image current induced in the third pair of opposing plates by
the ions’ orbital motions. The application of a Fourier transform
converts this complex time-domain signal into a mass spectrum
(Dass, 2007a). To date, the highest resolution and mass
accuracy for lipids have been obtained using FT-ICR mass
spectrometers and hybrid instruments that use them as product
analyzer (e.g., LIT-FT) (Schwudke et al., 2007a,b). The further
coupling of these instruments to HPLC-ESI makes possible the
analysis of complex lipid mixtures (Ivanova et al., 2001; Yuetal.,
2006; Hu et al., 2008). FT-ICR instruments, however, are
expensive and quite laborious when it comes to operation and
maintenance.

5. Imaging Mass Spectrometry

Imaging mass spectrometry (IMS) allows the acquisition of
spatial distributions (maps) of m/z-analyzed lipids from
tissue sections. The most commonly used ion formation
techniques used in IMS are MALDI and SIMS. Applications of
MALDI in imaging mass spectrometry have usually employed
N, UV lasers (McDonnell & Heeren, 2007) and infrared laser
beams (Woods et al., 2006) rastered over the tissue section,
together with matrices composed of 2,5-dihydroxybenzoic
acid (DHB) (Rujoi, Estrada, & Yappert, 2004; Jackson,
Wang, & Woods, 2005a; Garrett & Yost, 2006; Woods et al.,
2006; McLean, Ridenour, & Caprioli, 2007; Chen et al., 2008;
Shimma et al., 2008), 2,4,6-trihydroxyacetophenone (THAP)
(Stubiger & Belgacem, 2007) and 2-mercaptobenzothiazole
(MBT) (Astigarraga et al., 2008). To optimize matrix homoge-
neity a new matrix coating system called the oscillating capillary
nebulizer (OCN) has been recently developed (Chen et al., 2008).
Though MALDI can generate ions of intact lipid molecules
from tissue sections, it suffers from the following drawbacks:
(i) limited lateral resolution (20—50 um) due to fundamental
physical limitations and disturbances induced by the application
of the matrix; (ii) chemical noise at low mass, and (iii) long
acquisition times (Carado et al., 2008).

In SIMS applied to IMS, the primary ion beam has evolved
from Bij, Au, and Ga* (Woods & Jackson, 2006; Richter et al.,
2007) to CfTo (Cheng et al., 2007; Carado et al., 2008; Piechowski
et al., 2008). Compared to MALDI, SIMS yields cleaner spectra
at low mass (<m/z 1,000), and offers sub-micrometer lateral
resolution without the use of matrix. However, SIMS cannot
resolve total structural information due to fragmentation of
analytes during the ionization process. To overcome the draw-
backs of each method, Carado et al. (2008) combined MALDI
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and SIMS in a single mass spectrometer, which might offer a
promising tool for lipid imaging analyses.

C. Tandem Mass Spectrometry

Tandem mass spectrometry (MS/MS), or the study of specific ion
fragmentations, is a powerful analytical approach for lipid
structure elucidation and quantification in lipidomics research
and was briefly described above. The most commonly used
approach for ion fragmentation in lipid analysis by MS/MS 1is
collision-induced dissociation (CID), also termed collisionally
activated dissociation (CAD). In this process the mass-selected
precursor ions gain high kinetic energy via acceleration through
an electric potential drop. The accelerated ions are then caused to
collide with neutral gas molecules (helium in ion traps and
usually nitrogen or argon in tandem-in-space instruments such as
triple-quadrupoles). Part of the kinetic energy is thus converted
into internal energy, resulting in fragmentation of the precursor
ions and hence in production of fragment ions whose m/z values
contain chemical information. The CID process can be
performed at low (eV range) and high (keV) collision energies
(Sleno & Volmer, 2004). Triple-quadrupole and ion trap
spectrometers (Afonso et al., 2005; Simoes et al., 2008) employ
low energy CID, tandem sector and TOF instruments (Trimpin,
Clemmer, & McEwen, 2007) employ high collision energy, and
FT-ICR instruments (Mirgorodskaya, O’Connor, & Costello,
2002; Vukelic et al., 2005; Cui et al., 2008) are used at both low
and high collision energy.

A significant disadvantage of MS/MS experiments con-
ducted using CID in a three-dimensional ion trap is the low mass
cut-off feature, the so-called ““1/3 Rule,” whereby fragment ions
with m/z values lower than approximately 1/3 of that of the
precursor ion cannot be trapped and detected without special
operating procedures. The same principle applies to linear
quadrupoles, for example, the low-mass cut-off of a RF-only
quadrupole used as a collision cell, but the practical effects are
much less serious because the three quadrupoles are operated
independently and the RF field conditions in one do not affect
those in the others unlike the ““tandem-in-time”” approach used in
an ion trap. This advantage also applies to other hybrid
instruments. For example, in the LTQ Orbitrap XL™, high-
energy CID can be performed on the accelerated ions from C-trap
in the nitrogen-filled collision cell. The resulting fragment ions
re-enter the C-trap, and are detected in the orbitrap without low
mass cut-off. Both the low and high energy CID mass spectra can
be obtained in parallel acquisitions, a feature which has been
successfully employed for protein identification and quantifica-
tion (Olsen et al., 2007), and holds tremendous potential for lipid
structural elucidation.

Tandem mass spectrometry can also include multiple stages
of mass analysis, the so-called MS" approach that is practical
only inion trap instruments. MS" experiments enable the study of
sequential multi-stage fragmentations of the precursor ions
within the same run to characterize the structures of complex
analytes such as lipids (Larsen et al., 2001; Hsu & Turk, 2008a,b;
Smith et al., 2008). On the other hand, tandem-in-space
instruments such as triple-quadrupoles permit investigation of
fragmentations of lipid species using four different scan modes.
These include product ion scanning (as in trap instruments),
precursor ion scanning, neutral loss scanning and MRM,
described briefly above for triple-quadrupole instruments.
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Applications of product ion scanning to lipid analysis include
sphingomyelins (Hsu & Turk, 2000e) and sulfatides (Hsu,
Bohrer, & Turk, 1998a). The detection in complex mixtures of
compounds containing specific functional groups, for example,
different lipid subclasses, may be performed using precursor ion
scanning if the functional group in question readily yields a
fragment ion with a characteristic m/z value. The resulting
spectrum contains all precursor ions that yield the characteristic
fragment ion upon CID. Neutral loss scanning mode provides
information similar to that of precursor ion scanning, but for
cases in which the chosen functional group yields a characteristic
neutral fragment rather than a fragment ion. Precursor ion and
neutral loss scans have been employed to analyze glycerophos-
pholipids and their functional groups (Ekroos et al., 2002; Han
etal., 2005, 2006a). Applications of MRM in the quantification of
specific lipid molecules, as opposed to lipid classes, have been
described (Bielawski et al., 2006; Taguchi, Nishijima, &
Shimizu, 2007).

Electron capture dissociation (ECD) is a fragmentation
method that can be used with multiply charged ions as an
alternative to CID for tandem mass spectrometry analysis
(Zubarev, Kelleher, & McLafferty, 1998). A multiply charged
even-electron positive ion can capture a low-energy electron
(usually <0.2eV) forming an odd-electron ion. For technical
reasons ECD is most readily conducted in FT-ICR instruments.
Subsequent ion fragmentations of the radical-cations formed by
electron capture follow radical ion chemistry, which can be quite
different from the fragmentation mechanisms of the even-
electron precursor ions activated in CID. ECD tandem mass
spectrometry has been successfully in revealing structural
information about the headgroup, and the identity and position
of the acyl chains of PC (James, Perugini, & O’Hair, 2008).
Extensive structural information on monosialoganglioside GM,
including the identification of the sphingoid base and fatty acyl
entity of the ceramide backbone, as well as the cleavage of the
acetyl moiety of the N-acetylated sugars, has been also possible
with ECD mass spectrometry (McFarland et al., 2005). ECD is
not practical in ion traps because the electrons are excited by the
RF field and it is not possible to maintain their kinetic energies at
the low values required for electron capture. Various problems
prevent practicable application of ECD in ion beam (tandem-in-
space) instruments. More recently (Syka et al., 2004), this
problem was overcome by the development of a method of
transferring an electron to an even-electron multiply charged
analyte ion from suitable donor ions that can be trapped
simultaneously in an ion trap. For example, ETD tandem MS
has been used for PC analysis by ion—ion reactions between
doubly-sodiated PC cations and azobenzene radical anions in a
linear ion trap mass spectrometer (Liang et al., 2007). This
approach proved useful for revealing information on the number
of carbons and the degree of unsaturation of each fatty acyl chain,
along with its stereospecific position on the glycerol backbone.

D. Direct Infusion or Front-End Chromatographic
Separation

Lipid species are routinely analyzed by ESI mass spectrometry
via direct infusion or integrated with front-end liquid chromato-
graphic separations such as normal- and reverse-phase HPLC.
Compared to direct infusion, coupling liquid chromatography to
mass spectrometry significantly reduces the complexity of the
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lipid mixture presented to the mass spectrometer for analysis. An
advantage of this approach is that the front-end chromatographic
separation limits high abundant lipid species to a relatively
narrow chromatographic window, and thus allows low-abun-
dance lipid species to be identified with less interference and
higher confidence. In addition, parameters of the chromato-
graphic separation itself provide additional information for lipid
structure elucidation. Normal-phase HPLC, in which the sta-
tionary phase is more polar than the mobile phase, is capable of
separating glycerophospholipids based on their polar head-
groups. Reverse-phase HPLC, in which the mobile phase is the
more polar, can distinguish glycerophospholipids based on their
fatty acyl moities. However, due to the great diversity of the
physicochemical properties of lipid species, front-end chromato-
graphic separation is generally customized for the analysis of
certain types of lipid species. As a result, for comprehensive lipid
identification and quantification, multiple chromatographic
separation techniques are normally required. Also, there are
concerns over sample loss during liquid chromatographic
separation and oxidative degradation during pre-fractionation
using TLC for example (DeLong et al., 2001).

Mass spectrometric studies of crude lipid extracts using
direct infusion have been reported in the literature (Abidi, 2004;
Ejsing et al., 2006, 2009; Gross & Han, 2009; Yang et al., 2009b).
The advantages of direct infusion over front-end chromato-
graphic separation include the simpler experimental setup and
high throughput. Crude lipid extracts can be analyzed by mass
spectrometry without any extensive sample processing steps.
Unlike aqueous protein extracts, where high amount of salts are
present and desalting is a necessary step before analysis by mass
spectrometry, lipid extracts in the organic phase are clean and
almost free of salts. This minimizes the possibility of ionization
suppression by inorganic salt ions. As a result, direct infusion is
capable of providing useful analyses of complex mixtures of lipid
species that could have a dynamic range of several orders of
magnitude. It is acknowledged that different classes of lipid
species are preferentially ionized under different experimental
conditions, which leads to ionization suppression of other lipid
species since an ESI source has an upper limit on the amount of
total ionization that it can provide at any one instant. This
intrinsic problem is addressed in the ‘““intra-source separation”
approach (Han et al., 2004), described previously in the section
on ESI. Sequentially changing experimental conditions such as
adjusting pH, in combination with switching the mode of
ionization (positive or negative), can result in the preferential
ionization of different types of lipid species each time. The
combination of all the results obtained for the crude extract under
different experimental conditions can result in a comprehensive
lipid identification map for the crude extract. Intra-source
separation in combination with multiple precursor ion scans
and neutral loss scans has enabled the unambiguous identification
of many components in complex lipid extracts (Han et al., 2004;
Han & Gross, 2005; Yang et al., 2009a,b).

IX. LIPID STRUCTURE ELUCIDATION

To delineate structure characteristics of individual lipid mole-
cules, the lipidomics field has benefited from the technical
developments established in proteomics. However, protein
identification has mostly involved a “matching” process in
which the amino acid sequences of some peptide fragments, or
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other information related to the amino acid sequence of a protein,
are determined by mass spectrometry and the information thus
obtained is used to search against a library that contains all the
possible protein sequences predicted by the genomic information
of the biological system. The sole exception to this generalization
is de novo protein sequencing that is generally used only when the
shotgun method fails to provide an unambiguous result.
Proteomic strategies thus capitalize on sequence-based nucleo-
tide and peptide signatures.

Lipid second messengers lack such easily definable
molecular signatures. As reviewed above, isoforms can vary
only by one double bond or one methylene unit. Thus, in sharp
contrast to protein analysis, lipid identification is inherently a ““de
novo” process where the structural elucidation of a lipid species
is based on the interpretation of mass spectrometry-derived
structural information. It is also a “‘top-down’” approach, that is,
the identification process requires intact lipid species. (Shotgun
proteomics as usually practiced is a ““bottom-up’” process that
requires first decomposing the proteins into much smaller
constituent peptides that are amenable to analysis by tandem
mass spectrometry.) In the case of lipids, structural information
on all parts of the molecule (e.g., including both the polar
headgroup and fatty acyl chains in glycerophospholipids) are
required for a complete elucidation of the lipid structure.
Therefore, it is crucial to have the lipids present in their native
unmodified forms to allow accurate structural elucidation of the
lipid species of interest. However, lipid species are subject to
modifications or degradation (i.e., oxidation and hydrolysis)
prior to mass spectrometry analyses as indicated above. As a
result, the lipidomics field currently faces the challenge of
decoding as much information as possible about the different
lipid moieties to allow a non-biased and true identification of the
original structures of lipids. The following sections will highlight
the use of mass spectrometry-based approaches for structure
elucidation of glycerophospholipids predominantly, as well as
fatty acyls, glycerolipids, and sphingolipids.

A. Structure Elucidation of Glycerophospholipids

A generic strategy for the study of glycerophospholipids consists
of coupling HPLC to ESI-MS/MS. As stated above, ESI is best
suited for glycerophospholipids analysis. A survey scan is
employed to determine the molecular weight of each lipid
species. Greater mass accuracy translates into more accurate
prediction of the atomic composition of the lipid. In a second
stage, individual lipids are subjected to dissociations by ion
activation. Although low-energy CID has been extensively
applied for lipid studies, high-energy CID and electron transfer
dissociation (ETD) have been also employed (Harvey, 2005;
Liang et al., 2007). The fragmentation patterns normally reveal
information on the lipid polar headgroup and its acyl chain
moieties. Depending on the electrical propensity of a lipid
species, it can be ionized more efficiently under either positive
(protonated) or negative (deprotonated) electrospray ionization.
A lipid can also be adducted by a cation (e.g., Na™) or an anion
(e.g., C17) and then studied under positive or negative ion mode,
respectively. Precursor ion scan and neutral loss scan enable the
identification of specific lipid species from a complex mixture by
monitoring charged and neutral loss ion fragments, respectively.
The characteristic fragment can be associated with either a polar
headgroup or a fatty acyl moiety.
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1. ESI-MS/MS of Protonated Glycerophospholipids

Glycerophospholipids (i.e., PC, PE, PS, and their lyso
derivatives) have been analyzed by positive ESI-MS/MS
(Brugger et al., 1997; Retra et al., 2008). The fragmentation
of protonated PC and LPC ions yield a peak at m/z 184, the
diagnostic fragment for the phosphocholine headgroup (Hsu &
Turk, 2003). The precursor ion scan of m/z 184 highlights
phosphocholine-containing lipids (PC and sphingomyelin) out
of all the lipids present in a survey scan. Fragmentation of
protonated PE (IM+H]H) yields a peak at [M+H — 1411
corresponding to the neutral loss of the phosphoethanolamine
headgroup. Similarly, a peak at [M +H — 185]" in a tandem
mass spectrum can be used to confirm the presence of
protonated PS ([M +H]"), which loses its phosphoserine
headgroup during CID. Overall, strategies that combine survey
scans, precursor ion scans and neutral loss scans can help in the
unambiguous determination of the molecular masses and
headgroup compositions of phospholipids. Although positive
ESI-MS/MS has been widely used for lipid studies, one of its
limitations is the limited information about the fatty acyl
constituents that are revealed from the fragmentation patterns.
Alternatively, negative ESI-MS/MS and positive ESI-MS/MS
with metal ion adduction, have been employed to elucidate
lipid structures.

2. ESI-MS/MS of Deprotonated Glycerophospholipids

Glycerophospholipids such as PE, PI, PS, PG, PA, and their lyso
variants can all be detected by negative ESI-MS/MS (Kerwin,
Tuininga, & Ericsson, 1994; Smith, Snyder, & Harden, 1995;
Brugger et al., 1997; Hsu & Turk, 2000b,c,d, 2001b, 2005;
Taguchi et al., 2000; Ivanova et al., 2001). This approach is very
powerful in elucidating the structure of glycerophospholipids.
Compared to its positive counterpart, negative ESI-MS/MS
yields fragmentation patterns with a wealth of structural
information on the polar headgroups and the fatty acyl
constituents of phospholipids. Fragmentation of PE anions
(IM —H] ") generates fragments at m/z 140 and 196, both of
which correspond to the polar headgroup of PE (Hsu & Turk,
2000d). As deprotonated PI ([M — H] ") are subjected to CID, a
peak corresponding to the dehydrated PI headgroup is observed
at m/z 241. Similarly, PtdInsP and PtdInsP, can be identified by
precursor ion scans of m/z 321 and 401, respectively, under
negative ion mode (Hsu & Turk, 2000b; Wenk et al., 2003). The
fragmentation of deprotonated PG yields a headgroup specific
fragment at m/z 171 (Hsu & Turk, 2001b). PS anions ((M — H] ")
are identified by a peak at [M — H — 87] " that corresponds to the
neutral loss of the serine headgroup (Hsu & Turk, 2005). A
fragment at m/z 153 ([Glycerophosphate-H,O] ") is detected in
the fragmentation spectra of all phospholipid species under
negative ion mode.

Low-energy CID of glycerophospholipids under negative
ion mode also yields fragment ions providing structural
information on the fatty acyl constituents at the sn-1/sn-2
positions. These fragments include the carboxylate anions
([R,COO]™ (x=1, 2)), ions arising from the neutral loss of fatty
acids ((M —H — R,COOH]™ (x=1, 2)), and ions due to neutral
loss of the fatty moieties as ketenes (M—H—-R’,CH = C = O]
(x=1, 2)) (Hsu & Turk, 2000b,c,Hsu & Turk, 2000d, 2001b,
2005).
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It has been found that, in a low-energy CID process, the loss
of fatty acyl chains from the sn-2 position is sterically more
favorable than from the sn-1 position. As a result, the abundances
of the [M—H—-R,COOH] and M-—H-R,CH=C = 0]~
ions are greater than those of the [M —H — R;COOH]™ and
[M—H—R'|CH = C = O] ions. However, as the major frag-
mentation pathways differ among different lipid species, the
relative abundance of the carboxylate anion [R;COO]™ with
respect to [R,COO] ™ changes. For PE and PG, the abundances of
[R,COO] ™ ions are greater than [R;{COO] " ions (Hsu & Turk,
2000a, 2001b). For PI, the carboxylate anions [R{COQO]™ and
[R,COO]™ are generated due to direct dissociation from the
glycerol backbone, and also due to the further dissociation of
fragment ions  M—H—R,COOH] , M—H-R,CH=C =0] ",
and [M—H—R,COOH—inositol], which are affected by the
collision energy applied. Thus, the relative abundances of the
carboxylate anions [R;COO] ™ and [R,COO] " for PI depend on
the collision energy applied (Hsu & Turk, 2000b). For PA, the
major pathway that leads to the formation of the carboxylate
anions [R;COO]™ and [R,COO]  is the fragmentation of
[M—H—R,COOH]™ and [M—H—R;COOH] ", respectively. As
a result, the higher abundance of [M—H—R,COOH] " ions leads
to higher abundance of [R;COOQO] " ions (Hsu & Turk, 2000c). As
PS is subjected to low-energy CID, it first loses the serine
headgroup to generate [M —H — 87] ions. The fragmentation
patterns of [M — H — 87] ions are virtually identical to those of
the corresponding PA (Hsu & Turk, 2005).

3. ESI-MS/MS of Metal lon Adducts
of Glycerophospholipids

The fragmentation of lipids can be modified by changing the
counterion present in solution before ESI. In particular, alkali
metal ions (e.g., Li™,Na™, and K) have been commonly used for
adduct formation with phospholipids (Kerwin, Tuininga, &
Ericsson, 1994; Han & Gross, 1995; Hsu & Turk, 2000a; Ho,
Huang, & Deng, 2003). When these metal ion adducts of
glycerophospholipids are subjected to CID their fragmentation
patterns reveal information on the polar headgroups and the fatty
acyl constituents. The fragmentations of sodiated PC and
sphingomyelins both generate a sodiated five-member cyclo-
phosphane at m/z 147 and a product ion at [M + Na — 59]* due to
the neutral loss of trimethylamine N(CHs);, both of which are
diagnostic fragments of the phosphocholine headgroup. In the
tandem mass spectra of lithiated PC, abundant product ions can
be found at [M+Li—59]" (neutral loss of N(CHs)s),
[M+Li—183]" (neutral loss of cyclophosphane), and
[M + Li — 189] " (neutral loss of lithium cyclophosphane) (Hsu
& Turk, 2003). It has been observed that the most prominention is
[M +Li — 183]" for lithiated diacyl-PC, whereas the most high
abundance ion is [M+Li—59]" for lithiated plasmenyl-,
plasmanyl-, and LPC (Hsu, Bohrer, & Turk, 1998b; Hsu et al.,
2003). CID of lithiated PE yields fragment ions associated with
the polar headgroup including ions at [M + Li —43]" (neutral
loss of aziridine (CH,CH,NH)), [M +Li — 141]" (neutral loss of
phosphoethanolamine headgroup), [M+Li— 147]" (neutral
loss of lithium phosphoethanolamine headgroup), and m/z 148
(phosphoethanolamine headgroup) (Hsu & Turk, 2000a). The
CID analyses of PS as lithiated adducts yield diagnostic
fragments of phosphoserine as a lithium salt at m/z 192 (Hsu &
Turk, 2005). In addition to structural information on the
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polar headgroups, structural information pertaining to the
two fatty acyl moieties can also be revealed from product ions
like [M—H + Met—R,COOH]  and [M—H + Met—R’,CH =
C = 0] (x=1,2), arising from the loss of fatty acyl moieties as
fatty acids or alkenes, respectively.

Metal ions such as Sr°*, Ba>*, Mn>*, Co**, Ni>*, Cu®™, and
Zn*" have been also used to form adduct ions of phospholipids (Ho,
Huang, & Deng, 2003). The fragmentation spectra of these ions
also provide information on the polar headgroups of phospholipids,
and their fatty acyl chain moieties (M—H + Met—R,COOH] ",
[M—H + Met—R’,CH = C = O] ). Cobalt(Il) ion complexes
of PE and PS yield [M—H + Met—R;COOH]™ ions with
higher abundance than [M—H + Met—R,COOH] "~ ions, whereas
cobalt(Il) adducted PG fragmentation patterns generate
[M—H + Met—R,COOH] "~ ions with higher abundance than
[M—H + Met—R;COOH] "~ ions. The information on abundance
ratios could be used to determine the stereospecific positions of the
two fatty acid substituents. Chloride adducts have also been
reported for the identification of the fatty acyl substituents of PC in
negative ESI-MS/MS (Han & Gross, 1995; Lehmann et al., 1997).

In conclusion, different metal ion adducts of glycerophos-
pholipids generate lipid-specific fragmentation signatures that
allow unambiguous identification of the lipid species of interest.

4. Glycerophospholipid Identification by Multiple
Precursor Ion Scans and Neutral Loss Scans

Strategies that combine survey scans (simple mass spectra),
product ion scans, precursor ion scans, and neutral loss scans can
be employed for the study of the lipidome. In this context, a
product ion scan records all fragment ions generated during CID
of an m/z-selected precursor ion, including fragment ions relevant
to the polar headgroups and the fatty acyl moieties. Precursor ion
and neutral loss scans each monitor a specific fragmentation
reaction (i.e., defined by whether a specific diagnostic fragment is
generated), and when applied to lipid analyses have the capability
of identifying all lipid species in a complex mixture that contain a
specific diagnostic moiety (e.g., a polar headgroup or a fatty acyl
moiety). On the other hand, these particular scans do not make
full use of many other fragment ions that are helpful in lipid
structural elucidation. In practice the combination of multiple
precursor ion scans and neutral loss scans can enable simulta-
neous monitoring of multiple fragmentation reactions, allowing
the identification of multiple diagnostic fragments from a
complex mixture of product ions for lipid structure elucidation.
Broad attention has been drawn to this approach for compre-
hensive lipid analysis and profiling (Ekroos et al., 2002; Han &
Gross, 2003, 2005; Ejsing et al., 2006; Han et al., 2006a;
Schwudke et al., 2006). A two-dimensional ESI-MS/MS analysis
of lipid extracts has been reported using multiple precursor ion
scans and neutral loss scans under either positive or negative ion
mode. This strategy made possible the identification of isobaric
components with different structures, and the determination of
the regiospecificity of individual lipid species. Both precursorion
and neutral loss scans can be performed on a triple-quadrupole
mass spectrometer, but each scan must be performed separately
because of the incompatible scanning conditions. However, if the
multiple precursor ion scans are carried out on hybrid quadru-
pole-TOF mass spectrometers with ion trapping capability (e.g.,
QSTAR Pulsar), all ions can be simultaneously monitored due to
the non-scanning acquisition of TOF mass analyzers. It has been
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reported that such hybrid quadrupole-TOF mass spectrometers
allow the simultaneous acquisition of 41 precursor ion spectra
which provide information on specific lipid classes and common
fatty acyl chain moieties (Ejsing et al., 2006). Conventionally,
neutral loss scans cannot be performed on a hybrid quadrupole-
TOF mass spectrometer. However, as all fragment ions are
recorded in the tandem mass spectrum of the specific precursor
ions of interest, pseudo multiple neutral loss scans can be
constructed post-acquisition by re-processing all combined
information from product ion spectra of the multiple precursor
ions selected (Schwudke et al., 2006). The high mass accuracy
and high resolution of TOF analyzers are very helpful in
determining the atomic composition and hence the structure of a
lipid species. However, precautions must be taken when
reviewing data from a TOF mass analyzer for the quantitative
analysis of lipid species as the transfer of ions from the
quadrupole to the TOF is done using a pulsed technique that
can affect quantification (Chernushevich, Loboda, & Thomson,
2001; Ekroos et al., 2002; Han & Gross, 2005; Ejsing et al.,
2006).

5. Glycerophospholipid Identification by Multiple Stage
Tandem Mass Spectrometry

Structural information revealed by single-stage MS/MS alone
cannot always provide adequate information to identify a lipid
species unambiguously. In many cases the lipid species of interest
are complex and/or the determination of very specific informa-
tion on a fatty acyl chain is required (e.g., double bond location).
In such cases, multiple stage MS” can be applied to provide
additional information. Hsu et al. (2005) characterized the
structure of CL using negative ion mode with MS” using an ion
trap. The MS?>-spectra of the phosphatidic anions provided
critical information on the identity of the fatty acyl substituents
and their stereospecific positions. Hsu and Turk (2008b) also
determined the double bond location in the fatty acyl chain of
glycerophospholipids using multiple-stage mass spectrometry.
In another work these authors employed multiple stage mass
spectrometry to differentiate 1-O-alkyl-1’-enyl-2-acyl-, 1-O-
alkyl-2-acyl- and diacyl-glycerophospholipid molecules from
one another based on the MS® or MS* spectra of their
[M—H—R,COOH—headgroup] ions. These ions arise from
the consecutive losses of the fatty acid substituents at the sn-2
position and their respective polar headgroups from the
[M —H]™ ions (Hsu & Turk, 2007). It has been also reported
that isobaric PAF (Fig. 15) and LPC can be effectively identified
by MS? using a QTRAP mass spectrometer within complex
cellular lysates and tissue extracts (Smith et al., 2008). Sodiated
lipid species were fragmented to produce radical cations which
lost successive methylene groups upon further collisional
activation to reveal the identity of the parent molecule.

6. Characterization of the Fatty Acyl Constituents
of Glycerophospholipids

Under both positive and negative ESI-MS/MS, glycerophospho-
lipids fragment to yield product ions allowing relatively easy
elucidation of their polar headgroups. The characterization of the
two fatty acyl moieties at the sn-1/sn-2 positions, however, poses
challenges. The structural information relevant to the fatty acyl
chains can only be revealed under negative ion mode ESI or
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FIGURE 15. MS?and MS® analysis of PAF. a: MS? spectrum of sodiated C16:0 PAF (structure indicated in inset) revealing a peak at m/z 341. The mass
difference between m/z 341 and the molecular ion is consistent with the loss of neutral sodiated phosphocholine (highlighted in green). b: Further
fragmentation of the m/z 341 radical cation produced a spectrum revealing structural characteristics of the sn-1 and sn-2 groups. The lower mass ions
correspond to fragments of the fatty alcohol chain of the sn-1 group while the higher mass fragments represent an intact sn-1 group with fragmentation
occurring on the sn-2 group and glycerol backbone. ¢: MS? spectrum of sodiated C18:0 PAF further illustrating how the low mass ions reveal the carbon
chain connectivity of the sn-1 group fatty alcohol and the high mass ions reveal structural information pertaining to the sn-2 group and glycerol
backbone. The lower mass peaks are separated by equal masses of 14 Da, representing successive losses of CH, from the sn-1 fatty alcohol, identifying
the lipid subspecies with high confidence. Peaks corresponding to successive losses of 2Da from each fragment peak arise from gas phase
dehydrogenation, a commonly observed phenomenon. This figure is reproduced from Smith et al. (2008) by permission of John Wiley & Sons, Ltd.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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positive ion mode ESI with metal ion adduction. In eukaryotes
the fatty acids at the sn-2 position of glycerophospholipids are
always linked to the glycerol backbone through an ester bond.
The fatty acids at the sn-1 position can be attached via an ester
linkage (diacyl-GP), an alkyl ether linkage (1-alkyl, 2-acyl-GP),
or a vinyl ether linkage (plasmologens). For the complete
identification of a glycerophospholipid the following informa-
tion pertaining to the fatty acyl chains is needed: (i) the chain
lengths of the two fatty acyl moieties and the total number of
carbon—carbon double bonds in each chain; (ii) the assignment of
the two fatty acyl moieties to sn-1/sn-2 position (for diacyl-
glycerophospholipids); and (iii) the location of the double bonds
on each acyl moiety which will be discussed in Section X.

The molecular mass of a glycerophospholipid can be
determined accurately by a survey scan (simple mass spectrum).
The polar headgroup of a phospholipid can be identified by a
precursor ion scan or a neutral loss scan as discussed above. The
combined information for the two fatty acid chains (i.e., the
combined lengths of the two fatty acyl chains at the sn-1 and sn-2
positions and the total number of double bonds) can thus be
determined. However, a number of combinations of different
fatty acyl moieties could add up to the same molecular mass,
leaving the length of each fatty acyl chain and the number of
double bonds on each fatty acyl moiety undetermined. Using
negative ESI-MS/MS, a variety of fragment ions relevant to the
two fatty acyl moieties can be observed. These include
carboxylate anions [R,COO] ", as well as [M—H—R,COOH]~
and [M—H—R/,CH = C = O] ions. The latter two ions arise
from the loss of one of the two fatty acyl moieties. These
fragment ions reveal critical structural information relevant to the
individual fatty acyl constituents, and allow the unambiguous
determination of the length of each fatty acyl moiety and the total
number of double bonds on each fatty acyl chain (Hsu & Turk,
2000b,c.d, 2001b, 2005; Houjou et al., 2005). Under positive ion
mode ESI the fragmentations of metal adducts of glycerophos-
pholipids also yield fragment ions corresponding to their polar
headgroups and fatty acyl moieties (M—H + Met—R,COOH] ",
[M—H + Met—R/,CH = C = O] ). This again permits the
unequivocal characterization of the fatty acyl moieties (Han &
Gross, 1995; Ho, Huang, & Deng, 2003).

The use of mass spectrometry to determine the regiospeci-
ficity of the two fatty acyl substituents of diacyl-glycerophos-
pholipids has been attempted (Vernooij et al., 2002; Houjou et al.,
2005). As discussed earlier it appears that under low-energy CID
the [R;COO] /[R,COO] ™ abundance ratio follows certain rules
for some diacyl-glycerophospholipids, and this information has
been used to determine the positions of the two fatty acyl chains
(Hsu & Turk, 2000b,2000c,d, 2001b). Such attempts have also
been made on the basis of fragmentation patterns of glycer-
ophospholipid adducts with certain metal ions, where the relative
abundances of ions corresponding to the losses of the fatty acyl
moieties at the sn-1/sn-2 positions have been used to assign the
positions of the two fatty acyl substituents (Han & Gross, 1995;
Ho & Huang, 2002; Ho, Huang, & Deng, 2003). However, it has
been noticed that the [R;COO] /[R,COO]  abundance ratio
recorded from the fragmentation of PI under negative ion mode is
affected by the collision energy applied (Hsu & Turk, 2000b).
Detailed studies on the effect of collision energy on the
[R;COO]/[R,COO] ratio for phospholipid species have been
carried out by Hvattum et al. (1998). These results reveal that as
the collision energy increases from 15 to 70 eV, the abundance of
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[R;COO]" ions increases from lower to higher than the
abundance of [R,COO]  ions for PC, PE, and PI (Hvattum,
Hagelin, & Larsen, 1998). It is therefore clear that the collision
energy plays an important role during the CID of glycerophos-
pholipids. Other factors, such as the chain length and the number
of double bonds of the fatty acyl moieties should also be taken
into consideration. It has been reported that the relative amounts
of positional isomers could be accurately determined by MS?
analysis using ion trap mass spectrometers (Ekroos et al., 2003).

B. Structure Elucidation of Fatty Acyls

Fatty acids normally form carboxylate anions under negative
mode ESI. They can also form adducts with alkali-metal ions
such as lithium (Hsu & Turk, 1999a; Kerwin, Wiens, & Ericsson,
1996). CID of unsaturated fatty acids, either deprotonated or
alkali-metal cation adducts, generates abundant ions that are
helpful in localizing the double bonds. However, as double-bond
rearrangement can occur during fragmentation, the application of
mass spectrometry to accurately determine the location of double
bonds requires great caution.

Eicosanoids are the biological oxidative metabolites of
arachidonic acid. Depending on the metabolic pathways, differ-
ent metabolites such as prostaglandins and leukotrienes can be
generated. Even though there are great similarities in the
structures of different eicosanoids, it has been reported that
various eicosanoids are successfully separated and determined by
HPLC-coupled to mass spectrometry under negative ion mode,
by either selective ion monitoring or multiple reaction monitor-
ing (Murphy et al., 2005; Blewett et al., 2008).

C. Structure Elucidation of Neutral Glycerolipids

The neutral lipids DAG and TAG can form adduct ions with NH
and alkali-metal ions (e.g., LiT, Nah) through ESI (Duffin,
Henion, & Shieh, 1991; Cheng, Gross, & Pittenauer, 1998; Hsu &
Turk, 1999b; Callender et al., 2007). The ionization efficiency of
DAG and TAG appears to be affected by the total number of
carbons in the fatty acyl chains and the degree of unsaturation
(Duffin, Henion, & Shieh, 1991; Callender et al., 2007). The CID
of lithiated TAG has been reported to yield abundant ions
including [M + Li—R,COOH|", [M + Li—R,COOLi]" and
R,CO™, where n denotes the position where each fatty acid is
esterified. Therefore structural information pertaining to each of
the acyl chains, such as the total chain length and degree of
unsaturation, can be ascertained (Hsu & Turk, 1999b). Fragment
ions reflecting the combined losses of two of fatty acids have also
been observed. However, such combined losses always involve
the loss of fatty acid at the sn-2 position, providing a robust
approach to determine the fatty acid attached at this position.

D. Structure Elucidation of Sphingolipids

ESI of ceramides yields abundant [M + H]" ions. The fragmen-
tation patterns of these ions generate abundant product ions
(IM +H —H,0]/[M +H — 2H,0]") due to the neutral loss of
H,0, and less abundant product ions characteristic of ceramide
subclasses, for example, m/z 264 and 282 for sphingosine and
m/z 266 and 284 for dihydrosphingosine (Gu et al., 1997). The
fragmentation of lithiated ceramides yields fragment ions
specific to each ceramide subclass, in addition to those product
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ions associated with fatty acid constituents and long chain bases
(Hsu et al., 2002). Ceramides have also been studied with
negative ESI-MS/MS, either as deprotonated molecules
[M —H]  or adducted with [CH3CO,] . In both cases rich
product ions referring to both the fatty acid moieties and long
chain bases can be generated and hence the structures of
ceramides can be identified (Han, 2002; Hsu & Turk, 2002).

Like PC, sphingomyelin readily generates abundant proto-
nated ions ([M+H]") and alkali metal ion adducts (e.g.,
[M +Li]"/[M+Na]"/[M+K]") (Han & Gross, 1995; Hsu &
Turk, 2000e; Merrill et al., 2005). CID of [M + H]* generates an
abundant ion at m/z 184, corresponding to the phosphocholine
polar headgroup. Protonated sphingomyelin ([M+H]") and
sphingolipids molecules with zero or an even number of nitrogen
atoms appear at odd m/z values (Brugger et al., 1997; Ivanova
et al., 2001). Similarly to PC, CID of sphingomyelin adducted
with alkali metal ions yields fragment ions revealing information
on the fatty acyl moieties and long-chain bases, in addition to the
phosphocholine polar headgroup. The CID of lithium, sodium,
and potassium ion adducts of sphingomyelin yields very similar
mass spectra. Lithiated, sodiated, and potassiated cyclophos-
phanes yield characteristic ions at m/z 131, 147, and 163,
respectively, in addition to other abundant ions including
[M + Met —59]*, [M+Met— 183]" and [M + Met— 189]".
Fragment ions providing information on the fatty acyl moieties
and long-chain bases can also be observed (Hsu & Turk, 2000e).
Glycosphingolipids adducted with lithium ions have also been
studied using low-energy CID tandem mass spectrometry, where
abundant fragment ions pertaining to long chain bases, fatty
acids, and sugar moieties have been observed, and glycosphin-
golipids such as cerebrosides, di-, trihexosyl ceramides, and
globosides can be unambiguously distinguished (Hsu & Turk,
2001a).

X. ANALYSIS OF UNSATURATED LIPIDS

The unsaturated fatty acyl chains of membrane lipids play a
particularly important role in the overall structure, compartmen-
talization and stability of biological membranes (Quinn, Joo, &
Vigh, 1989). The position of the double bond within the fatty acyl
chains can perturb tight packing arrangements in the bilayer
matrix due to induced changes in the dynamic motion and the
melting point of lipids (Quinn, Joo, & Vigh, 1989). The analysis
of unsaturated lipids and elucidation of the double bond position
is thus a major challenge in the field of lipidomics. Traditionally,
the analysis of unsaturated lipids has been performed by GC—
MS. However, methyl ester derivatives of lipids must be prepared
for GC-MS analysis, and the position of a double bond is very
difficult to identify since double bonds tend to migrate along the
aliphatic hydrocarbon chains in the electron ionization (EI) mode
(Luthria & Sprecher, 1993; Mossoba et al., 1994). The
conversion of methyl esters into 4,4-dimethyloxazoline (DMOX)
derivatives facilitates the task of determining the location of
double bonds along the fatty acyl chain of unsaturated lipids
(Luthria & Sprecher, 1993; Mossoba et al., 1994). However, the
use of GC-MS is limited to volatile analytes, and it is not used to
elucidate the structure and double bond location of intact
complex unsaturated lipids. The following sections summarize
the most commonly employed mass spectrometry-based
approaches for the analysis of unsaturated lipids and for the
localization of their double bonds.
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A. Acetonitrile Chemical lonization

Moneti et al. (1996) found that acetonitrile could act as an effective
reactant gas in positive-ion chemical ionization by GC-ion trap
mass spectrometry for the identification of long-chain hydro-
carbons. The resulting C3H,N" ions from acetonitrile CI can react
with carbon—carbon double bonds, and can thus be used for the
determination of the double bond position in unsaturated hydro-
carbon chains (Moneti et al., 1997; Moneti et al., 1999; Oldham &
Svatos, 1999; Van Pelt & Brenna, 1999; Van Pelt, Carpenter, &
Brenna, 1999). The C;H,N" ions at m/z 54 correspond to (1-
methyleneimino)-1-ethenylium ion (CH,=C=N*=CH,), gener-
ated by self-reaction of acetonitrile under chemical ionization
conditions, and form a charged covalent adduct across carbon—
carbon double bonds in unsaturated fatty acid methyl esters. CID
of the resulting [M + 54] " ions yields two diagnostic ions formed
by C—C bond cleavage at the position that is vinylic to each double
bond (Michaud et al., 2002, 2003, 2005; Lawrence & Brenna,
2006). All of the above acetonitrile CI investigations were only
performed on GC-MS platforms. Recently, Xu and Brenna (2007)
developed a HPLC-compatible method named atmospheric
pressure covalent adduct chemical ionization (APCACI), which
uses acetonitrile as an APCI reagent. By this approach, structural
information of TAG could be deciphered, including the location of
double bonds along the fatty acyl groups and the position of acyl
groups on the glycerol backbone.

B. Vicinal Hydroxylation

McCloskey and McClelland (1965) used osmium tetroxide
(0OsQy4) for vicinal di-hydroxylation of double bonds to
determine olefinic sites in fatty acyls by GC-MS. More recently,
Moe and Jensen (2004) developed a method using negative-ion
ESI with low-energy CID to determine the position of the double
bonds in unsaturated fatty acids after vicinal hydroxylation of
the double bonds. The 1,2-dihydroxy derivatives of unsaturated
lipids were generated in a mixture of chloroform/methanol/
water (2:1:0.1, v/v) following the addition of OsO, and N-
methylmorpholine-N-oxide under nitrogen (Moe & Jensen,
2004; Moe et al., 2004, 2005). In a triple-quadrupole instrument
the resulting deprotonated fatty acids are obtained after o-
cleavages relative to the hydroxyl groups under low-energy
CAD, producing structurally informative ions called [o/,,] and
[o,]” (where n indicates the position of the hydroxyl group and
hence the double bond location) (Moe & Jensen, 2004). The
[o/4]” ions are formed after cleavage distal to the hydroxyl
groups. As a result the charge is retained at the carboxylate side,
and the formed [¢/,]” ions contain one or two hydroxyl groups
and the carboxylate group. The [o,,]  ions originate from the
transfer of a hydroxyl proton to the carboxylate group with
subsequent cleavages proximal to the hydroxyl groups. These
ions contain one or two hydroxyl groups and the alkyl terminus
(Moe & Jensen, 2004 ). This method is useful for the analysis of
the double bond position of free fatty acids (Moe & Jensen,
2004) and phospholipids (Moe et al., 2004, 2005). OsQOy, as a
catalyst for vicinal hydroxylation of double bonds in the olefins,
reacts with virtually all olefins (Dupau et al., 2002). However, it
also reacts slowly with other common organic functional groups
(Dupau et al., 2002), which results in the formation of by-
products. The efficiency of vicinal hydroxylation should be
further evaluated.
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C. Ozonolysis

Ozonolysis has been used to determine the double bond position of
unsaturated natural products for many years (Hamberg, 1971).
Ozone reacts with carbon—carbon double bonds to produce an
initial 1,2,3-trioxolane (molozonide). The resulting 1,2,3-triox-
olane can convert to the more stable 1,2,4-trioxolane (Criegee
ozonide) via carbonyl oxide and aldehyde intermediates through
two-step rearrangements (Criegee, 1975). As described by
Harrison and Murphy (1996), unsaturated glycerophospholipids
deposited onto a glass surface can produce almost quantitative
conversion of double bonds to ozonides using an offline process by
exposure to a stream of ozone. In the MS/MS spectra of these
adducts in either positive or negative ion mode, m-aldehyde and ®-
carboxylate acyl species ions could be observed. These product
ions are formed by homolytic cleavage of the peroxide bridge of
the 1,2,4-trioxolane (Criegee ozonide) ring, followed by rear-
rangement (Harrison & Murphy, 1996). Those fragment ions could
be used to uniquely identify the double bond position. Thomas,
Mitchell, and Blanksby (2006) developed the online in-source
corona discharge ozonolysis method by using oxygen as the
electrospray nebulizing gas in combination with high electrospray
voltages to initiate the formation of ozone-producing plasma. They
further developed this method and named it ozone electrospray
ionization mass spectrometry (OzESI-MS). This method could be
used for the analysis of unsaturated lipids such as acidic and neutral
glycerophospholipids, sphingomyelins, and TAG, and the con-
version of olefinic bonds to ozonides could be observed regardless
of the polarity, the number of charges, or the adduct ion (e.g.,
deprotonated, protonated, sodiated, and ammoniated ions) (Tho-
mas etal.,2007). The ozone/oxygen mixture produced by an ozone
generator is introduced into a linear ion trap, where unsaturated
lipid ions can react with ozone vapor. This novel analytical
technique is called ozone-induced dissociation (OzID) (Thomas
et al., 2008). Two primary product ions from each carbon—carbon
double bond within the unsaturated lipids, aldehyde and Criegee
ions, are formed by gas-phase ion-molecule reactions between
unsaturated lipid ions and ozone, which could be used for the
elucidation of the unsaturation position within the precursor ion.

However, both OzESI and OzID require additional special
apparatus such as ozone generators and introduction connections,
which are not readily interfaced with commercial mass
spectrometers. Ozone is a toxic and corrosive gas, and ozone
must not vent into the laboratory when it is introduced into the ion
source or into the ion trap. Only ozone-compatible materials must
be used in the connections for ozone introduction, and rubber is
not suitable. The O-rings employed for sealing inside the mass
spectrometer are made of rubber, and long-time ozone intro-
duction might affect the O-rings. The reaction process of
ozonidation is very fast, but incomplete, and the resulting by-
products might make the MS or MS/MS spectra more
complicated. It is in the best interests of the reader to be aware
of the fact that the derivatization of lipids with corrosive reagents
or highly reactive chemicals such as ozone may annul the
warranty of most mass spectrometers.

D. Adduct Formation

Duffin, Henion, and Shieh (1991) have shown that acylglycerols,
dissolved in chloroform/methanol (70:30, v/v) containing alkali-
metal or ammonium salts, yield (M + Na)* or (M +NH,)" ions
during electrospray ionization (ESI). They observed that ion
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signals resulting from acylglycerols that contained unsaturated
fatty acid chains were more abundant than those of the saturated
chains. They also found that the dissociation energy required for
MS/MS fragmentation of sodiated acylglycerols was greater than
that of ammoniated ones in a triple quadrupole mass spectrometer
(Duffin, Henion, & Shieh, 1991). The ammonium adduct ions
could yield interesting fragmentation patterns suitable for the
characterization of acylglycerols under low-energy CID condi-
tions (~50eV) (Duffin, Henion, & Shieh, 1991; Zehethofer &
Pinto, 2008). In the resulting MS/MS spectra of ammoniated TAG
under low-energy CID, the major product ions were the protonated
TAG formed by the loss of ammonia, and DAG ions formed by the
loss of one fatty acid moiety. Under higher-energy CID (~130eV),
monoglycerides and acylium ions and carbon—carbon bond
cleavage could be observed, but the position of the double bond
could not be established because of double bond migration (Duffin,
Henion, & Shieh, 1991; Zehethofer & Pinto, 2008).

Although MS® spectra of sodiated lipids reveal some
structural information, the product ions formed cannot provide
the information of double bond location due to double bond
migration (Hsu & Turk, 2006; Smith et al., 2008). Using
multiple-stage mass spectrometry with a linear ion-trap instru-
ment for the lithiated, dilithiated, or trilithiated adduct ions
formed by ESI, the total structure of glycerophospholipids was
characterized (i.e., the polar headgroup, the position of double-
bond(s) along the fatty acyl substituents, and the positions of acyl
groups on the glycerol backbone) (Hsu & Turk, 2008b). The
position of double bond(s) of unsaturated long-chain fatty acids
was also located using this approach for the dilithiated adduct
(IM —H+2Li]") ions (Hsu & Turk, 2008a). As previously
reported, the copper-containing ions of fatty acids (e.g.,
[M—H—}—Cu“]*) are also used for double bond localization
and cis/trans isomers distinction (Afonso et al., 2005).

E. Negative Fast Atom Bombardment

As described by Tomer, Crow, and Gross (1983), negative FAB-
MS/MS was applied for the structural analysis of unsaturated fatty
acids. It is also used to distinguish the cis and trans isomers of
mono-unsaturated fatty acids because the definitive fragmentation
is at the bond allylic to the double bond in the distal position on the
chain (Jensen et al., 1990; Bryant et al., 1991; Matsubara &
Hayashi, 1991). Recently, Ji et al. (2007a,b) exploited this
technique to locate the double bond position and to distinguish
the geometric isomers of long-chain monounsaturated fatty acids.
Under negative FAB ionization the monounsaturated fatty acids
produce spectra containing two intense clusters of peaks with three
intervening weak ones via charge remote fragmentation. The
pattern of the resulting two intense peaks corresponds to cleavage
allylic to the double bond (Tomer, Crow, & Gross, 1983; Jensen
et al., 1990; Matsubara & Hayashi, 1991; Ji et al., 2007a,b). This
technique has the advantage of simultaneously finding the
localization of double bond and diffentiating cis and trans isomers.
However, the drawback of this approach is that it is limited to
analysis of mono-unsaturated fatty acids.

XI. LIPIDOME QUANTIFICATION
In the lipidomics field mass spectrometry is employed not only

for qualitative analyses (i.e., lipid structure elucidation) but also
for quantitative purposes. The latter can imply measuring the
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absolute concentrations of particular lipid species, or the relative
abundances of particular lipid species formed in two similar
organisms under different physiological conditions (e.g., “nor-
mal healthy” and ““diseased’”), or the relative abundances of
different molecular species within a lipid class, in complex
mixtures (Kerwin, Tuininga, & Ericsson, 1994; Brugger et al.,
1997; Lehmann et al., 1997; Liebisch et al., 2002; Zacarias,
Bolanowski, & Bhatnagar, 2002). Unlike the field of quantitative
proteomics, where several quantitative techniques have been
established and broadly accepted, a general consensus is yet to be
reached for the most appropriate quantification approach for
lipids.

Quantitative analyses of lipids are mostly performed on a
case-by-case basis. The quantitative analysis of a lipidome is
generally divided into global and targeted lipidomics. Global
lipidomics allows the identification and relative quantification of
numerous molecular lipid species across multiple structural
classes in total lipid extracts. This strategy includes shotgun
lipidomics, which utilizes direct infusion of lipid extracts into a
mass spectrometer (Han & Gross, 2005; Schwudke et al., 2007b),
and liquid chromatography-mass spectrometry (LC-MS) meth-
ods (Houjou et al., 2005; Laaksonen et al., 2006). Targeted
lipidomics, on the other hand, permits the quantitative analysis of
a single or a few lipid species within a specific lipid class
(Murphy et al., 2005; Krank et al., 2007).

It is important to note that the instrument response can vary,
sometimes widely, between different classes of lipids (Koivusalo
et al., 2001). In addition, identical lipid species exhibit different
behaviors when analyzed using different types of mass
spectrometers or when analyzed using the same mass spectrom-
eter under different experimental parameters (DeLong et al.,
2001; Larsen et al., 2001). Therefore, the relative intensities of
signals corresponding to different lipid species in a mass
spectrum do not directly reflect their molar abundances and
concentrations. In particular, it is impractical to use mass
spectrometry to directly estimate the relative abundances of
different phospholipid subclasses due to the differences in the
ionization efficiencies of their polar headgroups (Koivusalo et al.,
2001). The gross estimation of the relative abundance of lipid
species within a specific phospholipid subclass among different
samples is less problematic, provided the responses of all lipid
species are normalized with appropriate internal standards
(DeLong et al., 1999; Rouzer et al., 2006).

It has been documented that the instrument response for
glycerophospholipids decreases with increasing fatty acyl chain
length (Brugger et al., 1997; Koivusalo et al., 2001). However, as
the concentration is lowered to 5pmol/ul, the differences
between the short and long chain species are diminished
(Koivusalo et al., 2001). It is also worth noticing that no isotope
correction has been taken into consideration in these studies.
When the M + 1 and M + 2 isotopologues of the molecular ions
are included in the response, it has been confirmed that
glycerophospholipids of the same class with different factty acyl
chain length exibit similar responses when subjected to ESI-MS
analysis (Han & Gross, 2005; Ejsing et al., 2006). It should be
noted, however, that the ionization efficiency of TAG molecular
species greatly relies on their fatty acyl chain, that is, the total
number of carbon atoms of the three fatty acyl chains and the total
number of double bonds. This is because of the absence of a
dominant polar headgroup in their molecular structure (Han &
Gross, 2001, 2005).
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Generally quantitative comparisons between lipid species
are carried out using the molecular ions. It has been demonstrated
that accurate quantification can also been performed with respect
to certain fragment pathways, which are recorded by neutral loss
and precursor scans, provided the collisional energy is optimized
(Han & Gross, 2005; Ejsing et al., 20006).

In general, when using direct infusion ESI-MS (including
the intra-source separation approach), the peak intensity is
proportional to the concentration of a lipid species in the
particular mixture being analyzed. However, when front-end
separation is applied (e.g., GC or liquid chromatography) so as
to minimize matrix effects such as ionization suppression, the
integrated peak area of a lipid species is generally considered to
be proportional to its quantity present in complex mixtures of
similar origin. As with most quantitative methods it is crucial to
work in the linear range of the quantification methodology.

A. Absolute Lipid Quantification

The absolute quantification of specific lipid species relies on the
availability of internal standards preferably as isotopically
labeled forms although closely related compounds (homologues
or simple structural analogues) can be used. This strategy is
applicable to a limited number of lipids in complex mixtures
(Liebisch et al., 2002; Whitehead et al., 2007). The absolute
concentration of a lipid species is then determined by spiking in
known amounts of lipid standards labeled with stable isotopes
(stable-isotope dilution) (Haroldsen, Clay, & Murphy, 1987). The
isotopically labeled lipid standard and its normal (“‘native” or
“wild type”’) counterpart exhibit identical responses in mass
spectrometers as they have identical physicochemical properties
if the isotopic labeling involves heavier atoms (usually 3.
Then the original concentration of the target lipid species can be
determined by comparing the peak heights or peak areas of the
paired labeled and native lipids. However, if ’H labeling is used
together with MS/MS analysis, kinetic isotope effects on the
fragmentation reactions can sometimes lead to differences in the
responses of native and ’H-labeled compounds, in which case
complete calibration curves must be constructed.

The absolute concentrations of lipids can also be determined
without internal standards using standard addition methods. In
brief, known amounts of standards of the target lipid are
sequentially spiked in the complex mixture. The respective mass
spectrometry responses are used to determine by extrapolation
the original concentration of the lipid species of interest (Fig. 16)
(Liebisch et al., 2002; Whitehead et al., 2007).

B. Relative Lipid Quantification

In many cases, comprehensive lipid profiling comparison
between wild type and mutant, or basal and stimulated, or
normal and disease samples, is required (Ivanova et al., 2001;
Ekroos et al., 2002; Rouzer et al., 2006). Mass spectrometry is the
method of choice to fulfill this demanding task. This approach
requires comparison of multiple mass spectrometric analyses
using different scan modes. Uncontrolled fluctuations in signal
intensity due to the lipid extraction and analytical processes can
be an issue as each sample is individually processed. Fortunately,
non-naturally occurring lipid standards can be spiked into the
samples at different stages of sample processing, which
facilitates the correction of signal intensity. As the ionization
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efficiency of different glycerophospholipids differs significantly,
normally at least one lipid standard belonging to each
phospholipid subclass is spiked into samples to serve as internal
standard for its respective subclass. When the analytical strategy
includes both positive and negative ESI-MS, internal standards
for normalization that can be detected in both positive and
negative modes (e.g., PE and PS) must be included (Ivanovaetal.,
2001).

C. Stable Isotope Labeling through Metabolism

Isotopic labeling is also employed for the relative quantification
of a total lipidome, and for tracking the fate of lipids via different
metabolic pathways (Bleijerveld et al., 2006). Appropriate
chemicals labeled with stable isotopes are introduced into the
growth medium during cell culture and, depending on the target
metabolic pathway, either all or a fraction of the lipids are
labeled. For instance, Ekroos and co-workers cultured cells with
3C-labeled glucose for 24 hr; the lipid extracts from these cells
were a mixture of isotopically labeled endogenous lipids, useful
as a comprehensive internal standard for quantitative profiling of
phospholipids (Ekroos et al., 2002). Delong and co-workers
introduced Dj-ethanolamine and Do-choline chloride into the
cell culture medium to distinguish the metabolic product PC from
different metabolic pathways (DeLong et al., 1999). Metabol-
ically labeling of mouse neuronal cells with [*H]inositol allowed
the profiling of lipids involved in intracellular signaling (Wenk
et al., 2003). Hence, stable isotopic labeling through metabolism
is a promising approach for the relative quantification of
lipidomes. Current limitations, however, include the lack of a
wide range of isotopically labeled standards that conform to the
structure of lipids of interest.

XIl. BIOINFORMATICS IN LIPIDOMICS

Mass spectrometry-based analytical methods are powerful for the
qualitative and quantitative analysis of the entire spectrum of
cellular lipids. The introduction of bioinformatics into lipidomics
has revolutionized this research field and solved challenging
problems associated with the management and analysis of the
structurally diverse lipids. The tools for lipidomics, a subclass of
the metabolomics, are still emerging. This section describes the
contributions of bioinformatics, which entails the creation and
advancement of databases, algorithms, computational and
statistical techniques, to the analysis and interpretation of
analytical lipidomics data.

A. Lipid Classification and Databases

The lack of a universally accepted lipid classification scheme has
led to the creation of several lipid-oriented databases that differ in
organization and mission. The LipidBank (Yasugi & Watanabe,
2002; Yetukuri et al., 2008), LIPIDAT (Caffrey & Hogan,
1992), Lipid Library (http://www.lipidlibrary.co.uk/), Cyberli-
pids (http://www.cyberlipid.org/) provide information on lipid
structures and their chemical and biological functions. The
LipidBank has classified lipids into 17 categories covering a wide
variety of animals and plants. The LIPIDAT is composed mostly
of phospholipids and their thermodynamic data. The Lipid
Library concentrates on fatty acyls and their derivatives. In
particular, the Cyberlipids database has a broader approach, and
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contains classification information on steroids and terpenes
(Fahy et al., 2007a). Online resources for lipids classification
databases are listed in Table 2.

A US-based consortium called the LIPID Metabolites and
Pathway Strategy (LIPID MAPS) has taken a more chemistry-
based approach and has proposed a classification scheme for
lipids. This system classifies lipids into eight categories listed
above (Fig. 1) (Schmelzer et al., 2007), and includes a unique
alphanumeric 12-character lipid identifier that provides infor-
mation on the source database and the lipid category, class, and
subclass. In fact, the LIPID MAPS identifies and encodes
information on 1.68 million lipids, and this system allows
straightforward database storage/retrieval, and bioinformatics
manageability. The LIPID MAPS consortium has developed two
databases: the LIPID MAPS Structure Database (LMSD) and the
LIPID MAPS Proteome Database (LMPD) (Sud et al., 2007).
LMSD uses the LIPID MAPS scheme for drawing lipid
structures, and contains information on more than 10,000 lipid
structures compiled from the LipidBank and LIPIDAT, LIPID
MAPS consortium, lipids identified by LIPID MAPS experi-
ments, and computationally generated structures for lipid classes
(Fahy et al., 2007b). The LMSD also maintains the original
identification number of the lipid source to enable cross-
references, and LMSD lipid structures are deposited onto the
PubChem database with a link to the substance ID (SID). On the
other hand, LMPD focuses on proteins and genes associated with
all lipids (Sud et al., 2007), and contains information on more
than 2,500 proteins associated with at least one of the eight lipid
classes (Cotter et al., 2006). These associations are based on the
GO/KEGG annotation, and information on gene association is
obtained from NCBI EntrezGene, Uniprot accession and GO/
KEGG annotation.

B. Data Processing and Identification

The increasing demand for better data processing has generated a
number of software packages either from commercial sources or
the open source community. Tables 3 and 4 provide non-
exhaustive lists of commercially available and free software
packages, respectively, that can be used to process lipidomics
data. LipidNavigator (http://lipidsearch.jp/LipidNavigator.htm)
is a free software used for lipid analyses. This program was
developed by Mitsui Knowledge Industry in collaboration with
the Taguchi laboratory from the University of Tokyo. LipidNavi-
gator is a high-throughput web tool and automated system for the
identification of glycerophospholipids and sphingolipids that
uses as input various types of mass spectrometry raw data such as
Q-TRAP4000™ from Applied Biosystems, Q-Tof micro ™ from
Micromass and Finnigan™ LTQ from Thermo. LipidNavigator
consists of three components: a mass navigator (a visualization
and data analysis module), a lipid search tool (the core module for
lipids identification), and a lipid database (storing theoretical
masses and lipid identification results). A beta version of the lipid
search tool is also available on the LipidNavigator web page.
TriglyAPCI is another free program developed by Cvacka
and associates using Microsoft Visual basic 6.0 to interpret mass
spectrometry data of TAG (Cvacka et al., 2006). This software
identifies each ion in the mass spectrum obtained from LC-MS
analyses as a fragment or a molecular adduct, and then searches
for a relationship among fragment ions to deduce possible TAG
structures. One of the founding groups of the Lipid MAPS
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FIGURE 16. Quantification of PAF species from PC12 cells and PC12 cells differentiated to a neuronal
phenotype with nerve growth factor (NGF). Lipid extracts from these cells were spiked with 200, 400, 600,
800, or 1,000ng of C16:0, C18:0 PAF and C16:0, C18:0 lyso-PAF, and analyzed in positive ion mode
followed by a precursor ion scan for masses having a m/z 184.0 MS/MS fragment. Each standard addition
was repeated in triplicate. Corresponding peaks of interest were identified (m/z 482.4, 524.3, 510.4, 552.4)
and normalized against the internal standard (496.5). Native PAF species from the cell samples were
calculated from the x-intercept using linear regression. Data points depict mean of triplicate
measurements =+ standard deviation. This figure is adapted from Whitehead et al. (2007). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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TABLE 2. Online resources for lipid classification and databases

Resource URL Country Comments

LIPID MAPS  http://www.lipidmaps.org/ us. Lipid classification scheme

LipidBank http://lipidbank.jp/ Japan Covers lipids from animals to plant.

LIPIDAT http://www.lipidat.ul.ie/ U.s. Contains phospholipids and their
thermodynamic data

LMSD http://www.lipidmaps.org/data U.S. Composed of structures and

/structure/index.html annotations
LMPD http://www.lipidmaps.org/data U.S. proteins and genes associated with
/proteome/index.html lipids

Cyberlipid http://www.cyberlipid.org/ France  Lipid database that includes
isoprenoid-derived molecules.

SphinGOMAP http://sphingolab.biology.gatech.edu/ U.s. Pathway map for sphingolipid
biosynthesis

Lipid Library  http://www. lipidlibrary.co.uk/ U.K. Composed of information about
lipid chemistry, biology and
analysis.

KEGG http://www.genome.jp/kegg/pathway.html Japan Manually drawn pathway maps that
included fatty acid biosynthesis and
degradation, sterol metabolism, and
phospholipids pathway.

GOLD http://gold.uni-graz.at/index.html Austria  Composed of annotated pathway

and curated data set.

Consortium has developed software for analyzing large amounts
of mass spectrometry data (Ivanova et al., 2004). This software
makes use of the S-Plus version 3.3 for Windows programming
suite, and employs algorithms for data normalization to allow
statistical comparison of different spectral patterns from different
replicates. To this end, the software converts signal intensities to
standard units (—1, 0, +1) to sort and rank data. A Shewhart
control chart is then constructed for each peak to ensure stability
of analysis over a specific time frame. This software can compare
mass spectrometry data collected under different conditions, and
allows the construction of lipid arrays that highlight the changes
in lipid profiles under various biological conditions.

The Spectrum Extraction from Chromatographic Data
(SECD) and Lipid Mass Spectrum Analysis (LIMSA) represent
another generation of free softwares used to process both positive
and negative ion mode data, as well as to perform lipid
identification based on MS/MS spectra (Haimi et al., 2006).
SECD extracts LC-MS data, uses the NetCDF format for input
data, and displays the results as a pseudo-3D map. In this map
retention time, the m/z value and intensity are represented by the
x-axis, y-axis and a gray scale, respectively. The SECD software
allows the selection and analysis of subregions of the chromato-
gram. The LIMSA software is a dynamic library that can be used
alone, for batch processing, or in combination with other
softwares as it can use the SECD output as its input data. This
software allows identification, deconvolution and quantification

of lipids. Lu et al. (2005) introduced the cognoscitive-contrast-
angle algorithm and databases (COCAD) to improve correct
identifications of polyunsaturated lipid mediators using known
standard MS/MS or LC-UV-MS/MS data. COCAD identification
involves empirical fragmentation and peak intensity modifica-
tion. Katajamaa et al. (Haimi et al., 2006; Katajamaa, Miettinen,
& Oresic, 2006) disclosed a Java-based toolbox, platform
independent software called MZmine. This data processing
software implements algorithms for spectral filtering, peak
picking detection, 2D plot visualization, chromatographic
alignment, and normalisation. This team has recently released a
new version of MZmine that implements automated processing,
enhanced secondary peak picking, and two post-processing
methods for non-linear mapping (Katajamaa, Miettinen, &
Oresic, 2006). MZmine is capable of distributing the computa-
tion to multiple processors or computers, and supports import of
NetCDF and mzXML raw data formats. Smith and co-workers
introduced software packages called XCMS that implement a
non-linear retention time alignment, matched filtration, peak
detection, and peak matching (Smith et al., 2006). This software
package also supports LC-MS data stored in NetCDF, mzXML,
and mzData files. The XCMS allows data processing from
various mass spectrometers, including Q-Tof micro™ from
Waters, LTQ from Finnigan and 1100 LC/MSD from Agilent.
Unlike metAlign that also includes peak selection and the option
of non-linear, iterative alignment similar to XCMS, this software

TABLE 3. Commercially available softwares for lipidomics data processing

Name Vendor Main application field

Lipid Profiler MDS Sciex Lipidomics with LC-MS
Bluefuse BlueGnome Metabolomics with MS and NMR
MarkerLynx Waters Metabolomics with LC-MS
Metabolic Profiler Bruker BioSpin Metabolomics with MS
metAlign Plant Research International ~ LC-MS and GC-MS

MS Resolver Pattern Recognition Systems  LC-MS and GC-MS

Profile Phenomenome Discoveries Metabolomics with MS
MarkerView Applied Biosystems Metabolomics with LC-MS

214

Mass Spectrometry Reviews DOI 10.1002/mas




LIPIDOMICS ERA: ACCOMPLISHMENTS AND CHALLENGES =

TABLE 4. Free softwares for lipidomics data processing

Name License Main application field

MZmine GNU General Public License  Metabolomics with LC-MS and GC-MS
LIMSA GNU General Public License  Lipidomics with LC-MS and SECD data
SECD Freely available Metabolomics with LC-MS
TriglyAPCI Freely available Lipidomics with LC-MS

MSPECTRA Freely available Lipidomics with LC-MS

XCMS GNU General Public License  Metabolomics with LC-MS and GC-MS

is not based on any published algorithms, and it is not open source
(Smith et al., 2006) (i.e., not amenable to outside modification or
inspection). MDS Sciex has developed a software called Lipid
Profiler that has been used in several lipidomics studies (Ejsing
et al., 2006; Linden et al., 2006; Lelliott et al., 2007). Lipid
Profiler implements algorithms for isotope correction, identi-
fication, and quantification of lipid species detected by multiple
precursor ion scanning (Ekroos et al., 2002; Ejsing et al., 2006).
This software is written in Visual Basic and used a standalone
Microsoft Access lipid database.

C. Tools for Lipidomics

The chemical structures of large and complex lipids are difficult to
draw. To tackle this issue David Weininger initiated the Simplified
Molecular Line Entry Specification (SMILES) project in the late
1980s (Weininger, 1998). In the SMILES format the lipid structure
isrepresented as a compact graph with nodes as atoms and edges as
bonds. Although this format is accurate in terms of connectivity,
valence, and chirality (Fahy et al., 2007b), visual recognition and
comparison of lipids are complicated since the SMILES format
lacks a representation in 2D coordinates. The LIPID MAPS
consortium developed multiple drawing programs and mass
spectrometry prediction tools coupled to drawing tools to settle
this issue (Fahy et al., 2007b). Specifically, the LIPID MAPS
website includes information on the most commonly found lipids
in mammalian cells, and presently contains six drawing programs
that can precisely depict the structures of fatty acyls, glycerolipids,
glycerophospholipids, cardiolipins, sphingolipids and sterols. The
LIPID MAPS drawing tool is composed of a “‘core” structure, and
several pull-down menus that allow the end-user to choose from a
list of headgroups and sn-1/sn-2 fatty acyl side chains. After the
end-user specifies the details of the desired structure, the lipid
structure may be visualized in the web browser as a Java-based
MarvinView applet, or with Chemdraw ActiveX/Plugin.

D. Bioinformatics Resources for Lipid-Related
Pathways

The Kyoto Encyclopedia of Genes and Genomes (KEGG) as a
bioinformatics resource links genomes to life and the environ-
ment. The KEGG consortium maintains one of the most
commonly used reference databases for lipid pathways. This
collection includes information on fatty acid biosynthesis and
degradation, as well as information on sterols and phospholipids.
In addition, the consortium has developed another collection
called KEGG Brite that includes a section devoted to lipids where
the user can select a lipid of interest and view reactions and
pathways associated with that lipid. SphinGOMAP is another
network database that contains information on more than 400
sphingolipid and glycosphingolipid species (Fahy et al., 2007a).
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Bioinformatics resources are imperative in lipidomics to
manage and integrate experimental data at several levels:
(1) definition of lipid classification and ontologies, (ii) relational
database design, (iii) capture and automated pipelining
of experimental data, (iv) efficient management of metadata,
(v) development of lipid-centric search tools, (vi) analysis and
visual display of results, and (vii) integration of the lipid
knowledge base into biochemical pathways and interactive maps.

XIil. LIPIDOMICS APPLICATIONS

The implication of lipidomics in various diseases has been rooted
in the literature for over 20 years (Gross, 1984, 1985). Lipid
imbalances are associated with the metabolic syndrome, lip-
odystrophies, neurological disorders (Alzheimer’s, Parkinson’s,
Niemann-Pick, multiple sclerosis, Huntington, amyotrophic
lateral sclerosis, schizophrenia, bipolar disorders, and epilepsy)
and central nervous system injury (stroke, traumatic brain injury;
and spinal cord injury). The studies of cellular lipidomes have
provided insights into disease states through the comprehensive
quantification of altered cellular lipids (e.g., lipid classes,
subclasses, and individual molecular species) in response to
gene deletions, gene replacements or gene mutations in model
organisms, and through examination of the kinetics of lipid
metabolism/signaling and the interactions of lipids with cellular
proteomes (Hazen et al., 1993; Han et al., 1996, 2000, 2002; Han,
Holtzman, & McKeel, 2001). Mass spectrometry has played an
instrumental role in decoding such information, which is of
paramount importance for the development of novel therapeutics
for lipid-driven disorders.

A. Lipidomics and Cell Signaling

Mass spectrometry-based methods have been successfully used
for the analysis of lipids implicated in signal transduction
pathways (e.g., phosphoinositides, LPA, sphingosine 1-phos-
phate, DAG, and ceramide). Stable isotope labeling methods
have been used to analyze glycerophospholipid synthesis, and to
gain insights into the dynamics of signaling pathways in most cell
types. Much of the lipidomic research in signaling revolves
around phosphoinositides, eicosanoids, and steroids (Wakelam,
Pettitt, & Postle, 2007). Mattila et al. (2008) have successfully
decoded the identity of lipids and metabolites with relevance to
adipose tissue metabolism and insulin signaling by ultra
performance liquid chromatography (UPLC)-mass spectrometry
and GCxGC-TOF mass spectrometry. Positive mode ESI has
been successfully used for the quantification of 28 DAG
molecular species in RAW 264.7 macrophage cells after
stimulation of a G-protein coupled receptor with PAF (Callender
et al., 2007). Mass spectrometric analyses revealed that purified
iPLA,Y hydrolyzes saturated or monounsaturated aliphatic fatty

215




®  BOU KHALIL ET AL.

acyls from the sn-1 or sn-2 positions of glycerophospholipids,
and also liberates arachidonic acid from the sn-2 position of
plasmenylcholine substrates. In contrast, incubation of iPLA,y
with 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine
resulted in the rapid release of palmitoyl and the selective
accumulation of 2-arachidonoyl LPC, which was not metabo-
lized further by iPLA,y. Furthermore, incubation of purified rat
hepatic peroxisomes with iPLA,y results in the selective
accumulation of 2-arachidonoyl LPC, which was shown to be a
natural product in human myocardium (a tissue exhibiting robust
iPLA,y expression) by tandem mass spectrometry. Since 2-
arachidonoyl LPC represents a key branch point in eicosanoid
signaling (e.g., arachidonic acid, 2-arachidonoylglycerol), these
results reveal the usefulness of mass spectrometry-based
approaches in tracking signalling pathways and second mes-
sengers production in response to various cellular stimuli (Yan
et al., 2005).

Using ESI-MS, Milne et al. (2005) resolved and identified
28 PIP and PIP; species, and 8 PI trisphosphate (PIP5) species in
RAW 264.7 macrophages or in primary murine macrophage cell
extracts. Moreover, analysis of PIP profiles after agonist
stimulation of cells revealed the generation of differential PIP;
species. The ability to analyze the fatty acyl chain composition of
signaling lipids initiates new venues for investigation of
phosphoinositide signal transduction cascades. ESI-MS is also
efficient for the detection of elevated concentrations of PIP, in
human fibroblasts from patients with Lowe syndrome, a genetic
disorder that affects phosphoinositide metabolism (Wenk et al.,
2003). Disrupted PIP, balance in the brain was also recently
suggested to account for the amyloid-f peptide induced synaptic
dysfunction, which is linked to cognitive deficits in Alzheimer’s
disease (Berman et al., 2008). Therefore, mass spectrometric
analysis of phosphoinositides represents a powerful diagnostic
tool for human diseases that involve defective phosphoinositide
metabolism.

B. Lipidomics and Apoptosis

Oxidized phospholipids play an important role in execution of the
mitochondrial stage of apoptosis and clearance of apoptotic cells
by macrophages. ESI-MS and fluorescence high-performance
liquid chromatography have been employed to successfully
identify/quantify oxidized glycerophospholipids generated dur-
ing apoptosis. This method revealed selective oxidation of CL in
the mitochondria, and PS outside of the mitochondria. The
application of lipidomics was performed under various con-
ditions in both in vitro and in vivo models of apoptosis and/or
inflammation. This approach proved powerful for the identi-
fication of oxidized CL and PS molecular species in the tested
models (i) following cytochrome c/H,O, induced oxidation or
experimental traumatic injury of rat brain, (ii) in postmortem
brain samples from patients with Alzheimer’s disease, and (iii) in
the small intestine of y-irradiated mice (Tyurin et al., 2008;
Tyurina et al., 2008). In particular, oxidized molecular species of
CL and PS may be potential biomarkers of y-irradiation-induced
intestinal apoptosis in vivo.

C. Lipidomics and Disease Diagnosis

Lipid homeostasis is fundamental to health maintenance, and
lipid defects are central to the pathogenesis of important and
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devastating diseases. Altered sulfatide metabolism, trafficking
and homoeostasis are the earliest clinically recognizable
pathological features of Alzheimer’s disease. A recent shotgun
lipidomics study investigated the effect of sulfatide supplemen-
tation on neuroblastoma cells. The authors showed time- and
dose-dependent accumulations of sulfatide, ceramide and
sphingosine in these cells. Combining shotgun lipidomics with
subcellular fractionation revealed that sulfatide accumulated
predominantly in the lysosomes, whereas the increased ceramide
content was generated in the endosomes mainly via the action of
B-galactosidase, which hydrolyses sulfatide to ceramide without
a prior desulfation step. The accumulation of sulfatides and
ceramides in neuroblastoma cells resulted in apoptosis as
revealed by mitochondrial membrane depolarization, PS trans-
location and by the terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) assay (Zeng et al.,
2008). These findings were also extended to primary neuron
cultures, and provide a mechanistic link between abnormal
sulfatide metabolism, cell apoptosis, and neuronal diseases. A
recent lipidomic study revealed that higher levels of arachidonic
acid and its metabolites, as a result of increased activity of group
IV isoform of PLA,, contribute to the pathogenesis of
Alzheimer’s disease (Sanchez-Mejia et al., 2008).

Static imaging time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS) has been successfully used to map lipid
disorders in human muscles of a patient suffering from
dystrophy (Brunelle & Laprevote, 2009). This method also
proved useful for the study of skeletal muscle lipid accumulation
associated with obesity, insulin resistance and type 2 diabetes
(Magnusson et al., 2008), as well as for the detection of
cholesterol in macrophages (Piehowski et al., 2008), which
accumulate in atheromatous plaques (Schmitz & Grandl, 2008).
Shotgun lipidomics has been recently employed to identify
alterations in neutral lipid metabolism in diabetic cardiomyop-
athy. Substantial accumulations of TAG and altered myocardial
eicosanoid metabolism and signaling have been successfully
identified in the diabetic heart (Gross & Han, 2009).

Wheeler et al. (2008) have studied multiple sclerosis using
ESI-MS/MS. They characterised the modification of sphingoli-
pids, glycerophospholipid and sterol in normal appearing gray and
white mater of multiple sclerosis brains during periods of disease
activity or inactivity. Their results reveal that, the quantity of total
lipids in gray and white matter is not affected in multiple sclerosis
brains, a reduction in sphingolipids and a gain in glycerophos-
pholipids content is prominent during the active state of the
disease. The authors suggested that the cross talk between the
sphingolipids and glycerophospholipid metabolic pathways,
which results in the conversion of sphingolipids to ceramides to
glycerophospholipids, is the underlying mechanism of multiple
sclerosis. Schwarz et al. (2008) have studied schizophrenia and
bipolar disorder, two conditions that share similar symptoms and,
up to now, do not have distinct disease markers. Since lipid
modifications are associated with both disorders, the authors
profiled free fatty acyls, PC and ceramides in post-mortem brains
from schizophrenia and bipolar patients in an attempt to find
distinct disease biomarkers. Their findings demonstrated that
white matter PC species increase in bipolar disorder, and decrease
in schizophrenia. However, the observed lipid modifications in
schizophrenic brains were not reproduced in red blood cells. Mass
spectrometry, therefore, opens the way to an unbiased post-
mortem diagnosis of schizophrenia and bipolar disorder.
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Lipidomic studies play an essential role in defining the
biochemical mechanisms of lipid-related diseases through
identifying alterations in cellular lipid metabolism, trafficking
and homeostasis. However, the lipidome varies with gender, age
and lifestyle. In early childhood, multiple changes in circulating
lipids composition reflect rapid developmental and environ-
mental changes (Nikkila et al., 2008). In older individuals, the
lipidome is characterized by a decrease in the proportion of
antioxidant lipids, thus reflecting the increase in oxidative stress
with age (Maeba et al., 2007). Therefore, the development of
effective preventive medicine requires the identification of early
diagnostic and prognostic biomarkers.

XIV. ACCOMPLISHMENTS AND CHALLENGES

Research in the lipidomics field is an integral part of the ““systems
biology’’ approach, which relies on collaborative multidiscipli-
nary research networks comprising biologists, physicists,
computational scientists, chemists, and mathematicians. The
establishment of COBRE, Lipid MAPS Consortium, European
initiatives for decoding lipids through genomic approaches, and
Genomics Of Lipid-associated Disorder (GOLD) project have
revolutionized the lipidomics research field, and provided
universal platforms to provide a snapshot of the cell lipidomes,
which is crucial for disease diagnosis, toxicity assessment, and
treatment efficacy.

The tremendous success of the lipidomics field, in terms of
structural analyses, profiling and quantification of complex lipids,
is faced with the lack of a single uniform analytical platform for the
analysis of all lipids. This challenge can be alleviated with the
introduction of chip-type technologies into the lipidomics field to
entail simultaneous analysis of different lipid classes. However,
the immense structural diversity of lipids (i.e., all potential
enantiomeric, stereoisomeric and regioisomeric lipid species that
can be identified) is still a great challenge to overcome along with
the availability of commercial lipid standards for identity
authentication and quantification of lipid species.

The ability to localize lipids in cells is yet another challenge
facing lipidomic studies that can be surmounted by the
availability of sophisticated histochemical, cytochemical and
physical imaging techniques, as well as cell fractionation
protocols. Technologies must also be developed to enhance/
enrich local concentrations of low abundance lipid species. This
will allow thorough examination of various lipid biosynthetic,
metabolic and signaling pathways, as well as explict character-
ization of lipids under normal and disease conditions.

Analytical lipidomics datasets often include data on large
numbers of lipids representing multiple functional classes. These
results are subject to four inherent problems of the omics sciences
(i.e., bias, statistics, methodology, and method misuse) (Lay
etal., 2006). Advanced statistical analysis tools and strict quality
assurance regimens are, therefore, a must to provide reliable and
meaningful lipidomic results. A key challenge to overcome
following data analysis is the ability to establish a link between
experimental outputs and specific lipid metabolic pathways or
phenotypes.

The cataloguing and quantification of the lipidome reflect
spatial and dynamic regulation, for example, global changes in
cell membrane composition, systemic lipid metabolism, lipid
trafficking, lipid oxidation, lipid—protein interactions or bio-
chemical reactions. To understand lipid function and their
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biological/medical relevance, the impact of physicochemical
properties of lipids on lipid—lipid and lipid—protein interactions
must be explicitly elucidated. Knowledge of lipid networks,
connections between lipid biosynthetic and metabolic pathways,
as well as their regulation and interaction with non-lipid signaling
cascades (e.g., protein-protein interactions, protein phosphor-
ylation/dephosphorylation) is required to gain insight into the
biology of these lipids. New mass spectrometry methodologies
must be developed to delineate specificity of lipid—lipid
interactions and covalent modifications of lipids. However,
defining the topology of lipid—lipid interaction networks is not
sufficient to define lipid-related cellular processes. As a result,
quantitative kinetic models need to be developed and enforced in
contemporary lipidomics research.

The identification and discovery of new lipid species in
biological systems is another challenge the lipidomics field must
conquer since currently available lipid databases do not archive
and encompass information on all possible lipid species due to
the structural diversity of lipids across different organisms,
tissues and cells. Databases such as KEGG are limited to pathway
representations of generic lipid classes, that is, including
information on the headgroup but not the fatty acyl side chains
of lipids. Such databases lack the level of detail that is becoming
available by modern mass spectrometry-based approaches. In
addition, due to common structural similarities among different
lipid classes, which are often regulated by the same enzymes in
class-specific manner, there is a large degree of co-regulation to
be expected in lipid profiles. To elucidate and track changes of the
lipidome, data analysis and interpretation therefore need to
balance the analysis of global lipid pattern changes with the
analysis of molecular species specific pathways.

The ultimate goal of the lipidomics field is to cross-link
existing lipidomics research centres and integrate lipid databases
worldwide to standardize lipidomic analyses, and to link
technological advances to pressing scientific issues. This task is
highly dependent upon (i) establishing an open access and central
database containing lipid species maps, and (ii) integrating
lipidomic data with lipid-related genetic, proteomic and
metabolomic data. The combined efforts of bioinformaticians
and scientists across the globe are instrumental to interconnect
these multidisciplinary databases and cross-reference different
types of datasets to generate new modeling concepts. Although
cumbersome to maintain, such integrative database and infra-
structure provide the foundation for bioinformatic tools to
integrate all lipid-linked physicochemical, biological, metabolic,
and medical information. This will lead to the discovery of novel
lipid biomarkers and pathobiological-mechanisms for the
diagnosis of lipid-related disorders.

The improvement of techniques employed in lipidomic
research and analyses, that is, sample preparation, lipid synthesis,
analytical techniques, and bioinformatics methods, demands the
elaboration of standard operation procedures. This will facilitate
the sorting of the literature into annotated pathways, the
extraction of results from experimental data, as well as the
management, processing and integration of experimental outputs
to hold assembled information. This harmonization effort relies
heavily on strong links between technology developers and the
lipid scientific community, and on the establishment of
interdisciplinary, educational training and research programs to
understand lipid function with respect to their functions in health
and disease.
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XV. CONCLUDING REMARKS

Advances in genomics have enabled researchers to identify
genetic determinants of early onset disease. Direct biochemical
investigations have elucidated multiple signalling pathways
altered by these mutant gene products. Further combination of
genomics with proteomics is allowing researchers to map global
gene and protein changes associated with progressive neuro-
degeneration. Together, these studies have provided remarkable
insight into the molecular nature of multifactorial disease.
However, despite these advances, we do not know why discrete
subsets of cells are uniquely susceptible to early dysfunction nor
can we protect vulnerable populations. Thus, the next major
advance in rational therapeutic design will come from tying a
cell’s metabolome into genomic and proteomic maps of disease.
Such insight will provide new therapeutic avenues designed to
protect vulnerable neuronal populations in the face of ongoing
insult. When combined with other high throughput technologies
in genomics and proteomics, lipidomics offers the opportunity to
elucidate the molecular signature and biological importance of
lipid metabolism. Lipidomics-driven research is therefore of
paramount importance for in depth understanding of pathophy-
siological events, as well as for the development of novel lipid-
based drug targets.

XVI. ABBREVIATIONS

APCI atmospheric pressure chemical-ionization

APCACI atmospheric pressure covalent adduct chemical
ionization

APPI atmospheric pressure photo-ionization

CAD collision-activated dissociation

CI chemical ionization

CID collision-induced dissociation

CL cardiolipin

DAG diacylglycerol

DRM detergent resistant membrane

ECD electron capture dissociation

EI electron ionization

ER endoplasmic reticulum

ESI electrospray ionization

ETD electron transfer dissociation

FAB fast atom bombardment

FT-ICR Fourier transform ion cyclotron resonance

GalNAc N-acetylgalactosamine

GC gas chromatography

GlcNAc N-acetylglucosamine

PA glycerophosphatidic acid

PC glycerophosphocholine

PE glycerophosphoethanolamine

PG glycerophosphoglycerol

PI glycerophosphoinositol

PS glycerophosphoserine

HPLC high performance liquid chromatography

IMS imaging mass spectrometry

LC-MS liquid chromatography-mass spectrometry

LPC lyso-PC

LPA lyso-PA

LPAF lyso-PAF

MALDI matrix-assisted laser desorption/ionization

MRM multiple reaction monitoring
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MS/MS tandem mass spectrometry

or MS"

NMR nuclear magnetic resonance
OCN oscillating capillary nebulizer
OzESI ozone electrospray ionization
OzID ozone-induced dissociation

PAF platelet activating factor

SIMS secondary ion mass spectrometry
TAG triacylglycerol

TLC thin-layer chromatography

TOF time-of-flight

UPLC ultra performance liquid chromatography
sn stereospecific number
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