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Purpose of review

The field of metabolomics is extending the principles of

genomics into cellular and organism metabolism and

driving a revolution in lipid biochemistry, physiology and

nutrition. Lipids studied using metabolomic approaches –

lipidomics – are an ideal subject for metabolomic

measurements.

Recent findings

Lipids are small molecules that share common physical and

chemical properties as a class, whose presence and

abundance are key to much of metabolic regulation, from

subcellular compartments to whole body energy control

and signaling. Furthermore, by measuring changes in lipid

concentrations, scientists are gaining a more detailed

understanding of biochemistry and thus annotating

genomes, but also understanding genetic polymorphisms

and the postgenetic effects induced by drugs, foods and

toxins.

Summary

Although in its infancy – there are fewer than 200 total

articles on lipidomics and metabolomics focusing on

lipids – the field of metabolomics is beginning to deliver on

its promise to revolutionize lipid and metabolic disease

research.
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Introduction
This review highlights recent advances in metabolomics

of interest to drug discovery and development and

personalized medicine. Lipids are among the least under-

stood of the cellular biomolecules. Even in the era of

genomics, lipids continue to be an underappreciated

subset of the metabolome. Fundamental questions about

lipids, whose conceptual counterparts were answered for

proteins decades ago, remain. Lipids within membranes

exist as complex structural aggregates whose integrity

provides multiple functions. This new view of the

membrane as a functional network of lipid aggregates

poses many questions. Which lipids exist within specific

membranes and in what aggregate structures? How do

these aggregate structures assemble and dissociate? What

are the functions of these structural aggregates and what

are the consequences to cells and organisms when they

fail to function normally? How do lipids contribute to the

signaling within cells and between cells and organelles?

How do cells sort lipids to their multiple roles as struc-

tures, signals and fuel molecules? Answering these ques-

tions will fundamentally change our understanding of

basic biology, of intervening in the health of humans and

guiding biotechnology to improve the human condition.

The technical strategies for metabolomics, and espe-

cially lipidomics, are surprisingly undeveloped in the

‘omics’ era. Why is this surprising? In retrospect, meta-

bolomics should have been the highest priority of

systems biology. The knowledge of the biochemical

pathways that use and produce metabolites is extensive.

There is a long history of successful application of

metabolites as measured biomarkers (blood cholesterol,

glucose, triglycerides), and the technologies to measure

metabolites have been in place for decades, certainly

long before sequencing and immobilized nucleotide

arrays. Furthermore, variations in human health and

disease as well as exogenous influences on health

(age, pathogens, toxins, diet and drugs) are reflected

in metabolism. The new strategy of measuring all, or

subsets of, metabolites provides considerable advantage

over focused single metabolite measurements for basic

research, health research and assessment, and even

discovery of the functions of genes and genomes

[1–5]. Now the strategies and toolsets of genomics

are being applied to lipids, and the field of lipid-

omics is emerging. High-resolution chromatography,

mass spectrometry, nuclear magnetic resonance are

making lipomics possible.
rized reproduction of this article is prohibited.
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Lipids remain a poorly defined class of biological mole-

cules. Lipids as biological molecules are responsible for

much of cellular structure, for multiple, complex signa-

ling systems, and for providing life’s most dynamic and

efficient fueling and energetic schemes. Why are we still

so ignorant of the details of these functions? Lipids

provide remarkable capabilities to the processes of cellu-

lar life, but the properties that make them so vital make

them difficult to study.

Membranes

The unique properties of complex lipids to self-assemble

in water to form the bilayer membrane as the barrier

between cells and the outside world were critical to the

emergence of cellular life. Equally importantly, the lipid

bilayer’s ability to maintain an electrochemical gradient

has led to biology’s ubiquitous and efficient systems of

energy transduction and signal transmission. Throughout

evolution, the increasing diversity of lipids and their

unique structures became an apparently irresistible mole-

cular scaffold for cellular structures, intracellular and

extracellular surfaces, vesicular and clustered transpor-

ters, and trans-membrane channels. The nature of the

forces driving the spontaneous assembly of lipids into

‘soft’ structures is largely incompatible with the tools

of biochemistry. The tools that worked so well on

the proteins, polysaccharides and polynucleotides dis-

assemble the delicate structural lipid aggregates found

in membranes.

Signals

The signaling functions of lipids are similarly difficult to

study. Lipids evolved into their critical roles as precur-

sors for highly diverse signaling systems within and

between cells. The ready availability of labile lipids as

signaling molecules led to much of biology’s alarm

communication system, triggered by various forms of

stress and mediating appropriate cellular responses.

Again, the chemical fragility of lipid structures that made

them candidates for complex signaling systems, makes

them difficult to study experimentally. They can readily

breakdown via simple, thermodynamically favorable

chemical reactions (hydrolysis, oxidation) into products

that are frustratingly similar to the enzymatic products

that constitute signal molecules.

Fuel

The roles of lipids as fuel and energy storage are the best

understood functions of lipids, yet even these properties

are difficult to study. When is a lipid intermediate a

precursor for complex lipids, for signals and for simple

fuel? The interconnectedness of lipid biochemistry frus-

trates simple pathway modeling. The insolubility of

neutral lipids that make them valuable for storage led

to the evolution of self contained aggregates (e.g., lipo-

proteins) as transport systems, yet the lipid compositions
opyright © Lippincott Williams & Wilkins. Unauth
and structures of these transport systems, so critical for

their proper functions, are still poorly understood.

Into the challenging fields of lipid biology have now

emerged the tools, strategies, informatics and insights

of genomics, in the form of metabolomics. The physical

and chemical diversity and the dynamic range of the

entire metabolome have created genuine analytical prob-

lems. A logical approach, though heretical to a true ‘omic’

strategy, has been to subdivide the metabolome into

functional units of metabolism, including lipids (lipi-

dome) and carbohydrates (glycome). The term lipido-

mics was coined by Wilson [6] and by general consensus

is defined as ‘the study of the composition, metabolism,

and biological role of lipids in cells at the levels of

molecular species’ [7]. In this review, we will examine

recent research studies using lipidomics, their insights

into lipid biology and suggest how these tools will propel

the field of lipid research into the future.

Nomenclature and classification of the
lipidome
A critical step in lipidomics has been the ambitious

endeavor by the LIPIDMAPS Project to build a classi-

fication system of structures, groupings and nomenclature

serving both to define all of the possible lipids and to

serve as a basis for structural organization of large lipid

databases [8]. Many important concepts were recognized

and included in the classification system, although the

complexity of the problem of bringing an intuitive

solution to classifying such a disparate group of biomole-

cules as lipids will prolong the process. The value of

pursuing such an integrative approach can be seen

immediately in the use of computational tools for

building and polling databases structured on the intact

lipidome. One approach has combined analytical

data with classification to create a system of virtual

lipid arrays [9]. Lipid compositional data, by various

methods, were assembled and displayed in ways consis-

tent with existing array-based technologies, both a

technological and a conceptual advance.

Analytical chemistry and lipidomics
Analytical chemistry and instrumentation has improved

dramatically in the past 10 years, providing orders of

magnitude increased sensitivity, specificity and effi-

ciency of molecular measurements. Analytical strategies

now couple different modalities – separation science and

spectroscopy, including high performance liquid chroma-

tography and mass spectrometry – into complementary

platforms. These analytical systems further increase sen-

sitivity and efficiency of molecular measurements. When

it became clear that the analytical power being applied

to measure single molecules could be leveraged into

platforms capable of measuring all molecules in a

mixture with the same analytical precision [3], the field
orized reproduction of this article is prohibited.
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of metabolomics was off and running. To date, most

lipidomic research studies rely on the output of a single

platform designed to analyze all of the lipids in a bio-

analytical category rather than a complete lipidome.

The latest analytical platforms are based either on liquid

chromatography–mass spectrometry or tandem liquid

chromatography–gas chromatography–mass spectrometry

methods. The enabling capabilities of high-performance

liquid chromatography coupled to electrospray mass spec-

trometry to simultaneously identify and analyze the full

range of phospholipids from a complex mixture is bringing

lipidomics to practice [10,11�,12–14]. Challenges remain

to simultaneously identify a broad range of intact lipid

metabolites and accurately quantify each molecule in the

sample. The inherent advantages of mass spectrometry to

identify molecules by virtue of precise molecular mass

measurement has the power to identify large numbers of

complex lipids. Two important problems remain, how-

ever. Mass spectrometer ion sources are still inconsistent,

and mass spectrometry is not as quantitatively accurate

as metabolite measurements need to be for many

applications. Furthermore, many molecular species of

glycerolipids have identical molecular weights because

of similarities in the fatty acid structures on the glycerol

backbone. A recent approach to resolve lipid species with

overlapping molecular weights uses high-performance

liquid chromatography coupled directly to tandem mass

spectrometry [15–17]. This approach offers a means to

identify intact lipid molecules, followed by further

fragmentation in order to identify individual molecular

components. Pacetti et al. [16] used normal phase high-

performance liquid chromatography coupled to elec-

trospray ion-trap mass spectrometry to simultaneously ex-

amine changes in multiple phospholipid classes (phospha-

tidylethanolamine, phosphatidylinositol, phosphatidyl-

choline, lysophosphatidylcholine, and sphingomyelin)

and the individual molecular species within each class

without prior derivatization, thin layer chromatography,

or solid phase extraction of the bulk lipid extract. Tandem

liquid chromatography coupled to mass spectrometry can

also be used to separate complex lipid species prior to

ionization and detection by mass spectrometry [18]. Com-

bined, tandem methods are steadily increasing the ability

to perform sensitive, high throughput, quantitative, and

comprehensive analysis of lipid metabolites.

Current quantification by mass spectrometry requires

analyte to internal standard peak area ratios. These

methods provide relative quantification but still

require multiple internal standards. At present, most

reports have taken the approach of sacrificing quantifi-

cation of metabolites for higher throughput identifi-

cation. This decision is indeed propelling the field of

lipid biochemistry toward recognizing which lipids are

present in different tissues, cells, subcellular organelles,
opyright © Lippincott Williams & Wilkins. Unautho
among others. Because quantitative analyses are, how-

ever, needed to detect the small differences that are the

basis of varying states of metabolic health – healthy

versus diseased, overweight versus lean, among others –

the decision to forgo quantitative precision limits the

future utility of the integrated databases of metabolites

that are produced by these analyses. It will presumably

be necessary then to revisit these studies to rebuild

quantitative databases against which individual profiles

can be compared to distinguish important differences

(i.e., diagnostic applications, unintended side effects of

therapeutics) [19]. Rigorous quantitation using mass

spectrometry requires, at present, internal standards

enriched with one or more stable isotopes. The greater

quantitative accuracy offered by this approach was seen

in recent studies combining the use of stable isotope

tracer molecules with advanced liquid chromato-

graphy–mass spectrometry techniques to observe the

dynamics of lipid metabolism including lipid conver-

sion, turnover, and signaling [7,20].

In addition to advances in instrumentation per se, the

varying chemistry of complex lipids can provide oppor-

tunities to selectively separate, react, derivatize or

complex specific classes of complex lipids for focused

analysis at high throughput. The rapid derivatization of

phosphatidylethanolamines is a proof of this principle

and the combination of rapid throughput derivitization

and analytics with lipidomics strategies promises to add

an analytical dimension to much of the lipid class analyses

[11�]. To fully understand lipid functions, in addition to

measuring lipid composition, the three-dimensional

structure of lipid aggregates as found in biological sys-

tems must be determined.

Composition description of specific samples,
cell types and subcellular organelles
Among the first steps towards understanding the struc-

ture and function of biomolecules has been to describe

their distribution within discrete functional compart-

ments: cells, organelles and subcellular particles. Such

strategies have been a hallmark of biochemistry research

for decades, and combining this approach with the tools

of lipidomics has the potential to add substantially to our

knowledge of lipids. Combining lipidomics techniques

with specific sample collection, cell isolation and sub-

cellular fractionation methods are beginning to reveal

relationships between composition and location, if not

yet function. The effects of free cholesterol-loading on

cellular phospholipid metabolism in cultured human skin

fibroblasts is an example [21]. Lipid biosynthetic path-

ways were distinguishable from remodeling of existing

phospholipid species using stable-isotope labeling.

Increasing cholesterol in cells led to increases in phos-

phatidyl choline concentrations and remodeling of exist-

ing phosphatidyl choline species through transacylation
rized reproduction of this article is prohibited.



C

Lipidomics and lipid profiling in metabolomics German et al. 69
to more usaturated, longer-chain phosphatidyl choline

species, whereas phosphatidyl ethanolamine concentra-

tions decreased accompanied by changes in phosphatidyl

ethanolamine to longer, more unsaturated phosphatidyl

ethanolamine species via de-novo phosphatidyl ethanol-

amine synthesis. This study demonstrated how lipid

profiling can be used in investigating complex cellular

metabolic processes. Hunt [7] provided an insightful

approach to identify the nuclear lipidome by isolating

nuclear membranes and analyzing in detail the various

lipids present within this compartment. These tech-

niques are sufficiently accurate to follow lipid remodeling

within the nucleus itself [22].

A primary challenge to understanding the functions of

lipids is to isolate functionally distinct subsets of mem-

branes. Otherwise, diagnostic features of lipid compo-

sition are lost due to averaging across all membranes. The

chemical and physical methods of traditional biochem-

istry are rarely successful in describing the complex

arrangement of lipid molecules found in biological mem-

branes due to their inherently (and perhaps functionally)

transient construction. Pike et al. [23] have nonetheless

achieved some success using carefully selected deter-

gents to isolate and examine the lipidomes of specific

membrane clusters or ‘rafts’ defined by their detergent

dispersibility. An alternative strategy to using chemical or

physical separation methods is to use biologically guided

strategies. An ingenious approach in this direction was

reported by Brugger et al. [24�]. Taking advantage of the

recently recognized fact that HIV co-opts the structures

of lymphocyte rafts to their own surfaces, Brugger and

colleagues isolated HIV particles from different lympho-

cyte cultures to explicitly provide surrogates of the

lymphocyte rafts for lipidomic profiling. The authors

took their study one step further, postulating that the

lipid composition, particularly the sphingomyelin content

of the HIV particles, may reflect a requirement for the

virus itself. Indeed, inhibiting sphingolipid biosynthesis

in the infected lymphocytes resulted in HIV with four-

fold less infectivity. The capabilities illustrated by their

study vividly demonstrate that the ability to isolate

specific lipid domains, compartments and clusters is

the limiting step to this research direction and hopefully

will stimulate researchers to find imaginative new ways to

capture specific lipid subsets.

Although lipidomic analysis of subcellular compartments

will improve the descriptive data of cellular processes,

there will still be challenges to move beyond compo-

sitional data to functional studies. The experimental logic

of separating components in order to characterize their

functions is relatively straightforward with proteins as

enzymes whose function is the catalytic activity of a

particular reaction. Enyzmatic activity persists even in

an isolated protein. Even though the remarkable diver-
opyright © Lippincott Williams & Wilkins. Unauth
sity of complex lipids distributed heterogeneously in

eukaryotic cells implies that they function as discrete

aggregates, however, it will be difficult to assign speci-

fic functions to specific lipids even as compositionally

defined aggregates. Many of the functions already con-

sidered for lipids require intact cellular organelles, if not

entire cells. That is, the functions of lipids in this respect

relate to higher order processes – signal transduction,

transport, clustering of multimeric complexes – and

these functions require more than an isolated cluster of

lipids to be discernible. Nonetheless, detailed composi-

tional analyses will establish the boundaries of compo-

sition around which such functions must perform. One

of the most attractive approaches and one that has

revolutionized lipid biochemistry is the use of selective

genetic alterations in simple organisms combined with

comprehensive metabolomic strategies. Cowart and

Hannun [25] have used this strategy to interrogate

sphingolipid metabolism in yeast. Not surprisingly to

lipid biologists but not completely reported to date, this

study found that sphingolipids were involved in various

processes in yeast from plasma membrane signaling to

nuclear regulation.

Composition description of lipid pathways
Lipidomics combines the tools of metabolomic profiling

and specific subsets of lipid biochemistry with the goal of

simultaneously achieving greater throughput and greater

accuracy. Currently, researchers focus lipidomic techno-

logies on a narrow range of lipids or physiological clusters

in which the total number and extent of lipids is con-

strained. The separation of high-density lipoproteins

from plasma of normal individuals and those in acute

phase response, combined with a relatively comprehen-

sive analysis of the complex lipids within these particles,

provided an early indication of just how powerful the

approach would prove to be [26]. Another early example

of the principles of lipidomic thinking was an approach to

measure many eicosanoids simultaneously [27]. This

study was revealing. The basic idea of looking at the

entire biochemical pathway system of eicosanoids,

although obvious today, was a bold step. The approach

directed researchers to interrogate the consequences of

altering fluxes within separate pathways. It can be argued

that the side-effects of COX-2 inhibitors and similar

pharmacologic agents point to the need for such a

strategy to study inhibitors of lipid signaling pathways

that flux the same precursor to differentially active end

products depending on conditions [28]. The ability to

combine the high sensitivity of mass spectrometry

with separate lipid compartments and the approach of

comparative lipidomics is already proving to be very

powerful in identifying modified lipids as important

to structure function in cells. Kagan et al. [29] have made

a bold proposal on the basis of this combination of

lipidomics and mitochondrial oxidation to propose that
orized reproduction of this article is prohibited.
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oxidized species of cardiolipin and phosphatidyl serine

are the actual signal transduction mechanism of mito-

chondria initiated apoptosis.

Composition and function
The technologies to profile lipid metabolites are not new;

but there are few reports of quantitative and compre-

hensive lipid metabolite profiles in the literature. Most

reports provide proportional data, but these data consis-

ting solely of percentage compositions are incapable of

building a comparable database. Quantitative lipid meta-

bolome data were used to determine the differential

effects of dietary a-linolenic acid and long chain n-3

fatty acids on heart and liver phospholipid metabolism

[30]. Although both types of fatty acids led to similar

quantitative enrichment of heart tissue with docosahexa-

enoic acid, the distribution of this fatty acid among the

cardiac phospholipid classes depended on the dietary

source of n-3 fatty acids. Further, the quantitative distri-

bution within the heart phospholipid classes was altered

by diet. Quantitative measurements of the lipid metabo-

lome were mapped to their biochemical pathways. This

strategy was also employed to determine the effects of

dioxin on liver and plasma lipid metabolism in birds [31]

and pregnant primates [32] and the effects of treatment

with the insulin-sensitizing drug rosiglitazone on liver,

plasma, heart and adipose lipid metabolism in mice [33].

Compositional changes in fatty acids accompany the

various stages of differentiation of adipocytes reflecting

the development of metabolic pathways in this cell type

as a function of its phenotype [34]. The nature of lipi-

domics makes it possible to re-evaluate data hypothesis-

driven studies and in some such cases reveal our prior

assumptions of lipid metabolism. Quite unexpected

results were observed in a study of myocardium from

calorie restricted animals [35]. According to quantitative

lipidomic analyses, while in skeletal muscle, as would be

expected in response to calorie restriction, triglycerides

decreased, in myocardium, triglycerides increased and

phospholipids decreased by 25%.

A quantitative approach to measuring specific classes of

metabolites can frequently provide detailed information

on the molecular basis responsible for changes in meta-

bolism or phenotype. Such examples highlight the value

of lipidomics for discovering the underlying causes of

genetic polymorphisms, toxicological exposure, dietary

intervention as well as investigating drug targets for their

complete effects on lipid metabolic pathways. The quan-

titative comparison of the effects of diet, toxins, drugs or

genetic variation on metabolism can be informative to

both mechanisms of action and to the subtle differences

in effect caused by interactions between compounds.

One of the potentially important outcomes of more wide-

spread applications of lipidomics techniques will be to

create a growing resource of permanent reference data-
opyright © Lippincott Williams & Wilkins. Unautho
bases of the quantitative results of lipid experimentation.

Such databases will extend the influence of lipidomics by

allowing direct comparisons of newly generated experi-

mental data with previously archived studies. Annotating

these databases will provide a critical knowledge resource

for all of lipid biology.

Lipidomic dynamics, lipid synthesis,
remodeling and transport
Mass spectrometry provides the opportunity to use stable

isotopic enrichment in specific lipids as the means to

follow a label through entire pathways. Because the time

course can be defined according to when the label was

introduced, measurements of lipid metabolites can pro-

vide truly dynamic, kinetic, information.

Cell models of metabolism have been a part of bio-

chemical research for decades. A recent research report

illustrated how this basic tool can be moved to person-

alized assessment of metabolic dysregulation and to

define the metabolic responses to candidate therapies.

Willard et al. [36] used fibroblasts from an individual

patient suffering from apparent lipid metabolic disorders

to identify a highly unusual deficiency of D6-desaturase

activity as the causal mechanism. Not only did this

approach identify the defective point in metabolism,

but it provided a logical strategy and specific candidate

molecules for intervention. A similar study protocol [37]

was used to identify a lipid metabolic defect responsible

for neutrophil aberrations in periodontal disease. The

ease of sampling access of this tissue and the capability of

lipidomics to identify specific metabolic defects in lipids

argues compellingly that as metabolic analyses become

more quantitatively accurate, high-throughput lipidomics

will become a powerful asset to routine diagnostics.

Conclusion
The field of genomics arose with expectations to build an

unprecedented amount of knowledge in biology and to

bring this knowledge to practice immediately. While

some feel that the promise of genomics has failed to

live up to its potential, many of the benefits of genomics

are being felt in fields quite far removed from genes and

genetic sequence. For lipids, the field of genomics has

been enabling a major revolution in scientific research,

knowledge creation and practical applications. Now the

principles of ‘omic technologies’ as high-throughput,

comprehensive analysis and bioinformatic interpretation

have arrived with the field of lipidomics. Although still an

emerging field, lipidomics has already established proofs

of principle and promising new research possibilities.

There are still technological challenges. Most but not all

of the lipid metabolites have been identified. The

important differences between biological states will be

distinguished mainly by quantitative differences in

lipids, not qualitative ones. Hence, the technologies of
rized reproduction of this article is prohibited.
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lipids will need to be quantitatively accurate. As sample

sizes get smaller and our ability to measure lipids

improves, absolute quantitation becomes more difficult.

Beyond technologies, there are also challenges. The field

would do well to establish a centralized reservoir for data

such that scientific experts in lipid metabolism could

participate in the ongoing process of curating and anno-

tating lipid metabolites much as the human genome

project is annotating genes. Finally, the nature of lipids

is to function as soft matter housing dynamic, ephemeral

clusters of aggregated molecules. Lipidomics should sti-

mulate a renewal of the field of separation science to

capture this dimension of lipids and build complementary

technologies to describe lipids in the multiple forms in

which they contribute to biological processes and the

discouraging ways that they precipitate biological failures.
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