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ABSTRACT
Metabolomics is the study of metabolite profiles in biological samples, particularly urine, saliva, blood plasma and fat biopsies. The

metabolome is now considered by some to be the most predictive phenotype: consequently, the comprehensive and quantitative study of

metabolites is a desirable tool for diagnosing disease, identifying new therapeutic targets and enabling appropriate treatments. A wealth of

information about metabolites has been accumulated with global profiling tools and several candidate technologies for metabolomic studies

are now available. Many high-throughput metabolomics methodologies are currently under development and have yet to be applied in

clinical practice on a routine basis. In the cardiovascular field, few recent metabolomic studies have been reported so far. This minireview

provides an updated overview of alternative technical approaches for metabolomics studies and reviews initial applications of metabolomics

that relate to both cardiovascular disease and lipid metabolism research. J. Cell. Biochem. 105: 648–654, 2008. � 2008 Wiley-Liss, Inc.
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T he aim of metabolomics is the characterization of a phenotype

through analysis of its metabolites which provide a sum of

enzymatic activities in a living sistem. It is difficult to associate a

pathological state with values for a single metabolite, therefore

scientists are interested in all, rather than some, of the metabolites in

a given system [Weckwerth, 2003]. The most useful biological

samples for metabolomics studies are urine [Kind et al., 2007;

Salek et al., 2007], saliva [Walsh et al., 2006], and blood plasma

sample [Boernsen et al., 2005]. The contemporary qualitative and

quantitative evaluation over time of a large number of metabolites,

such as those detectable by Nuclear Magnetic Resonance (NMR) [Pan

and Raftery, 2007] or Mass Spectrometry (MS) [Kusano et al., 2007;

Vaidyanathan and Goodacre, 2007; Want et al., 2007] in biological

fluids, can supply, with acceptable probability, the description of

the biochemical state of an organism, providing information on the

interrelations between the various metabolic processes that define

this state [van der et al., 2007]. Therefore while genomics and

proteomics reveal possible functions of the system, metabolomics

represents its actual state.

TECHNICAL APPROACHES

Metabolomics has a higher level of variability than proteomics, in

fact protein turnover can be measured in minutes to days or more
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while metabolite turnover is in the range of seconds. Therefore, any

event perturbing a given metabolic state can have a rapid effect on

turnover of a given metabolite and delete crucial information from

the collected samples. Any degradation of metabolites after sample

collection should be avoided, to ensure appropriate quantitation of

each analyte and reproducibility among samples. Metabolomics

studies generally use cell, tissue extracts or biofluids; samples from

biofluids like urine and plasma are obtained essentially noninva-

sively and hence can be used more easily. However, fat biopsies can

also be analyzed for selected features that may play roles in the

clinical evaluation of cardiovascular risk, such as the elevation

of growth factors and cytokines. Sometimes, there is uncertainty

on information that might come from the analysis of cellular

components. Yet, several techniques have a low degree of invasivity,

like microdialysis of interstitial tissue fluid, adipose tissue vein

cannulation and needle biopsy [Summers, 2006]. These techniques

provide different results, in fact microdialysis is used to study low

molecular weight hydrophylic molecules, whereas the cannulation

system gives information about all substances released by tissues;

finally needle biopsy provides small amount of cells from tissues,

although in the case of subcutaneous adipose tissue samples up to

300 mg can be obtained [Summers, 2006]. If possible, a power

analysis should be performed to ensure that a sufficient number of

samples are acquired and to reduce the influence of biological
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variability in obtaining statistically validated data [Smit et al.,

2007].

The metabolome consists of a vast number of components that

belong to a wide variety of compound classes, such as amino acids,

peptides, lipids, organic acids, nucleotides, etc. The exact number of

unique metabolites in humans is unknown, but is estimated to be

about 20,000; this is a lower estimate than for genes (24,000) and

proteins (100,000). In addition, their wide concentration range

spreading over nine orders of magnitude frequently requires

application of several instrument platforms.

The two most important platforms employed presently in

metabolomics are: NMR and MS. NMR multinuclear spectroscopy

facilitates the analysis of hundreds of metabolites in a single sample,

with or without pretreatment. It is widely used in chemistry as it

provides detailed information on molecular structure, both for pure

compounds and in complex mixtures. It does not require the

separation of analytes for their detection, and, being a non-

destructive technique, permits the recovery of the sample for further

analyses [Betz et al., 2006]. Multivariate analysis of data can

estimate, in an integrated way, specific variations that describe the

effect of a perturbation in a given system, showing interconnections

and interdependences of multiple analytes [Kemsley et al., 2007].

Importantly, it is also possible to determine the isotopic distribution

of intermediate analytes in metabolic pathways using precursor

labeled with stable isotopes (13C or 2H) [Birkemeyer et al., 2005]. The

acquisition time of a NMR spectra typically takes only a few

minutes; moreover, this technique allows also automatic sample
Fig. 1. Analysis of human urine from a healthy control volunteer. 700-MHz resolu

assignments shown. Each resonance corresponds to a chemical moiety within a

a-hydroxybutyrate/valerate, (2) amino acids, (3) valerate, (4) unassigned, (5) b-hydro

aspartate/glutamate, (10) methionine, (11) oxalacetate/pyruvate, (12) b-hydroxybut

creatinine, (17) taurine, (18) PAG, (19) hippurate, (20) creatine/creatinine, (21)

3-hydroxypropionic acid/tyrosine, (26) metahydroxyphenyl-propionic acid (mHPPA) s

(29) NMN amide, (30) formate, (31) NMN amide/NMN acid.
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preparation and injection. Furthermore, it is the only technique by

which in vivo experiments can be performed, although it is restricted

to animal models. However, NMR has poor sensitivity compared to

mass spectrometry-based techniques, and spectra can be very

difficult to interpret for complex mixtures because of overlapping

among metabolite signals (Fig. 1). In addition, NMR analysis has

poor baseline reproducibility among samples due to difference in

salt concentration and pH so that baseline artifacts are sometimes

larger than the intensity of the peaks. Therefore, many spectra of

each sample must be acquired to provide statistical significance at

each peak [Aranibar et al., 2006]. Conversely, MS possesses high

sensitivity and selectivity, and can be used as a stand alone

technique by direct injection of a sample into the ionization source

of the mass spectrometer. Its performance, however, is greatly

enhanced by coupling with upstream separation methodologies like

gas chromatography (GC) [Styczynski et al., 2007] or liquid

chromatography (LC) [Kristal et al., 2007] (Fig. 2). GC, coupled

with mass spectrometry (GC-MS), is one of the most powerful

methods. It has a very high resolution, but requires chemical

derivatization for non-volatile molecules. Substances generally can

be identified through their fragmentation pattern by comparison

with a database of fragments generated from standards (Fig. 3). On

the other hand, this technique has the disadvantage that some large

and polar metabolites cannot be analyzed. High performance liquid

chromatography (HPLC) has a lower chromatographic resolution

compared with GC but is more amenable to co-analysis of varying

types of compounds. Recently, pumps with higher operating
tion 1H-NMR spectrum of an aqueous urine sample with the relevant resonance

particular metabolite with the intensity concentration of that metabolite. (1)

xybutyrate, (6) lactate, (7) alanine, (8) amino acids/ornithine, (9) N-acetyl groups/

yrate/glutamine/glutamate, (13) citrate, (14) DMA, (15) TMA/DMG, (16) creatine/

uridine bases, (22) NMN acid, (23) allantoin, (24) unassigned pyrimidine, (25)

ulfate/indoxyl sulfate, (27) PAG, (28) N-methyl-2-pyridone-5-carboxamide (2PY),
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Fig. 2. Combined MS spectra from 2.5 to 35 min obtained after online-SPE extraction of 10 ml human urine, reversed phase HPLC separation, and TOF-MS detection (LCT,

Micromass, UK) with ESI in positive mode. Expanded section of the spectrum illustrates the need for high-mass resolution to distinguish isobaric peaks, which originate from

different metabolites as shown by the extracted-ion chromatogram. The third extracted-ion chromatogram shows that m/z 202.129 originates from two different metabolites

that can be chromatographically separated. Direct infusion would not readily distinguish these two metabolites. Reprinted with permission of John Wiley & Sons, Inc. from

Dettmer K, Aronov PA, Hammock BD. 2007. Mass spectrometry-based metabolomics. Mass Spectrom Rev 26(1):51–78. Copyright � 2006 John Wiley & Sons, Inc.
pressure have been developed which can be joined to columns

packed with 2 mm particles thus increasing the resolution power.

This technology called ultra-performance LC (UPLC) has been

successfully employed in metabolomic applications [Shen et al.,

2005; Kind et al., 2007]. Indeed, since a large fraction of metabolites

are ionic, they can be separated easily by capillary electrophoresis
Fig. 3. Total ion chromatogram of a human urine (1 ml) extract after silylation wit

components. Reprinted with permission of John Wiley & Sons, Inc. from Dettmer K, Aro

Rev 26(1):51–78. Copyright � 2006 John Wiley & Sons, Inc.
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(CE) which separates analytes according to their mass-to-charge

ratios. The advantage of CE is its high efficiency and speed in

separation, low cost per analysis, and small sample requirement (few

nanoliters) [Monton and Soga, 2007]. Its main drawback is its poor

sensitivity when fitted with a photometric detector, but this can be

overcome by using MS as a detector [Soga, 2007].
h MSTFA and GC-MS analysis. Peak deconvolution using AMDIS resulted in 1,582

nov PA, Hammock BD. 2007. Mass spectrometry-based metabolomics. Mass Spectrom
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Imaging mass spectrometry (IMS) is an emerging technology that

uses the MS platform [Cornett et al., 2007]. This technique combines

the multichannel (m/z) measurement capability of mass spectro-

meters with a surface sampling process based on matrix assisted

laser desorption ionization (MALDI) or bombardment by energetic

particles such as Csþ Au3þ. Using this technique, the molecular

mass of hundreds of molecules and their spatial distribution can be

detected in a few cells.

MALDI-IMS employs the same process of matrix-assisted laser

desorption/ionization to promote a gas-phase ionization of

molecules in a limited sample area. A thin section (5–20 mm thick)

of a tissue is coated with MALDI matrix on a plate. MS or MS/MS

spectra are acquired at discrete positions on the sample surface and

associated to their position along the x,y axis. The software then

reconstitutes the bidimensional image by associating the intensity of

any given signal, or combinations of signals with the original

coordinates.

Although this technique has found several applications in

proteomics, it has been employed recently for small molecules

[Reyzer and Caprioli, 2007]. Using MALDI-IMS with the aid of

fragmentation of parent ions (MS/MS), phospholipids were

unambiguously identified and their localization in tissues assessed

[Jackson et al., 2007; McLean et al., 2007]. This technique also

has been applied to drug metabolism, providing an exclusive

opportunity to monitor drug localization in a particular cellular

compartment and to follow each metabolite which differs in mass

from the parent drug in the same experiment [Drexler et al., 2007].

This approach is particularly useful when analysis is restricted to a

class of compounds that are related to a specific pathway or to

intersecting pathways, rather than to a complete metabolite

profiling.

DATA HANDLING

Data processing in metabolomics requires several steps [Katajamaa

and Oresic, 2007]: first of all, raw proprietary data produced by

different instruments must be converted into a common raw data

format. Then raw data must be filtered to separate the relevant

signals from noise or baseline; subsequently, each peak must be

normalized and statistically validated; and finally, every peak

associated with a metabolite. The last step is quite difficult to

perform and depends upon the analytical platform chosen. Indeed, if

NMR is used, each metabolite can produce several peaks arising from

different chemical shifts thus producing peaks that overlap among

metabolites. This reduces the efficiency of metabolite identification

and quantitation. If mass spectrometry is used, the attribution of

each peak to a single metabolite is more simple because modern

instruments like MALDI-TOF can resolve mass differences as little as

0.05 Da, in addition, if two isobaric metabolites fall in the same

range they can be fragmented, and each fragment mass can be

analyzed. In mass spectrometry metabolite quantitation is achieved

by comparison with an isotope-labelled internal standard [Sun et al.,

2007]. Moreover, mass spectrometry selectivity can be increased

further if it is coupled with a HPLC system via an electrospray

module. Given that different analytical platforms are used in
JOURNAL OF CELLULAR BIOCHEMISTRY
metabolomics the standardization of results is a prerequiste for data

exchange among laboratories [Fiehn et al., 2006].

Metabolomics researchers also need databases that contain a

Minimum Information About Metabolomics Experiment (MIAMET)

together with the data values (Metabolomics standards initiative,

http://msi-workgroups.sourceforge.net). This database can be

searched using NMR and MS spectra, raw or structural formula;

others are currently under development, for example, the Human

Metabolome Database (HMDB, http//www.hmdb.ca) [Wishart et al.,

2007], and a metabolomics extension to the BioMagResBank

(BMRB, http://www.bmrb.wisc.edu), [Markley et al., 2007; Ulrich

et al., 2008], providing additional information about physiological

concentrations, known disease associations, biofluid or tissue and

cellular locations, and chemical and physical properties.

APPLICATION OF METABOLOMICS IN
CARDIOVASCULAR DISEASES AND
LIPID METABOLISM

At present metabolomics represents a field of unrealized potenti-

ality. Scientists have long recognized that the search for novel

biomarkers is fundamental to understand how molecular pathways

are interconnected in cells and organisms, but stringent relation-

ships between a given set of markers and a particular pathological

state are largely unestablished. As key metabolite markers are

identified, these will contribute to our understanding of the

physiological or pathological processes and serve as starting points

for drug discovery and therapeutics evaluation. Metabolomic

investigations are likely to be of great interest in pharmaceutical

evaluations and toxicology, contributing to our understanding of

the mechanisms of action of drugs or toxic substances [Dix et al.,

2007; Materi and Wishart, 2007]. Metabolic profiling of urine or

blood plasma samples can be used to detect changes produced by

xenobiotics or related to specific syndromes [Constantinou et al.,

2007b; de Boer et al., 2008].

Metabolomic studies of adipose tissues have been demonstrated

to be useful in discovery of new biomarkers related to metabolic and

cardiovascular diseases (CVD) [Watson, 2006; Glisic et al., 2008;

Kola et al., 2008; Tsai et al., 2008]. In fact, adipose tissue, once only

considered as an energy storage tissue, has now been shown to play

an important role in the homeostasis of non-esterified fatty acids,

and its endocrine role has been evaluated [Summers, 2006]. Several

hormones and factors produced in this tissue have been associated

with obesity, insulin resistance and CVD. In particular the

accumulation of visceral adipose tissue, as opposed to subcutaneous

fat, increases the risk of developing metabolic diseases and CVD

[Bays et al., 2008].

Metabolomics has been used for profiling of low-molecular-

weight metabolites particularly relevant to myocardial ischemia.

Sabatine et al. [2005] used mass spectrometry-based technology to

identify differences in plasma metabolites among 18 subjects with

ischemia induced by exercise stress testing compared with

nonischemic individuals who also exercised. Highly statistically

significant changes in circulating levels of metabolites belonging to

the citric acid pathway were found in myocardial ischemic group
CARDIOVASCULAR AND LIPID METABOLOMICS 651



[Zhao et al., 2008]. Furthermore g-aminobutyric acid, citrulline

and argininosuccinate were found to decrease. All three of these

metabolites are in some way related to the citric acid cycle showing

that in acute ischemia, maintenance of citric acid cycle inter-

mediates is of a great importance to preserve the ATP synthesis.

NMR based metabolomics proved to be a useful tool in the

investigation of myocardial ischemia-reperfusion, ischemic pre-

conditioning and antioxidant intervention in rabbits [Constantinou

et al., 2007a]. The 1H NMR signal intensity ratios of lactate/

glucose and lactateþ alanine/acetate related to glycolysis pathways

correlate with the different ischemia-reperfusion conditions.

Further evidence for the effect of melatonin and indole derivative

C6458 were shown and the results were in agreement with previous

findings based on measurement of biomarkers [Andreadou et al.,

2004].

Although a wide range of risk factors for coronary heart disease

have been identified from population studies, these measures, singly

or in combination, are insufficiently powerful to provide a reliable,

noninvasive diagnosis of the presence of coronary heart disease

[Brindle et al., 2002; Miller et al., 2007].

Moreover, from very recent population studies, differential risk of

CVD and disparity in response to drug treatments were found related

to the genetic variability of such patients [Shiffman et al., 2008;

Iakoubova et al., 2008a,b]. In these studies a genetic polymorphism

of the kinesin-like protein KIF6 was associated with coronary heart

disease. Indeed, patients carrying the KIF6 719Arg allele were found

to have a higher risk of coronary events, but they received greater

benefit from statin therapy compared to patients non carrying this

mutation. These investigations lead to the conclusion that the

metabolomic evaluation coupled with the well assessed classical risk

factor evaluation can increase the prediction of coronary events

improving drug treatment. Moreover, a careful and detailed

lipidomic analysis may promote further beneficial effects from

large clinical trials.

Metabolomics is also used for mapping the metabolic pathways of

drugs in order to investigate their homeostasis and the species of

catabolites produced. With this aim, ascorbic acid homeostasis

and degradation in diabetics rats using 6-deoxy-6-fluoro

ascorbic acid was investigated by NMR spectroscopy. The results

demonstrated that diabetes led to a remarkable increase in urinary

loss of ascorbic acid and a relative decrease in most other urinary

ascorbate catabolites. Furthermore, oxidation of ascorbate took

place preferentially in liver, spleen, kidney, and plasma [Nishikawa

et al., 2003].

In the last years several papers have been published on

‘‘lipidomics,’’ which can be considered a sub-class of metabolomics,

but has been proposed as a stand-alone ‘‘omics’’ [German et al.,

2007]. Compared to metabolomics, lipidomics has several advan-

tages: the number of lipid metabolites is undoubtedly much lower

than the whole number of metabolites in a cell. Lipid analyses use a

single platform: mass spectrometry as stand alone technique [Han

and Gross, 2005a] or coupled to HPLC [Han and Gross, 2005b].

Lipids are involved in critical cellular functions, for example in

membranes; they are also a source of second messengers like

diacylglycerols, phosphatidic acids, eicosanoids, lysolipids, and

ceramides. These lipids are generated by the actions of a variety of
652 CARDIOVASCULAR AND LIPID METABOLOMICS
intracellular enzymes whose activity can be modified in patholo-

gical states [Griffin and Nicholls, 2006].

Diseases like atherosclerosis, diabetes, obesity and stroke have

been linked to alterations in lipid metabolism. In diabetic rat

myocardium severe lipid alterations occur, in fact a 46% increase in

phosphatidylinositol together with a fivefold increase in tripalmitin

and a 60% decrease in triacylglycerol molecular species containing

polyunsaturated acyl acids has been observed. These alterations

cannot be suppressed by routine insulin administration alone [Han

et al., 2000].

Moreover, a severe loss of cardiolipin was found at the very

earliest stages of diabetes accompanied by substantial remodeling of

the remaining cardiolipin molecular species. These alterations occur

within days after the induction of the diabetic state and precede the

triacylglycerol accumulation manifest in diabetic myocardium [Han

et al., 2005, 2007]. Diabetes is also linked to enhanced cellular

oxidative stress of lipid and protein components [Liguori et al.,

2001; Balestrieri et al., 2008].

A relation between altered lipid metabolism and Alzheimer’s

disease was also established. Han et al. [2001] found that the

ethanolamine glycerophospholipids have a different profiles in

brain gray matter compared to white matter. In addition, in patients

with the earliest clinically recognizable stage of Alzheimer’s disease

a remarkable reduction of plasmenylethanolamine in gray matter

and white matter was observed. The myelin sheath component

sulfatides also dramatically decreased both in gray and white matter

whereas a consistent (>3-fold) increase of ceramide content in white

matter took place [Han et al., 2002]. Finally, recent developments in

myocardial nuclear lipidomics showed that different profiles of

nuclear choline and ethanolamine glycerophospholipids subjected

to pathophysiological stresses may provide important information

on the role of the myocardial nuclear lipidome on long-term cardiac

cell function [Albert et al., 2007].

CONCLUSIONS

It is reasonable to expect that within the next few years, the

metabolomic approach, together with functional genetics and

proteomics, will have substantial impact on development of

diagnostics, therapeutics and biotechnology drugs. We propose

that metabolomics and lipidomics will help physicians and basic

scientists extend laboratory investigation and clinical diagnosis in

CVD. Moreover, these applications may increase effectiveness of

detecting toxicity in drug development at both the preclinical and

clinical phases, and support screening and stratification of patients

leading to discovery of new biomarkers or sets of diagnostic

biomarkers. In addition to reducing times and costs for research and

experimentation with new drugs, metabolomics may predict new

indications for drugs already in production.
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abilità tromboembolica della placca aterosclerotica-SUN Napoli

(C.N.), and the Fondation Jerome Lejeune, France (C.N.).

REFERENCES

Albert CJ, Anbukumar DS, Monda JK, Eckelkamp JT, Ford DA. 2007.
Myocardial lipidomics. Developments in myocardial nuclear lipidomics.
Front Biosci 12:2750–2760.

Andreadou I, Iliodromitis EK, Mikros E, Bofilis E, Zoga A, Constantinou M,
Tsantili-Kakoulidou A, Kremastinos DT. 2004. Melatonin does not prevent
the protection of ischemic preconditioning in vivo despite its antioxidant
effect against oxidative stress. Free Radic Biol Med 37(4):500–510.

Aranibar N, Ott KH, Roongta V, Mueller L. 2006. Metabolomic analysis using
optimized NMR and statistical methods. Anal Biochem 355(1):62–70.

Balestrieri ML, Giovane A, Mancini FP, Napoli C. 2008. Proteomics and
cardiovascular disease: An update. Curr Med Chem 15:555–572.

Bays HE, Gonzalez-Campoy JM, Bray GA, Kitabchi AE, Bergman DA, Schorr
AB, Rodbard HW, Henry RR. 2008. Pathogenic potential of adipose tissue and
metabolic consequences of adipocyte hypertrophy and increased visceral
adiposity. Expert Rev Cardiovasc Ther 6(3):343–368.

Betz M, Saxena K, Schwalbe H. 2006. Biomolecular NMR: A chaperone to
drug discovery. Curr Opin Chem Biol 10(3):219–225.

Birkemeyer C, Luedemann A, Wagner C, Erban A, Kopka J. 2005. Metabo-
lome analysis: The potential of in vivo labeling with stable isotopes for
metabolite profiling. Trends Biotechnol 23(1):28–33.

Boernsen KO, Gatzek S, Imbert G. 2005. Controlled protein precipitation in
combination with chip-based nanospray infusion mass spectrometry. An
approach for metabolomics profiling of plasma. Anal Chem 77(22):7255–
7264.

Brindle JT, Antti H, Holmes E, Tranter G, Nicholson JK, Bethell HW, Clarke S,
Schofield PM, McKilligin E, Mosedale DE, Grainger DJ. 2002. Rapid and
noninvasive diagnosis of the presence and severity of coronary heart disease
using 1H-NMR-based metabonomics. Nat Med 8(12):1439–1444.

Constantinou MA, Tsantili-Kakoulidou A, Andreadou I, Iliodromitis EK,
Kremastinos DT, Mikros E. 2007a. Application of NMR-based metabonomics
in the investigation of myocardial ischemia-reperfusion, ischemic precon-
ditioning and antioxidant intervention in rabbits. Eur J Pharm Sci 30(3–4):
303–314.

Constantinou MA, Vertzoni M, Reppas C, Tsantili-Kakoulidou A, Mikros E.
2007b. 1H NMR monitoring of the canine metabolic profile after oral
administration of xenobiotics using multivariate statistics. Mol Pharm
4(2):258–268.

Cornett DS, Reyzer ML, Chaurand P, Caprioli RM. 2007. MALDI imaging mass
spectrometry: Molecular snapshots of biochemical systems. Nat Methods
4(10):828–833.

de Boer IH, Astor BC, Kramer H, Palmas W, Rudser K, Seliger SL, Shlipak MG,
Siscovick DS, Tsai MY, Kestenbaum B. 2008. Mild elevations of urine
albumin excretion are associated with atherogenic lipoprotein abnormalities
in the Multi-Ethnic Study of Atherosclerosis (MESA). Atherosclerosis 197(1):
407–414.

Dix DJ, Houck KA, Martin MT, Richard AM, Setzer RW, Kavlock RJ. 2007.
The ToxCast program for prioritizing toxicity testing of environmental
chemicals. Toxicol Sci 95(1):5–12.

Drexler DM, Garrett TJ, Cantone JL, Diters RW, Mitroka JG, Prieto Conaway
MC, Adams SP, Yost RA, Sanders M. 2007. Utility of imaging mass spectro-
metry (IMS) by matrix-assisted laser desorption ionization (MALDI) on an ion
trap mass spectrometer in the analysis of drugs and metabolites in biological
tissues. J Pharmacol Toxicol Methods 55(3):279–288.
JOURNAL OF CELLULAR BIOCHEMISTRY
Fiehn O, Kristal B, van Ommen B, Sumner LW, Sansone SA, Taylor C, Hardy
N, Kaddurah-Daouk R. 2006. Establishing reporting standards for metabo-
lomic and metabonomic studies: A call for participation. OMICS 10(2):158–
163.

German JB, Gillies LA, Smilowitz JT, Zivkovic AM, Watkins SM. 2007.
Lipidomics and lipid profiling in metabolomics. Curr Opin Lipidol 18(1):
66–71.

Glisic S, Arrigo P, Alavantic D, Perovic V, Prljic J, Veljkovic N. 2008.
Lipoprotein lipase: A bioinformatics criterion for assessment of mutations
as a risk factor for cardiovascular disease. Proteins 70(3):855–862.

Griffin JL, Nicholls AW. 2006. Metabolomics as a functional genomic tool for
understanding lipid dysfunction in diabetes, obesity and related disorders.
Pharmacogenomics 7(7):1095–1107.

Han X, Abendschein DR, Kelley JG, Gross RW. 2000. Diabetes-induced
changes in specific lipid molecular species in rat myocardium. Biochem J
352(Pt 1):79–89.

Han X, Gross RW. 2005a. Shotgun lipidomics: Electrospray ionization mass
spectrometric analysis and quantitation of cellular lipidomes directly from
crude extracts of biological samples. Mass Spectrom Rev 24(3):367–412.

Han X, Gross RW. 2005b. Shotgun lipidomics: Multidimensional MS analysis
of cellular lipidomes. Expert Rev Proteomics 2(2):253–264.

Han X, Holtzman DM, McKeel DW Jr. 2001. Plasmalogen deficiency in early
Alzheimer’s disease subjects and in animal models: Molecular characteriza-
tion using electrospray ionization mass spectrometry. J Neurochem 77(4):
1168–1180.

Han X, Holtzman M, McKeel DW Jr, Kelley J, Morris JC. 2002. Substantial
sulfatide deficiency and ceramide elevation in very early Alzheimer’s dis-
ease: Potential role in disease pathogenesis. J Neurochem 82(4):809–818.

Han X, Yang J, Cheng H, Yang K, Abendschein DR, Gross RW. 2005. Shotgun
lipidomics identifies cardiolipin depletion in diabetic myocardium linking
altered substrate utilization with mitochondrial dysfunction. Biochemistry
44(50):16684–16694.

Han X, Yang J, Yang K, Zhao Z, Abendschein DR, Gross RW. 2007. Altera-
tions in myocardial cardiolipin content and composition occur at the very
earliest stages of diabetes: A shotgun lipidomics study. Biochemistry
46(21):6417–6428.

Iakoubova OA, Tong CH, Rowland CM, Kirchgessner TG, Young BA, Arellano
AR, Shiffman D, Sabatine MS, Campos H, Packard CJ, Pfeffer MA, White TJ,
Braunwald E, Shepherd J, Devlin JJ, Sacks FM. 2008a. Association of the
Trp719Arg polymorphism in kinesin-like protein 6 with myocardial infarc-
tion and coronary heart disease in 2 prospective trials: The CARE and
WOSCOPS trials. J Am Coll Cardiol 51(4):435–443.

Iakoubova OA, Sabatine MS, Rowland CM, Tong CH, Catanese JJ, Ranade K,
Simonsen KL, Kirchgessner TG, Cannon CP, Devlin JJ, Braunwald E. 2008b.
Polymorphism in KIF6 gene and benefit from statins after acute coronary
syndromes: Results from the PROVE IT-TIMI 22 study. J Am Coll Cardiol
51(4):449–455.

Jackson SN, Ugarov M, Egan T, Post JD, Langlais D, Albert SJ, Woods AS.
2007. MALDI-ion mobility-TOFMS imaging of lipids in rat brain tissue.
J Mass Spectrom 42(8):1093–1098.

Katajamaa M, Oresic M. 2007. Data processing for mass spectrometry-based
metabolomics. J Chromatogr A 1158(1–2):318–328.

Kemsley EK, Le Gall G, Dainty JR, Watson AD, Harvey LJ, Tapp HS,
Colquhoun IJ. 2007. Multivariate techniques and their application in nutri-
tion: A metabolomics case study. Br J Nutr 98(1):1–14.

Kind T, Tolstikov V, Fiehn O, Weiss RH. 2007. A comprehensive urinary
metabolomic approach for identifying kidney cancer. Anal Biochem
363(2):185–195.

Kola B, Grossman AB, Korbonits M. 2008. The role of AMP-activated protein
kinase in obesity. Front Horm Res 36:198–211.

Kristal BS, Shurubor YI, Kaddurah-Daouk R, Matson WR. 2007. High-
performance liquid chromatography separations coupled with coulometric
CARDIOVASCULAR AND LIPID METABOLOMICS 653



electrode array detectors: A unique approach to metabolomics. Methods Mol
Biol 358:159–174.

Kusano M, Fukushima A, Kobayashi M, Hayashi N, Jonsson P, Moritz T,
Ebana K, Saito K. 2007. Application of a metabolomic method combining
one-dimensional and two-dimensional gas chromatography-time-of-flight/
mass spectrometry to metabolic phenotyping of natural variants in rice.
J Chromatogr B Analyt Technol Biomed Life Sci 855(1):71–79.

Liguori A, Abete P, Hayden JM, Cacciatore F, Rengo F, Ambrosio G,
Bonaduce D, Condorelli M, Reaven PD, Napoli C. 2001. Effect of glycaemic
control and age on low-density lipoprotein susceptibility to oxidation in
diabetes mellitus type 1. Eur Heart J 22(22):2075–2084.

Markley JL, Anderson ME, Cui Q, Eghbalnia HR, Lewis IA, Hegeman AD, Li J,
Schulte CF, Sussman MR, Westler WM, Ulrich EL, Zolnai Z. 2007. New
bioinformatics resources for metabolomics. Pac Symp Biocomput Proc 157–
168.

Materi W, Wishart DS. 2007. Computational systems biology in drug dis-
covery and development: Methods and applications. Drug Discov Today
12(7–8):295–303.

McLean JA, Ridenour WB, Caprioli RM. 2007. Profiling and imaging of
tissues by imaging ion mobility-mass spectrometry. J Mass Spectrom 42(8):
1099–1105.

Miller DT, Ridker PM, Libby P, Kwiatkowski DJ. 2007. Atherosclerosis: The
path from genomics to therapeutics. J Am Coll Cardiol 49(15):1589–1599.

Monton MR, Soga T. 2007. Metabolome analysis by capillary electrophor-
esis-mass spectrometry. J Chromatogr A 1168(1–2):237–246.

Nishikawa Y, Dmochowska B, Madaj J, Xue J, Guo Z, Satake M, Reddy DV,
Rinaldi PL, Monnier VM. 2003. Vitamin C metabolomic mapping in experi-
mental diabetes with 6-deoxy-6-fluoro-ascorbic acid and high resolution
19F-nuclear magnetic resonance spectroscopy. Metabolism 52(6):760–770.

Pan Z, Raftery D. 2007. Comparing and combining NMR spectroscopy and
mass spectrometry in metabolomics. Anal Bioanal Chem 387(2):525–527.

Reyzer ML, Caprioli RM. 2007. MALDI-MS-based imaging of small molecules
and proteins in tissues. Curr Opin Chem Biol 11(1):29–35.

Sabatine MS, Liu E, Morrow DA, Heller E, McCarroll R, Wiegand R, Berriz GF,
Roth FP, Gerszten RE. 2005. Metabolomic identification of novel biomarkers
of myocardial ischemia. Circulation 112(25):3868–3875.

Salek RM, Maguire ML, Bentley E, Rubtsov DV, Hough T, Cheeseman M,
Nunez D, Sweatman BC, Haselden JN, Cox RD, Connor SC, Griffin JL. 2007.
A metabolomic comparison of urinary changes in type 2 diabetes in mouse,
rat, and human. Physiol Genomics 29(2):99–108.

Shen Y, Zhang R, Moore RJ, Kim J, Metz TO, Hixson KK, Zhao R, Livesay EA,
Udseth HR, Smith RD. 2005. Automated 20 kpsi RPLC-MS and MS/MS with
chromatographic peak capacities of 1000–1500and capabilities in proteo-
mics and metabolomics. Anal Chem 77(10):3090–3100.

Shiffman D, Chasman DI, Zee RY, Iakoubova OA, Louie JZ, Devlin JJ, Ridker
PM. 2008. A kinesin family member 6 variant is associated with coronary
heart disease in the Women’s Health Study. J Am Coll Cardiol 51(4):444–448.

Smit S, van Breemen MJ, Hoefsloot HC, Smilde AK, Aerts JM, de Koster CG.
2007. Assessing the statistical validity of proteomics based biomarkers. Anal
Chim Acta 592(2):210–217.
654 CARDIOVASCULAR AND LIPID METABOLOMICS
Soga T. 2007. Capillary electrophoresis-mass spectrometry for metabolomics.
Methods Mol Biol 358:129–137.

Styczynski MP, Moxley JF, Tong LV, Walther JL, Jensen KL, Stephanopoulos
GN. 2007. Systematic identification of conserved metabolites in GC/MS data
for metabolomics and biomarker discovery. Anal Chem 79(3):966–973.

Summers LK. 2006. Adipose tissue metabolism, diabetes and vascular dis-
ease—Lessons from in vivo studies. Diab Vasc Dis Res 3(1):12–21.

Sun G, Yang K, Zhao Z, Guan S, Han X, Gross RW. 2007. Shotgun meta-
bolomics approach for the analysis of negatively charged water-soluble
cellular metabolites from mouse heart tissue. Anal Chem 79(17):6629–
6640.

Tsai MY, Johnson C, Kao WH, Sharrett AR, Arends VL, Kronmal R, Jenny NS,
Jacobs DR Jr, Arnett D, O’Leary D, Post W. 2008. Cholesteryl ester transfer
protein genetic polymorphisms, HDL cholesterol, and subclinical cardiovas-
cular disease in the Multi-Ethnic Study of Atherosclerosis. Atherosclerosis (in
press).

Ulrich EL, Akutsu H, Doreleijers JF, Harano Y, Ioannidis YE, Lin J, Livny M,
Mading S, Maziuk D, Miller Z, Nakatani E, Schulte CF, Tolmie DE, Kent WR,
Yao H, Markley JL. 2008. BioMagResBank. Nucleic Acids Res 36(Database
issue):D402–D408.

Vaidyanathan S, Goodacre R. 2007. Quantitative detection of metabolites
using matrix-assisted laser desorption/ionization mass spectrometry with 9-
aminoacridine as the matrix. Rapid Commun Mass Spectrom 21(13):2072–
2078.

van der GJ, Martin S, Juhasz P, Adourian A, Plasterer T, Verheij ER,
McBurney RN. 2007. The art and practice of systems biology in medicine:
Mapping patterns of relationships. J Proteome Res 6(4):1540–1559.

Walsh MC, Brennan L, Malthouse JP, Roche HM, Gibney MJ. 2006. Effect of
acute dietary standardization on the urinary, plasma, and salivary metabo-
lomic profiles of healthy humans. Am J Clin Nutr 84(3):531–539.

Want EJ, Nordstrom A, Morita H, Siuzdak G. 2007. From exogenous to
endogenous: The inevitable imprint of mass spectrometry in metabolomics.
J Proteome Res 6(2):459–468.

Watson AD. 2006. Thematic review series: Systems biology approaches to
metabolic and cardiovascular disorders. Lipidomics: A global approach to
lipid analysis in biological systems. J Lipid Res 47(10):2101–2111.

Weckwerth W. 2003. Metabolomics in systems biology. Annu Rev Plant Biol
54:669–689.

Wishart DS, Tzur D, Knox C, Eisner R, Guo AC, Young N, Cheng D, Jewell K,
Arndt D, Sawhney S, Fung C, Nikolai L, Lewis M, Coutouly MA, Forsythe I,
Tang P, Shrivastava S, Jeroncic K, Stothard P, Amegbey G, Block D, Hau DD,
Wagner J, Miniaci J, Clements M, Gebremedhin M, Guo N, Zhang Y, Duggan
GE, Macinnis GD, Weljie AM, Dowlatabadi R, Bamforth F, Clive D, Greiner
R, Li L, Marrie T, Sykes BD, Vogel HJ, Querengesser L. 2007. HMDB: The
Human Metabolome Database. Nucleic Acids Res 35(Database issue):D521–
D526.

Zhao G, Jeoung NH, Burgess SC, Rosaaen-Stowe KA, Inagaki T, Latif S,
Shelton JM, McAnally J, Bassel-Duby R, Harris RA, Richardson JA, Kliewer
SA. 2008. Overexpression of pyruvate dehydrogenase kinase 4 in heart
perturbs metabolism and exacerbates calcineurin-induced cardiomyopathy.
Am J Physiol Heart Circ Physiol 294(2):H936–H943.
JOURNAL OF CELLULAR BIOCHEMISTRY


