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SYSTEMS BIOLOGY AND ‘OMIC’ SCIENCES

he study of molecular biology has traditionally been based on a reductionist approach: cells are separated into their
components, which are further separated into smaller components (genes, RNA, proteins) to be studied.! This approach
is fundamental to describing the components of a biological system one by one.

The need has emerged in recent years to move toward the comprehension of the system as a whole (systems biology
approach) to understand not only the functioning of the individual components but also how a system works altogether.' Systems
biology is defined as the quantitative analysis of the dynamic interaction between several components of a biological system
through the combination of mathematical modeling and experimental biology."

Systems biology considers the interactions between DNA, RNA, proteins, and metabolites and studies the network of
relationships in which they are involved, characterizing the flow of information at each level of biomolecular organization.” This
approach views the organism as a whole picture, leading to an integrated comprehension of its functioning in health and disease.

The strength of systems biology lies in a comprehensive investigation of the “omic cascade,” with a combination of
transcriptomics, proteomics, and metabolomics (Table), in which these “-omic” terms have been formulated to define approaches
capable of describing the entire set of proteins, mRNAs, and metabolites in a given organism.>”

Transcriptomics is defined as the study of gene expression. Transcriptome is the term used to describe the full set of mMRNA
present in a cell or tissue at any one time. Similarly, the study of protein translation is called proteomics, and a proteome is the
complete set of proteins expressed in a cell or tissue at any one time. Transcriptomics and proteomics are therefore functional
analysis at mRNA and protein level, respectively. Integrating the resulting information can contribute substantially to our
understanding of the molecular processes involved in physiologic mechanisms and their disruption due to disease.

The transcriptome represents the template on which the proteome is created, though the correlation between mRNA and
protein abundance may be not so strong because of biological differences between transcription and translation processes and
experimental differences in the production of transcriptomic and proteomic data.* Information from these two approaches may
be pooled but still cannot give us the whole picture of how an organism functions.

Metabolomics is the most recent of the “omic” sciences. Nicholson defines metabolomics as the quantitative analysis of all
the metabolites of a biological sample,” and metabonomics as the quantitative measurements of the multiparametric metabolic
response of a living system to pathophysiological stimuli or genetic modifications.” Indeed, the terms metabolomics and
metabonomics are often used interchangeably; in this review the term metabolomics will
be used.

Metabolomics takes a non-selective approach, potentially enabling the identification
and quantification of all the metabolites (small molecules <1 kDa) in a biological system
(metabolome).® As far as metabolomics is concerned, metabolites are not the static
end-product of a unidirectional linear flow of information, but they form a dynamic
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network of biocompounds continuously interacting with one another.” A metabolic profile
consists of the set of metabolites in a cell or tissue, reflecting enzyme expression and
activity, and includes the building blocks and breakdown products of the DNA, RNA,
proteins, and cell membrane cellular components.® Although the metabolic profile can be
seen as the ultimate expression of the information contained in the genetic code, it is also
affected by several factors unrelated to the genome, such as interactions with commensal
microorganisms (eg, microbial metabolites from the intestinal microflora can be detected
in human serum and urine), nutritional factors, environmental agents, and any exposure
to drugs or toxic substances resulting in discordance between genotype and phenotype.*®

CSF Cerebrospinal fluid MS Mass spectrometry

HPLC High-performance liquid chromatography MSI Metabolomics standard initiative

IBD Inflammatory bowel disease NMR Nuclear magnetic resonance

LC-MS Liquid chromatography—mass spectrometry UPLC Ultra performance liquid chromatography
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Table. Glossary

Systems biology

Systematic study of the complex interactions between the single components of a biological system (DNA, RNA,

proteins, metabolites) and characterization of the flux of information at each level of biomolecular organization
through the combination of mathematical modeling and experimental biology.

Transcriptomics

The study of the transcriptome, which is the complete set of RNA transcripts produced by the genome at any

time. RNA formation, structure, and function are studied.

Proteomics

The study of the proteome. which is the complete set of proteins expressed in a cell or in a tissue at any time.

Protein structure and modifications, expression, and reciprocal interaction are studied.

Metabolomics

The analysis and interpretation of global metabolic data of a complex biological system. These metabolic data result

from the information enclosed in the genetic code as well as from the effect of physiological factors (eg, diet,
age, commensal microorganisms), pathological conditions, environmental agents, and exposure to drugs or toxic

agents.

(Figure 1). Metabolomics is therefore considered the “omic”
science that comes closest to phenotype expression offering
the possibility to look at genotype-phenotype as well as ge-
notype-envirotype relationships.

Moreover, as recently highlighted by the FDA (www.
fda.gov/nctr/science/centers/metabolomics), characterizing an
individual’s metabolomic profile may have a significant role in
predicting the course of disease and the response to treatment.

In line with the growing interest in the potential appli-
cations of this approach, the intent of this review is to provide
an update on the emerging research area of metabolomics.

DIFFERENT APPROACHES TO
STUDY METABOLITES

Metabolite targeting is the most direct approach to
metabolite analyses, aiming to identify a specific metabolite,
the product of an enzymatic pathway or derived from the
degradation of a drug or toxic agent.”’

Metabolite profiling aims to identify and quantify a
particular set of metabolites belonging to a specific metabolic
pathway or a class of compounds.® This approach extends
from seminal studies of inborn errors of metabolism in in-
fants.'® In metabolite profiling the metabolites are sought on
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Figure I. “Omics” sciences and their relationship with environment and
phenotype.
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the base of the questions asked: there is no chance of coming
across unknown metabolites in the sample.’

Metabolite fingerprinting, on the other hand, is a gen-
uine “-omic” approach, a truly comprehensive methodology
that aims to classify samples without any a priori hypothesis,
to identify metabolite patterns associated with a given patho-
logical condition, or exposure to a given toxic agent or drug,
or environmental or genetic change.” Metabolic fingerprint-
ing does not necessarily involve identifying each metabolite,
but tries to detect the metabolic characteristics that discrim-
inate between groups of subjects. The search for these met-
abolic patterns is not driven by a researcher’s hypothesis, so it
is open to new findings. Unexpected or even unknown me-
tabolites may turn out to be important in characterizing
specific groups of subjects so new pathophysiological hypoth-
eses may be formulated.

The exact number of human metabolites is not known
and the last version of Human Metabolome Database reports
more than 6500 entries (version 2.0; November 1, 2008;
www.hmdb.ca).'! Targeted metabolic analysis can be used to
measure a limited number of these metabolites. Metabolom-
ics can be interpreted as an extension of targeted metabolite
profiling in as much as it enables the study of many more
metabolites.

Once a metabolic pattern typical of a given condition
has been characterized, in fact, the analysis may go on to
identify single biomarkers relevant to sample clustering.” The
metabolomic approach may thus become a tool for moving
from studying single biomarkers (which can hardly reflect a
whole pathological process) to identifying patterns of biomar-
kers capable of distinguishing between health and disease and
characterizing different disease subphenotypes.

The metabolomic approach has its limits, however, due
mainly to the analytical performance of available instruments
and to the sample variability introduced by factors such as diet
and drugs.

METABOLOMICS: ANALYTICAL PLATFORMS
AND PATTERN RECOGNITION METHODS

Nuclear magnetic resonance (NMR) spectroscopy and
mass spectrometry (MS) (often combined with chromato-
graphic separation) are widely used platforms for performing
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Figure 2. Example of a 500-MHz 1H-NMR spectrum of human urine. Experimental conditions: 200 pL urine in 400 pL d-phosphate buffer (pH 7);

inverse broad band probe; 5-minute experimental time.

metabolomic analyses and proﬁling.12 These two spectro-
scopic techniques are complementary and play a central part
in the “omic” world.

'H-NMR spectroscopy enables the detection of proton-
containing metabolites in a sample, different molecules produc-
ing different signals in the NMR spectrum™ (Figure 2).

NMR spectroscopy provides detailed information on
molecular structure of compounds, both pure and in complex
mixtures. Recent technological improvements have led to the
availability of stronger magnetic fields as well as the develop-
ment of cryogenic probes, increasing sensitivity and spectrum
dispersion. These improvements have been useful in studies
based on small-molecule analysis, as in the case of metabo-
lomics.

Some of the advantages of this technique are that it is
non-selective, fast and usually demands no sample prepara-
tion. Furthermore, a technique called high-resolution magic
angle spinning (MAS) NMR spectroscopy can be used to
acquire high-resolution NMR data from small pieces of intact
tissues, with no prctreatment.13

MS is a powerful method for identifying and quantify-
ing metabolites, and it is considered more sensitive than
'H-NMR.? The technique generates a spectrum in which bio-
compounds are represented according to their masses (m/z).

MS is often applied using tandem-MS methods. A
necessary preliminary step is usually the separation of the
complex mixture sample using chromatography.

Recent applications of MS in metabolomics are based
on instruments like Quadrupole Time-of-Flight (Q-ToF),
and Fourier Transform Mass Spectrometry (FT-MS).

NMR and MS analysis can be performed on very small
samples: for NMR spectroscopy a minimum of 20 pL in a
capillary tube and 300 uL in a flow system; for MS less than
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20 L are needed (for reviews of metabolomics technologies,
see References 9 and 13).

Both NMR and MS are powerful spectroscopic meth-
ods for generating multivariate datasets: NMR and MS spec-
tra are highly complex and the biological information they
contain can only be extracted using appropriate multivariate
statistical approaches—the so-called partern recognition meth-
ods. These are computer-based procedures that can be clas-
sified as unsupervised or supervised.14 The unsupervised
methods, such as principal component analysis (PCA), reduce
the complexity of the data contained in the spectra and
represent them by means of plots that the human eye can
interpret. This approach helps to identify any intrinsic sample
clustering, to see whether different groups of subjects (eg,
healthy vs ill) can be discriminated by their spectra charac-
teristics.* The supervised methods, such as partial least
squares—discriminant analysis (PLS-DA), use a training set of
samples (of known classification) to create a mathematical
model that is then used to test an independent dataset. Unlike
the unsupervised methods, the supervised methods enable us
to predict which group a new sample belongs to on the
strength of its spectra characteristics.1*

These bioinformatic methods can therefore be used to
identify signals that enable discrimination between groups.
The next crucial step is the structural identification of the
single metabolites involved in the sample classification.

Identifying biomarkers can involve many analytical
physical and chemistry disciplines: NMR and MS spectros-
copies play a very important part, but no single technique
fulfills all requirements for fully elucidating metabolite struc-
ture and multiple approaches need to be integrated.

Fundamental support for molecular identification comes
from various on-line databases. The most comprehensive
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available database of human metabolites is the Human
Metabolomic Database.!' Other important databases are
KEGG,* BioCyc,16 Reactome,!” and Metlin.!®

METABOLOMICS: ITS ROLE IN
PATHOLOGICAL CONDITIONS

Recently, a number of studies have investigated whether
the metabolomic analysis of biofluids (eg, blood, urine) can be
usefully applied in the diagnosis of certain diseases.

In the field of cardiovascular diseases, the NMR-based
metabolomic analysis of blood samples has been successful in
the discrimination between subjects with hypertension and
normal blood pressure.19 A recent study has also demon-
strated that the urinary biomarker formate, identified through
an NMR-based metabolomic approach, correlates inversely
with blood pressure in human populations.20 Metabolomic
analysis based on HPLC-MS proved capable of characteriz-
ing patients who develop myocardial ischemia after an exer-
cise test.?! It has been demonstrated that NMR-based
metabolomic analysis of blood samples can distinguish be-
tween people with and without coronary heart disease. 2%
The analysis is more effective than the conventional risk
factors (age, sex, lipoprotein levels, smoking habit, blood
pressure) in establishing the severity of the disease.? By
means of a targeted MS-based metabolomic platform, Lewis
et al** recently demonstrated significant metabolite abnor-
malities in blood samples as soon as 10 minutes after a
myocardial infarction, even though presently used indicators
of myocardial injury are reliably detected only a few hours
after the infarction.

Individuals with type 1 diabetes reportedly have a char-
acteristic serum NMR-based metabolomic profile that seems
as good as a full set of biochemical variables in diagnosing
diabetic nephropathy.25 In diabetic patients, characteristic
serum metabolomic features have also been shown to be
associated with vascular complications and premature death.2®
Characteristic metabolomic profiles have likewise been de-
scribed in patients with type 2 diabetes.?”?®

Some attempts have been made to apply metabolomics
as a diagnostic tool in clinical investigations in the field of
neurology. NMR-based metabolomic analysis of cerebrospi-
nal fluid (CSF) samples was capable of discriminating be-
tween patients with bacterial meningitis, cases of viral men-
ingitis and controls.?’ Patients who had already been given
antimicrobial therapy before sample collection for metabolo-
mic analysis (and who consequently had a negative CSF
culture) were still correctly assigned to the bacterial menin-
gitis group using the metabolomic approach.29 Dunne et al
evaluated the ability of the NMR-based metabolomic analysis
of CSF to characterize patients with subarachnoid hemor-
rhage and identify those with the worst outcome due to
prolonged Vasospasm.30 Ghauri et al demonstrated a bio-
chemical profile typical of patients who died of Alzheimer’s
disease in samples collected post mortem.>!

Combined NMR spectroscopy and pattern recognition
methods have been proposed for analyzing fecal extracts from
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patients with inflammatory bowel disease (IBD)*2. The pre-
liminary study was unable to reveal any significant differences
in the metabolomic profiles of patients with Crohn’s disease
versus those with ulcerative colitis; however, the authors did
demonstrate that metabolomics can clearly discriminate IBD
patients from healthy subjects.>

A few studies have assessed the potential role of
metabolomics in following up patients who have received an
organ transplant. The urinary NMR-based metabolomic pro-
file can distinguish between kidney recipients with normally
functioning versus nonfunctioning grzalfts.33’34 Another study
of a patient who had 2 liver transplantations, identified a
characteristic early metabolomic profile (obtained by NMR-
spectroscopic analysis of blood samples) that was associated
with the failure of the first graft but was no longer seen after
the second transplant, when the organ was functioning prop-
erly.*

A promising application for metabolomics is in cancer
screening and early diagnosis. In particular, there may be a
role for NMR-based metabolomic analysis of blood samples
in the early identification of women with epithelial ovarian
cancer.”® HPLC-based metabolomics has been applied suc-
cessfully to urine samples to distinguish patients with liver
cancer from those with cirrhosis or hepatitis.*” Finally, a
recent study was able to discriminate, with high level of
sensitivity and specificity, between patients with and without
bladder cancer by HPLC-MS-based metabolomic analysis of
urine samples, suggesting a potential role for such analysis as
a screening tool for bladder cancer.>® In the oncological field,
metabolomics can also be used to analyze tissue samples,39_42
enabling the tumor’s metabolic profile to be characterized and
different types of cancer to be distinguished. Being a nonde-
structive technique, NMR spectroscopy is particularly suitable
for analyzing tissues that can subsequently be used for his-
topathologic analyses.

METABOLOMICS: PEDIATRIC STUDIES

In one publication, the untargeted metabolomic ap-
proach was applied to studying disorders due to inborn errors
of metabolism.** This study used untargeted metabolomic
analyses on plasma samples. Investigating disorders of propi-
onate metabolism (methylmalonic acidemia [MMA] and pro-
plonic acidemia [PA]) the authors demonstrated that the
most important metabolite for the discrimination between
healthy and ill subjects was propionyl carnitine, which is,
indeed, the target compound for screening newborn for
MMA and PA by tandem-MS. This result validates the role
of untargeted metabolomic analysis in identifying biomarkers
of disease. Moreover, the untargeted metabolomic analysis
showed that many other compounds are important in differ-
entiating both between healthy and ill subjects and between
MMA and PA subjects.*

Another study described a characteristic metabolomic
profile in the CSF of children with influenza-associated en-
cephalopathy, suggesting that it might be possible to identify
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specific biomarkers useful for the early diagnosis of this dis-
ease.*

Metabolomics can be effective in identifying asthmatic
children.* The metabolomic approach was applied to ana-
lyzing exhaled breath condensate (breathomics): this is a
biofluid collected in a totally non-invasive way by cooling
down the exhaled air and its composition is believed to mirror
the composition of airway lining fluid.** The authors dem-
onstrated that NMR-based metabolomic analyses of exhaled
breath condensate can clearly discriminate between asthmatic
and healthy children. On submitting the spectra to partial
least square analysis, they achieved an approximately 95%
success rate in their classification (Figure 3). Many authors
believe that asthma should no longer be considered a single
disease and that efforts should be made to identify the dif-
ferent biochemical-inflammatory profiles underlying asthma
symptoms in order to treat them with specifically targeted
therapies.*” The metabolomic approach may have a role in
characterizing asthma subphenotypes, potentially leading to
more tailored therapies. The metabolomic analysis of exhaled
breath condensate has been also applied to the study of
respiratory diseases in adults.*®

A study has assessed the role of metabolomics in iden-
tifying early urinary biomarkers of acute kidney injury after
cardiopulmonary bypass surgery.*” Using ultra performance
liquid chromatography (UPLC)/MS-based metabolomic-
analyses on urine samples collected 4 and then 12 hours after
surgery, the authors were able to identify the children who
were to develop acute kidney injury over the next 3 days.
From a clinical standpoint, identifying early metabolic bi-
omarkers may improve our understanding of the pathophys-
iological mechanisms involved in acute kidney injury and
enable a timely diagnosis of this disease.

METABOLOMICS IN NUTRITION SCIENCE

In numerous studies metabolomic analysis has been
used to assess the effects of diet on metabolism. Bertram et al
compared the metabolomic profiles of 2 groups of children
receiving a diet rich in milk or meat proteins. They succeeded
in separating the children according to their diet and identi-
fied a significantly greater urinary excretion of creatine in the
children on a diet rich in meat.”® A study conducted in adults
demonstrated that the urinary metabolomic profile of meat
eaters differs considerably from that of Vegetarians.s1 Solanky
et al’? described consistent metabolomic plasma profiles in a
group of healthy premenopausal women adopting specific
soy-rich dietary measures. Walsh et al>® demonstrated that
changes in dietary intake of phytochemicals induce modifica-
tions in an individual’s metabolomic urinary profile. Law et
al®* showed that the metabolomic approach can be used to
provide a comprehensive picture of the metabolic changes
induced by ingestion of green tea.

Nutritionists are now considering the metabolomic ap-
proach with a view to establishing individual nutritional phe-
notypes—or, in other words, how diet interacts with an
individual’s metabolism—to provide a comprehensive defini-
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Figure 3. Sample discrimination obtained by means of pattern
recognition methods in childhood asthma (modified from Reference 45).

tion of nutritional status and predicting health and disease
outcomes.”

It is worth mentioning that in studying the metabolic
effects of dietary interventions, other methodologies play an
important role, such as the in vivo labeling of stable isotopes.
For example, the effects of enteral nutrition on protein bal-
ance and kinetics have been studied in children with Crohn’s
disease, and the effect of parenteral nutrition was investigated

in infants undergoing abdominal surgery.56’57

METABOLOMICS IN PHARMACOLOGY
AND TOXICOLOGY

NMR- and MS-based metabolomics are widely used to
test drug ’toxici'fy.58 In preclinical candidate drug studies,
metabolomics can be useful in describing how a drug affects
an individual’s metabolism, providing information on the site
and mechanism of toxicity, and revealing the time course of
its metabolic effects.””

Knowing the metabolomic profile associated with a
given disease may also help us to monitor biological and
metabolic responses to treatment.58 For example, patients
with type 2 diabetes mellitus reportedly have an early char-
acteristic metabolomic profile in response to treatment with
thiazolidinediones.®° Among AIDS patients, NMR-based
metabolomic analysis can distinguish cases treated with anti-
retroviral therapy from HIV-negative subjects, suggesting
that the technique may become a tool for monitoring the
metabolic effects of the therapy and possible side effects.®!

Another promising opportunity afforded by metabolo-
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mic analysis concerns studying xenobiotic effects on an or-
ganism—potentially enabling us to predict the effectiveness or
toxicity of a drug on the basis of the individual’s pretreatment
metabolomic characteristics, and helping us to understand the
mechanisms behind idiosyncratic toxicity.”® This branch of
metabolomics is called pharmacometabolomics. An elegant
study conducted in mice demonstrated that the hepatotoxic
effects of the analgesic acetaminophen could be predicted on
the basis of the pretreatment urinary profiles.®> This report
was later confirmed by a study showing that the baseline
metabolite profiles could be used to predict the response to
different xenobiotic measures in experimental animals.®?
These studies have introduced the concept that an individual’s
response to a xenobiotic is determined not only by genetic
characteristics, but also by other factors such as diet, aging,
gut microbiota and physiological diurnal variation.®> Pharma-
cometabolomics appears to be an extremely promising branch
of metabolomics for screening human populations, implying
the concrete possibility of a genuinely customized approach to
treatment.

STANDARDIZATION IN METABOLOMICS

The metabolomic profile of a biological sample is af-
tected by several physiological factors, including age, sex, diet,
and circadian variations (Figure 1), and the related changes in
human metabolic profiles have been investigated.64’65 As an
example, a study conducted on healthy subjects adopting a
strict diet and particular lifestyle showed a relatively small
intersubject and intrasubject Vatriatbili'cy.66 Another study in
which no dietary restrictions were applied found a significant
degree of inter-individual variability in urinary metabolomic
proﬁle.67 This variability is reduced if a standard diet is
followed on the day before urine collection.®®

In metabolomics, more than in the other “~-omic” sci-
ences, it is therefore crucially important to collect background
data on the individual concerned to help interpret the results.

In addition, for metabolomic experiments, it is impor-
tant to develop standard protocols regarding sample collection
and storage, chemical analyses, data processing and the ex-
change of information.®’

The Metabolomics Standard Initiative (MSI) was cre-
ated, with the support of the Metabolomic Society (www.
metabolomicssociety.org), to recommend standard protocols
for use in all aspects of metabolomic research.”® Such stan-
dardization will facilitate the future development of applica-
tions of the metabolomic approach.

CONCLUSIONS

Although it has been used in only a limited number of
clinical studies so far, metabolomics seems to have promising
applications. This approach carries the promise of a more
individualized medicine thanks to the possibility of predicting
the course of disease and the response to treatment on the
basis of an individual’s metabolomic profile.

Metabolomics has potential applications in both the
diagnosis of diseases and the development of treatment strat-
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egies, with the advantage of the analysis being performed on
biofluid samples that are collected noninvasively (eg, urine or
exhaled breath condensate) or by only minimally invasive
procedures (eg, blood drawing). Metabolomics can lead to the
discovery of new noninvasive metabolic biomarkers that could
be translated, in the near future, into clinical tools for diag-
nosing diseases and developing treatment strategies, paving
the way toward a medicine tailored to the patient.

We thank our mentor, Professor Franco Zacchello, for his helpful

and brilliant aduvice.

REFERENCES

1.  Sauer U, Heinemann M, Zamboni N. Genetics: getting closer to the whole
picture. Science 2007;316:550-1.

2. Nicholson JK, Wilson ID. Opinion: understanding ‘global’ systems biology: meta-
bonomics and the continuum of metabolism. Nat Rev Drug Discov 2003;2:668-76.

3. Schnackenberg LK, Beger RD. Monitoring the health to disease continuum with
global metabolic profiling and systems biology. Pharmacogenomics 2006;7:1077-86.
4.  Hegde PS, White IR, Debouck C. Interplay of transcriptomics and proteomics.
Curr Opin Biotechnol 2003;14:647-51.

5. Nicholson ]J. Global system biology, personalized medicine and molecular epide-
miology. Mol Syst Biol 2006;2:52.

6.  Ryan D, Robards K. Metabolomics: the greatest omics of them all> Anal Chem
2006;78:7954-8.

7.  Goodacre R. Metabolomics of a superorganism. ] Nutr 2007;137:259S-66S.

8. Nicholson JK, Holmes E, Lindon JC, Wilson ID. The challenges of modeling
mammalian biocomplexity. Nat Biotechnol 2004;22:1268-74.

9.  Dettmer K, Aronov PA, Hammock BD. Mass spectrometry-based metabolomics.
Mass Spectrom Rev 2007;26:51-78.

10. Roe C, Millington D, Maltby D. Identification of 3-methylglutarylcarnitine: a
new diagnostic metabolite of 3-hydroxy-3-methylglutaryl-coenzyme A lyase deficiency.
J Clin Invest 1986;77:1391-4.

11.  Wishart DS, Tzur D, Knox C, Eisner R, Guo AC, Young N, et al. HMDB: the
Human Metabolome Database. Nucleic Acids Res 2007;35:D521-6.

12. Issaq H, Abbott E, Veenstra T. Utility of separation science in metabolomic
studies. ] Sep Sci 2008;31:1936-47.

13. Lindon JC, Holmes E, Nicholson JK. So what’s the deal with metabonomics?
Anal Chem 2003;75:384A-91A.

14. Lindon J, Holmes E, Nicholson ]J. Pattern recognition methods and applications
in biomedical magnetic resonance. Prog Nucl Magnetic Reson Spectrosc 2001;39:1-40.
15. Kanehisa M, Goto S, Kawashima S, Okuno Y, Hattori M. The KEGG resource
for deciphering the genome. Nucleic Acids Res 2004;32:D277-80.

16. Krummenacker M, Paley S, Mueller L, Yan T, Karp P. Querying and computing
with BioCyc databases. Bioinformatics 2005;21:3454-5.

17. Joshi-Tope G, Gillespie M, Vastrik I, D’Eustachio P, Schmidt E, de Bono B, et
al. Reactome: a knowledgebase of biological pathways. Nucleic Acids Res 2005;33:
D428-32.

18. Smith C, O’Maille G, Want E, Qin C, Trauger S, Brandon T, et al. METLIN:
a metabolite mass spectral database. Ther Drug Monit 2005;27:747-51.

19. Brindle JT, Nicholson JK, Schofield PM, Grainger D], Holmes E. Application of
chemometrics to 1H NMR spectroscopic data to investigate a relationship between
human serum metabolic profiles and hypertension. Analyst 2003;128:32-6.

20. Holmes E, Leng R, Stamler ], Bictash M, Yap I, Chan Q, et al. Human metabolic
phenotype diversity and its association with diet and blood pressure. Nature 2008;
493:396-401.

21. Sabatine MS, Liu E, Morrow DA, Heller E, McCarroll R, Wiegand R, et al.
Metabolomic identification of novel biomarkers of myocardial ischemia. Circulation
2005;112:3868-75.

22. Brindle JT, Antti H, Holmes E, Tranter G, Nicholson JK, Bethell HW, et al.
Rapid and noninvasive diagnosis of the presence and severity of coronary heart disease
using 1H-NMR-based metabonomics. Nat Med 2002;8:1439-44.

23. Kirschenlohr HL, Griffin JL, Clarke SC, Rhydwen R, Grace AA, Schofield PM,
et al. Proton NMR analysis of plasma is a weak predictor of coronary artery disease. Nat
Med 2006;12:705-10.

24. Lewis GD, Wei R, Liu E, Yang E, Shi X, Martinovic M, et al. Metabolite
profiling of blood from individuals undergoing planned myocardial infarction reveals
early markers of myocardial injury. J Clin Invest 2008;118:3503-12.

25. Mikinen VP, Soininen P, Forsblom C, Parkkonen M, Ingman P, Kaski K, et al;
FinnDiane Study Group. Diagnosing diabetic nephropathy by 1H NMR metabonomics
of serum. MAGMA 2006;19:281-96.

643


http://www.metabolomicssociety.org
http://www.metabolomicssociety.org

26. Mikinen VP, Soininen P, Forsblom C, Parkkonen M, Ingman P, Kaski K, et al;
FinnDiane Study Group, Ala-Korpela M. 1H NMR metabonomics approach to the
disease continuum of diabetic complications and premature death. Mol Syst Biol
2008;4:167.

27. Wang C, Kong H, Guan Y, Yang J, Gu J, Yang S, et al. Plasma phospholipid
metabolic profiling and biomarkers of type 2 diabetes mellitus based on high-perfor-
mance liquid chromatography/electrospray mass spectrometry and multivariate statistical
analysis. Anal Chem 2005;77:4108-16.

28. Yuan K, Kong H, Guan Y, Yang J, Xu G. A GC-based metabonomics investi-
gation of type 2 diabetes by organic acids metabolic profile. ] Chromatogr B Analyt
Technol Biomed Life Sci 2007;850:236-40.

29. Coen M, O’Sullivan M, Bubb WA, Kuchel PW, Sorrell T. Proton nuclear
magnetic resonance-based metabonomics for rapid diagnosis of meningitis and ventric-
ulitis. Clin Infect Dis 2005;41:1582-90.

30. Dunne VG, Bhattachayya S, Besser M, Rae C, Griffin JL. Metabolites from
cerebrospinal fluid in aneurysmal subarachnoid haemorrhage correlate with vasospasm
and clinical outcome: a pattern-recognition 1H NMR study. NMR Biomed 2005;
18:24-33.

31. Ghauri FY, Nicholson JK, Sweatman BC, Wood J, Beddell CR, Lindon JC, et al.
NMR spectroscopy of human post mortem cerebrospinal fluid: distinction of Alzhei-
mer’s disease from control using pattern recognition and statistics. NMR Biomed
1993;6:163-7.

32. Marchesi JR, Holmes E, Khan F, Kochhar S, Scanlan P, Shanahan F, et al. Rapid
and noninvasive metabonomic characterization of inflammatory bowel disease. ] Pro-
teome Res 2007;6:546-51.

33.  Foxall PJ, Mellotte GJ, Bending MR, Lindon JC, Nicholson JK. NMR spectros-
copy as a novel approach to the monitoring of renal transplant function. Kidney Int
1993;43:234-45.

34. Le Moyec L, Pruna A, Eugene M, Bedrossian ], Idatte JM, Huneau JF, et al.
Proton nuclear magnetic resonance spectroscopy of urine and plasma in renal transplan-
tation follow-up. Nephron 1993;65:433-9.

35. Serkova NJ, Zhang Y, Coatney JL, Hunter L, Wachs ME, Niemann CU, et al.
Early detection of graft failure using the blood metabolic profile of a liver recipient.
Transplantation 2007;83:517-21.

36. Odunsi K, Wollman RM, Ambrosone CB, Hutson A, McCann SE, Tammela J,
et al. Detection of epithelial ovarian cancer using 1H-NMR-based metabonomics. Int
J Cancer 2005;113:782-8.

37. YangJ, Xu G, Zheng Y, Kong H, Pang T, Lv S, et al. Diagnosis of liver cancer
using HPLC-based metabonomics avoiding false-positive result from hepatitis and
hepatocirrhosis diseases. ] Chromatogr B Analyt Technol Biomed Life Sci 2004;
813:59-65.

38. Issaq H, Nativ O, Waybright T, Luke B, Veenstra T, Issaq E, et al. Detection of
bladder cancer in human urine by metabolomic profiling using high performance liquid
chromatography/mass spectrometry. ] Urol 2008;179:2422-6.

39. Denkert C, Budczies ], Kind T, Weichert W, Tablack P, Sehouli J, et al. Mass
spectrometry-based metabolic profiling reveals different metabolite patterns in invasive
ovarian carcinomas and ovarian borderline tumors. Cancer Res 2006;66:10795-804.
40. Sitter B, Bathen T, Hagen B, Arentz C, Skjeldestad FE, Gribbestad IS. Cervical
cancer tissue characterized by high-resolution magic angle spinning MR spectroscopy.
MAGMA 2004;16:174-81.

41.  Gribbestad IS, Sitter B, Lundgren S, Krane J, Axelson D. Metabolite composition
in breast tumors examined by proton nuclear magnetic resonance spectroscopy. Anti-
cancer Res 1999;19:1737-46.

42. Florian CL, Preece NE, Bhakoo KK, Williams SR, Noble M. Characteristic
metabolic profiles revealed by 1H NMR spectroscopy for three types of human brain and
nervous system tumours. NMR Biomed 1995;8:253-64.

43. Wikoff W, Gangoiti J, Barshop B, Siuzdak G. Metabolomics identifies perturba-
tions in human disorders of propionate metabolism. Clin Chem 2007;53:2169-76.
44. Kawashima H, Oguchi M, Ioi H, Amaha M, Yamanaka G, Kashiwagi Y, et al.
Primary biomarkers in cerebral spinal fluid obtained from patients with influenza-
associated encephalopathy analyzed by metabolomics. Int J Neurosci 2006;116:927-36.
45. Carraro S, Rezzi S, Reniero F, Héberger K, Giordano G, Zanconato S, et al.
Metabolomics applied to exhaled breath condensate in childhood asthma. Am J Respir
Crit Care Med 2007;175:986-90.

46. Horvith I, Hunt J, Barnes PJ; ATS/ERS Task Force on Exhaled Breath Con-
densate. Exhaled breath condensate: methodological recommendations and unresolved
questions. Eur Respir J 2005;26:523-48.

47. Anderson G. Endotyping asthma: new insights into key pathogenetic mechanisms
in a complex, heterogeneous disease. Lancet 2008;372:1107-19.

48. de Laurentiis G, Paris D, Melck D, Maniscalco M, Marsico S, Corso G, et al.

644 Carraro et al

Metabonomic analysis of exhaled breath condensate in adults by NMR spectroscopy.
Eur Respir ] 2008;32:1175-83.

49. Beger R, Holland R, Sun J, Schnackenberg L, Moore P, Dent C, et al. Metabo-
nomics of acute kidney injury in children after cardiac surgery. Pediatr Nephrol
2008;23:977-84.

50. Bertram HC, Hoppe C, Petersen BO, Duus J&, Melgaard C, Michaelsen KF. An
NMR-based metabonomic investigation on effects of milk and meat protein diets given
to 8-year-old boys. Br ] Nutr 2007;97:758-63.

51. Stella C, Beckwith-Hall B, Cloarec O, Holmes E, Lindon JC, Powell J, et al.
Susceptibility of human metabolic phenotypes to dietary modulation. ] Proteome Res
2006;5:2780-8.

52. Solanky KS, Bailey NJ, Beckwith-Hall BM, Bingham S, Davis A, Holmes E,
et al. Biofluid 1H NMR-based metabonomic techniques in nutrition research: meta-
bolic effects of dietary isoflavones in humans. ] Nutr Biochem 2005;16:236-44.

53. Walsh MC, Brennan L, Pujos-Guillot E, Sébédio JL, Scalbert A, Fagan A, et al.
Influence of acute phytochemical intake on human urinary metabolomic profiles. Am J
Clin Nutr 2007;86:1687-93.

54. Law W, Huang P, Ong E, Ong C, Li S, Pasikanti K, Chan E. Metabonomics
investigation of human urine after ingestion of green tea with gas chromatography/mass
spectrometry, liquid chromatography/mass spectrometry and (1)H NMR spectroscopy.
Rapid Commun Mass Spect 2008;22:2436-46.

55. Zeisel SH, Freake HC, Bauman DE, Bier DM, Burrin DG, German JB, et al.
The nutritional phenotype in the age of metabolomics. ] Nutr 2005;135:1613-6.

56. Hannon T, Dimeglio L, Pfefferkorn M, Denne S. Acute effect of enteral nutrition
on protein turnover in adolescents with Crohn disease. Pediatr Res 2007;61:356-60.
57. Reynolds R, Bass K, Thurrem P. Achieving positive protein balance in the
immediate postoperative period in neonates undergoing abdominal surgery. ] Pediatr
2008;152:63-7.

58. Lindon JC, Holmes E, Nicholson JK. Metabonomics techniques and applications
to pharmaceutical research and development. Pharm Res 2006;23:1075-88.

59. Keun HC. Metabonomic modeling of drug toxicity. Pharmacol Ther 2006;109:
92-106.

60. van Doorn M, Vogels ], Tas A, van Hoogdalem EJ, Burggraaf J, Cohen A, et al.
Evaluation of metabolite profiles as biomarkers for the pharmacological effects of
thiazolidinediones in Type 2 diabetes mellitus patients and healthy volunteers. Br J Clin
Pharmacol 2007;63:562-74.

61. Hewer R, Vorster ], Steffens FE, Meyer D. Applying biofluid 1H NMR-based
metabonomic techniques to distinguish between HIV-1 positive/AIDS patients on
antiretroviral treatment and HIV-1 negative individuals. ] Pharm Biomed Anal 2006;
41:1442-6.

62. Clayton TA, Lindon JC, Cloarec O, Antti H, Charuel C, Hanton G, et al.
Pharmaco-metabonomic phenotyping and personalized drug treatment. Nature 2006;
440:1073-7.

63. Li H, Ni Y, Su M, Qiu Y, Zhou M, Qiu M, et al. Pharmacometabonomic
phenotyping reveals different responses to xenobiotic intervention in rats. ] Proteome
Res 2007;6:1364-70.

64. Kochhar S, Jacobs DM, Ramadan Z, Berruex F, Fuerholz A, Fay LB. Probing
gender-specific metabolism differences in humans by nuclear magnetic resonance-based
metabonomics. Anal Biochem 2006;352:274-81.

65. Slupsky CM, Rankin KN, Wagner J, Fu H, Chang D, Weljie AM, et al.
Investigations of the effects of gender, diurnal variation, and age in human urinary
metabolomic profiles. Anal Chem 2007;79:6995-7004.

66. Lenz EM, Bright J, Wilson ID, Morgan SR, Nash AF. A 1H NMR-based
metabonomic study of urine and plasma samples obtained from healthy human subjects.
J Pharm Biomed Anal 2003;33:1103-15.

67. Lenz EM, Bright J, Wilson ID, Hughes A, Morrisson J, Lindberg H, et al.
Metabonomics, dietary influences and cultural differences: a 1H NMR-based study of
urine samples obtained from healthy British and Swedish subjects. ] Pharm Biomed
Anal 2004;36:841-9.

68. Walsh MC, Brennan L, Malthouse JP, Roche HM, Gibney M]J. Effect of acute
dietary standardization on the urinary, plasma, and salivary metabolomic profiles of
healthy humans. Am ] Clin Nutr 2006;84:531-9.

69. Beckonert O, Keun H, Ebbels T, Bundy J, Holmes E, Lindon J, et al.
Metabolic profiling, metabolomic and metabonomic procedures for NMR spec-
troscopy of urine, plasma, serum and tissue extracts. Nature protocols 2007;11:
2692-703.

70. Fiehn O, Robertson D, Griffin J, van der Werf M, Nikolau B, Morrison
N, et al. The metabolomics standard initiative (IMSI). Metabolomics 2007;3:
175-8.

The Journal of Pediatrics * May 2009



	Metabolomics: A New Frontier for Research in Pediatrics
	SYSTEMS BIOLOGY AND ‘OMIC’ SCIENCES
	DIFFERENT APPROACHES TO STUDY METABOLITES
	METABOLOMICS: ANALYTICAL PLATFORMS AND PATTERN RECOGNITION METHODS
	METABOLOMICS: ITS ROLE IN PATHOLOGICAL CONDITIONS
	METABOLOMICS: PEDIATRIC STUDIES
	METABOLOMICS IN NUTRITION SCIENCE
	METABOLOMICS IN PHARMACOLOGY AND TOXICOLOGY
	STANDARDIZATION IN METABOLOMICS
	CONCLUSIONS
	ACKNOWLEDGMENT
	REFERENCES


