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ABSTRACT

Today, the technology of ‘targeted’ based metabo-
lomics is pivotal in the clinical analysis workflow as
it provides information of metabolic phenotyping
(metabotypes) by enhancing our understanding of
metabolism of complex diseases, biomarker discovery
for disease development, progression, treatment, and
drug function and assessment. This review is focused
on surveying and providing a gap analysis on meta-
bolic phenotyping with a focus on targeted based me-
tabolomics from an instrumental, technical point-of-
view discussing the state-of-the-art instrumentation,
pre- to post- analytical aspects as well as an overall
future necessity for biomarker discovery and future
(pre-) clinical routine application.
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1. INTRODUCTION

The well-established field of metabolomics aims
to comprehensively identify qualitatively and/
or quantitatively detectable, endogenous me-
tabolites in biological systems. It is the study
of the complete biochemical phenotype of a
cell, tissue, or whole organism mainly using
analytical platforms such as: nuclear magnetic
resonance spectroscopy (NMR), liquid chroma-
tography—mass spectrometry (LC-MS) and gas
chromatography-mass spectrometry (GC-MS).
Metabolomics interrogates biological systems
since it is an unbiased, data-driven approach
that may ultimately lead to hypotheses provid-
ing new biological knowledge. The term ‘metab-
olomics’ typically describing the state of an or-
ganisms’ metabolism, was first coined by one its
pioneers, Jeremy Nicholson, Chair in Biological
Chemistry at Imperial College, London. United
Kingdom [1]. The term ‘metabolomics’ was con-
cerned with measuring the metabolites in one
sample and may be derived from only one cell
type. The term ‘metabonomics’ (common term
used almost a decade ago) was defined as the
global study of the systems that regulate me-
tabolism, including variations over time, never-
theless, metabolomics is generally the accepted
term used to date [1]. This can be confirmed in
the field by new developments of metabolomics
core units and research centers in academia
with an increased interest in the pharmaceutical
and biotechnology industries. These develop-
ments and the progressive increase in the num-
ber of publications in the field of metabolomics,
justifies the growing interest of metabolomics
in biomarker discovery and its applications in
complex (long-term developing) diseases with
open diagnostic, predictive, patient stratifica-
tion, treatment response, relapse questions, in
metabolic disorders (e.g. metabolic syndrome,
hypertension, diabetes [2]), neurological disor-
ders (Alzheimer’s disease [3-5]), cardiovascu-
lar diseases (heart failure [6, 7], inflammatory

diseases (rheumatoid arthritis [8]), oncology
[9-13] as well as in toxicology and drug assess-
ment [14]. It is evident that metabolomics is
a promising tool to aid in providing insight to
answer a biological question, especially in bio-
marker discovery, however one must assume
that it is unlikely there is a single ‘golden’ endog-
enous biomarker that predicts or diagnoses dis-
ease. The consensus in the research community
is that most studies in the scientific literature
document that ‘metabolic signatures’ will be
the answer. By definition, a metabolic signature
contains a panel and/or combination of affected
endogenous metabolites and not just an individ-
ual metabolite, which is plausible due to the rel-
evance of affected metabolic pathways. It also
appears that metabolic signatures can provide
an improvement in statistical outcomes and ro-
bustness of candidates in biomarker discovery.
As a consequence, the instrumental technolo-
gies need to possess cross-platform capabilities
established by MS and/or NMR and need to be
reliable and robust for high-throughput routine
analyses. This is the case for state-of-the-art
LC-MS/MS instrumentation (as detailed below),
which are routinely used in the clinical environ-
ment for toxicology screening, therapeutic drug
monitoring, vitamin and hormone quantitative
analysis [15, 16].

Metabolites may have a concentration range in
the pico-millimolar range, a mass range of the
order of ~1000 amu and polarity of molecules
ranging from highly hydrophilic to hydrophobic.
There is no single methodology able to sepa-
rate, detect, and quantify the range of a chemi-
cally diverse range of metabolites [17], there-
fore multiple analytical techniques and sample
preparation strategies are necessary to capture
most of the metabolome [18]. A typical metab-
olomics workflow is comprised of sample har-
vesting and metabolic quenching; metabolite
extraction, data acquisition, interrogation and
bioinformatic analysis. For sample harvesting

Page 332
eJIFCC2016Vol27No4pp331-343



Daniel A. Dias, Therese Koal
Progress in metabolomics standardisation and its significance in future clinical laboratory medicine

and metabolic quenching, many methods have
been published in the literature for various bio-
logical systems [19-22]. Individual differences
of varied sample types (e.g. WT (Wild-type)/
Control vs KO (Knock-out)/salinity stress), will
determine the techniques used at each of these
steps. The aim of a typical metabolomics ex-
periment is to analyze as many metabolites as
possible. To date, there are several established
analytical platforms which details the semi-
guantitative detection (relative intensities) of
metabolites, however the field of metabolomics
is now spearheading towards the absolute quan-
titation of metabolites in biological systems. As
a significant number of metabolites are present
in an organism, the data acquired is substan-
tially large requiring interrogation and needs to
be processed and treated (eg. normalized and
statistically transformed) to obtain a meaning-
ful biological interpretation. Multivariate data
analyses such as Principal Component Analysis
(PCA) and Partial Least Squares-Discriminant
Analysis (PLS-DA), Hierarchical Clustering
Analysis (HCA), Heatmaps, Volcano plots and
pairwise t-test, are routinely employed to ex-
tract information from large metabolomics data
sets [23]. Once the statistically significant vari-
ables (metabolites) are identified, correlations
between metabolites and responses, groupings
and all the experimental data can be used, per-
mitting to constructing a hypothesis or explain
observations [23]. The differences between the
samples and the identified metabolites con-
nected with them will provide a holistic vision
about the interrogated biological system.

Since its establishment in the late 90s [24, 25],
metabolomics has proven to be a valuable tool
in the analysis of biological systems where it has
been used in an ever increasing number of di-
verse applications such as identifying key genes
for important traits, to clarify events of physi-
ological mechanisms and to reveal unknown
metabolic pathways in crops [26]; response of

salinity in chickpea cultivars [27] and salinity re-
search [28]. It has been applied to assess meat
quality traits in pig, cattle and chicken [29];
produce, preserve, and distribute high-quality
foods for health promotion [30]; beer [31]; and
natural products [32, 33]. By performing global
metabolite profiling, also known as “untarget-
ed” metabolomics, new discoveries linking cel-
lular pathways to biological mechanisms are be-
ing revealed and are shaping our understanding
of cell biology, physiology and medicine. These
pathways can potentially be targeted to diag-
nose and treat patients with immune-mediated
diseases [34]; understanding the physiological
changes occurring in “normal” aging and the
molecular multi-mechanistic processes involved
during senescence [35]; human related studies,
that is, genomics, epigenomics, microbiomics,
transcriptomics, proteomics and metabolomics
(systems biology) [36]; forensic science [37]; re-
sponse to high intensity exercise [38] and to aid
in precision medicine for patients with multiple
sclerosis [39].

In this review, the choice and characteristics of
all major metabolomics technologies will be ad-
dressed together with a discussion on current
trends and requirements of biomarker discov-
ery in a clinical environment as well as future
(pre-) clinical routine capabilities. Finally, the
current state of knowledge with respect to me-
tabolomics standardization and a gap analysis,
which needs to be addressed to bring metabolic
signatures to clinical routine applications, will
be presented.

2. GC-MS and LC-MS

2.1 Gas Chromatography
—Mass Spectrometry (GC-MS)

Itis generally assumed that GC-MS is only ame-
nable for the analysis of volatile compounds
or those classes of lipophilic compounds ex-
tracted from apolar, organic solvents. This is not
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the case for the well-established ‘polar GC-MS
metabolomics’, hydrophilic compounds can
be made volatile due to chemical derivatisa-
tion which selectively alters known functional
groups making them amenable for GC-MS analy-
sis. Nevertheless, GC-MS, though limited to the
analysis of compounds smaller < 1,000 Da, can
unambiguously, comprehensively resolve >400
compounds including sugars, sugar alcohols,
sugar phosphates, amino and organic acids,
amines, sterols and fatty acids in one acquisition
and is typically suited to the analysis of prima-
ry metabolites - those involved in fundamental
biological processes (e.g. glycolysis, TCA cycle
and amino acid synthesis) of the growth and de-
velopment of a cell. To increase the number of
identified metabolites, authentic standards are
required to match mass spectra and retention
time with metabolites in the sample [40]. In ad-
dition to the highly reproducible electron impact
(electron impact ionization, El) mass spectra,
some commercially available libraries provide
retention times or retention time indices under
standardized conditions for each metabolite [41]
increasing confidence in metabolite identifica-
tion. One of the greatest advantages of GC-MS is
that the ionization mode used in this technique
is highly standardized and reproducible across
GC-MS systems from different vendors world-
wide (based on 70 eV ionization) which allows
for the establishment of comprehensive GC-MS
mass spectral libraries such as the NIST (http://
www.nist.gov/srd/nist1la.htm), Agilent’s FienLab
(http://fiehnlab.ucdavis.edu/db) [42], or pub-
lically available [Golm Metabolome Database
(GMD, http://gmd.mpimp-golm.mpg.de) [41],
which contain TMS (tri-methylsilylated)-deriva-
tized metabolites. Undoubtedly, for more than
a decade and a half, GC-MS has been accepted
as the “work-horse” platform due to its notable
separation, reproducibility, robustness, ease of
establishment and operation and its relatively
low costs and standardization worldwide.

Recently, there has been a focus within the me-
tabolomics community to obtain quantitative
data for biological studies since they describe
accurately the actual concentration of the me-
tabolites of interest. In the current literature,
>90% of published metabolomics studies are
semi-quantitative with <10% of published me-
tabolomics studies using absolute quantifica-
tion. In one well-known example, a quantitative
database was curated by Psychogios et al., who
systematically characterized the human metab-
olome through the Human Metabolome Project
[43]. In another study, Schwarz and colleagues
identified and quantified 476 metabolites in ce-
rebrospinal fluid as part of an integrative me-
tabolome-proteome CSF database towards bio-
medical research [44]. Boutara et. al., utilized
a number of analytical multi-platform (NMR,
GC-MS, DFI/LC-MS/MS, ICP-MS and HPLC) analy-
ses which led to the identification of 445 and
guantification of 378 unique urine metabo-
lites or metabolite species. An online database
containing 2651 confirmed human urine me-
tabolite species, 3079 in total, concentrations,
related literature references and links to their
known disease associations are freely available
at http://www.urinemetabolome.ca [45].

2.2 Liquid Chromatography
—Mass Spectrometry (LC-MS)

Liquid chromatography-mass spectrometry (LC-
MS) is a complimentary analytical platform used
to identify metabolites that generally do not re-
quire chemical derivatisation, typically suited
to the analysis of higher molecular weights me-
tabolites in their ‘intact’ form. There are also
derivatization reagents available which provide
greater selectivity and sensitivity for the analy-
sis of ‘targeted’ metabolites classes [46-48].
Depending on the metabolite(s) or metabolite
classes of interest requiring LC-MS analysis, the
choice of extraction solvent is crucial in sepa-
rating polar and apolar metabolites, achieved
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through either a monophasic or bi-phasic solvent
extraction (e.g. chloroform, methanol and water)
covering the polarity range.

Once a sample has been extracted prior to car-
rying out a LC-MS analysis the chromatographic
separation of eluting metabolites requires sub-
sequent optimization. A number of stationary
phases [(e.g. ion exchange, reversed phase (C18),
hydrophilic interaction (HILIC) chromatography
and aqueous normal phase separation)] with
varying solvent systems in either isocratic or gra-
dient elution are used to separate and attempt to
capture the metabolome. The most commonly
used ionization modes include, electrospray ion-
ization (ESI) and atmospheric chemical pressure
ionization (APCI). Depending on the metabolite
classes to be targeted, a number of LC-MS based
platforms and modes can be used. For example,
the lipophilic extract can be profiled in an untar-
geted manner using Liquid Chromatography—
Quadrupole Time of Flight—Mass Spectrometry
(LC-QTOF-MS) which allows for the identifica-
tion of intact lipid species with its corresponding
high resolution mass spectra. Quantification of
each lipid species can be achieved using Multiple
Reaction Monitoring (MRM) using authentic
standards on a Liquid Chromatography—Triple
Quadrupole—Mass Spectrometry (LC-QQQ-MS),
a rapidly important field referred to as lipido-
mics. The LIPID MAPS Structure Database (LMSD,
www.lipidmaps.org/data/structure) encompass-
es structures and annotations of biologically rel-
evant lipids.

Subsequently, the polar extract which may con-
tain secondary metabolites or higher molecu-
lar weight metabolites and those that are not
GC-MS amenable can be separated by reversed
phase (C18) chromatography. The lipophilic or
non-polar extract can be separated using hydro-
philic interaction (HILIC). Further to these sepa-
ration methodologies, positive and negative,
soft ionization modalities need to be applied
to cover both positively [M+H]* and negatively

[M-H] charged metabolites present. Each mode
can result in 500 - 3000 mass features detectable
represented with their accurate mass, isotopic
pattern, and retention time. Accurate mass (as
obtained with a QTOF or FT-type instrument, and
isotopic pattern as well as additional second-
ary and tertiary MS" can assist with the struc-
tural elucidation of the metabolite of interest.
Nevertheless, the unambiguous identification is
not always possible as a number of metabolites
can have exactly the same molecular formula
and mass ultimately requiring the isolation and
complete elucidation by NMR by first principles.

For LC-MS based untargeted metabolomics a
number of databases currently exist. As men-
tioned, the HMDB Version 3.6 (www.hmdb.ca/)
is a comprehensive, web-accessible electronic
database containing information on metabo-
lites found in the human body. For food com-
pounds, FoodDB (http://foodb.ca/), however its
mass spectral information is also duplicated in
the HMDB. METLIN is a metabolite repository is
a web and freely accessible electronic database
(http://metlin.scripps.edu/) to facilitate metab-
olite annotation through MS analysis. MassBank is
an open-community mass spectra repository de-
signed for public sharing of reference mass spec-
tra from authentic chemical standards for metab-
olite annotation (www.massbank.jp). mzCloud is
an open community of academic and industrial
partners who provides MS/MS and MS” spec-
tral trees that can be freely searched (https://
www.mzcloud.org/). For further details please
see [49].

2.3 NUCLEAR MAGNETIC RESONANCE
SPECTROSCOPY (NMR)

For decades NMR has proven to be the summitin
the structure elucidation of organic compounds
but the last decade and a half has seen its integra-
tion in metabolomics given that it is non-destruc-
tive, providing highly accurate quantification of
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metabolites and unambiguous structure elucida-
tion of compounds. Furthermore, NMR is regard-
ed the ‘gold standard method’ of choice for the
structural elucidation of unknown compounds
if accurate mass measurements and mass frag-
mentation pattern analysis has not resulted in
sufficient information. Though, *H NMR is highly
reproducible and signal intensity is directly relat-
ed to the molar concentration, a drawback is that
it has low sensitivity and resolution compared to
MS-based methods [50]. For literature describ-
ing NMR metabolomics see [51-54].

3.0 NEED AND GAP ANALYSIS
IN STANDARDIZATION/HARMONIZATION
IN TARGETED METABOLOMICS

Today there is a motivation in the research
community that the standardization and har-
monization in metabolomics are mandatory to
deliver comparable, reliable, high-quality and
precise quantitative data [15, 55-59]. These re-
quirements need to establish a set of standards
to guarantee longitudinal, robust lab-to-lab
and inter-instrument comparability and bring
emerging applications of metabolomics into
future routine analyses. Biomarker signatures
identified using untargeted metabolomics pro-
filing needs to be translated to targeted-based
metabolomics later in the biomarker validation
workflow to allow for the absolute quantita-
tion and improved comparability of studies. The
following gap analysis summarized in Table 1
below, presents the requirements for targeted
metabolomics studies, related metabolic signa-
ture validations as well as a first outlook for the
requirements in routine clinical applications.

3.1 Metabolomics study design

Published biomarker (signatures) discovery
case/control studies today are often quite lim-
ited in sample cohort sizes and lacking in ap-
propriate validation studies for confirmation.
It is critical to invest in validation studies using

a greater cohort of samples including the de-
velopment of valuable biomarker/metabo-
lite associations, which are powerful for fu-
ture clinical applications. Research focused on
population based cohorts is able to fulfil this
requirement. Standardized targeted metabolo-
mics analytics (e.g. kits) acquired in the same
data formats is certainly advantageous, due to
ease in comparing data and translating results,
increasing statistical power. Secondly, studies
are often not well designed to address bio-
marker specificity based on appropriate control
cohort selection. Frequently, only healthy con-
trols are included. Consideration of all relevant
disease control cohorts as delimitation controls
are mandatory to test and approve specificity
of biomarker candidates resulting in increased
value for future clinical applications (e.g. con-
sideration of alternate cancers in women, be-
nign breast diseases, endometriosis, polycystic
ovary syndrome (PCOS) for breast cancer stud-
ies). In addition case/control studies needs to
be translated to longitudinal studies, both ret-
rospective as well as prospective, to investigate
the biomarker performance for predictive value
and to improve knowledge about the follow-
up of individuals. Additional factors which can
contribute to a cohesive study design are the in-
clusions of typically used clinical (less invasive)
biofluids as potential target matrices to allow
for parallel data translation/interpretation from
bodily compartments to systemic biofluids (e.g.
plasma, serum, dried blood spots), which are
appealing in (pre)clinical applications.

3.2 Pre-analytics

The consideration of pre-analytical aspects in bio-
marker discovery and the validation is mandatory
for the robust and reliable performance of detect-
ing biomarkers. Avoiding “artificial” interferences
and to investigate how biomarker candidates are
affected and sensitive to sample generation (e.g.
venepuncture), transport and storage (short-term
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Table 1

a) Number of samples in a cohort are often limited
b) Validation studies are missing

c) Gap of disease specificity in biomarker studies: case/control studies
require inclusion of more disease and gender related delimitated controls not

Study design only healthy controls to prove and deliver specificity

d) Translate case/control studies to longitudinal studies (population based,
retrospective followed by prospective)

e) Inclusion of typically used clinical (less invasive) biofluids as matrices
into study protocols to ensure data translation/interpretation from body
compartment to systemic biofluids

a) Pre-analytical quality markers based on endogenous metabolites (stability
Pre-analytics | markers for sample generation and storage), appropriate database is required
also to prove biomarker candidates robustness, standardized pre-analytics

a) Quantitative metabolomic data

b) Standardization (e.g. kits) (from sample to results including sample
preparation, analysis, technical validated analytical results to deliver lab-to-lab
comparability, inter-instrument comparability, long-term comparability

Analytics c) Gap of reference materials and reference laboratories, round-robin/ring trial tests
d) Gap of standard materials (external, internal standards)
e) Established QMS system in the analytical laboratory (ISO 9001, I1SO 17025,
GLP etc.)
a) Gap in standardized data pre-processing for statistical data analysis:
¢ identification of pre-analytical affected samples in the study
Post-analytics * normalization, batch correction, data cleaning (e.g. LOD imputation),
confounder adjustment and multivariate outlier detection
b) Standardized data formats
a) High performing biomarker signatures in defined/standardized biological
matrices for clinical question
Needs b) Translate disease/metabolite association to causality
for future c) Reference methods/kits (medical device regulatory, FDA, CE/IVD), reference
clinicgl laboratories (e.g. CLIA)
(z:ﬁgﬁat:obnesd d) Traceability and commutability of standards and reagents (e.g. calibrators)
side) e) Standardized sample/sampling device

f) External quality assurance programs (proficiency tests, ring trials)

g) Certified reference materials (for metabolic signatures /metabolite panels)
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mainly at room temperature, mid/long-term (bio-
banking) in accordance to sample collection time
and storage) are important. The value of targeted
based metabolomics has the potential to moni-
tor pre-analytical sample treatment based on the
analysis of endogenous metabolites concentra-
tions and signatures (e.g. sums, ratios) demon-
strate the feasibility for targeted metabolomics
[60-64]. The best approach is to test a panel of
markers in combination and in parallel, to identify
affected samples with high confidence when all
quality markers (combinations) are identified. In
our opinion, an appropriate database is required
to collate (non)pre-analytical affected endoge-
nous metabolites, allowing to evaluate the value
and quality of biomarker candidates from a pre-
analytical perspective.

3.3 Analytics

The automation, standardization and harmoni-
zation of providing quantitative metabolite data
in metabolomics is required to bring together
lab-to-lab, inter-instrument and long-term ro-
bustanalyticalanalysesinto biomarkerdiscovery
and development, critical in further developing
biomarker signatures into the clinical environ-
ment. Commercially available kits are available
for targeted metabolomics (e.g. Biocrates Life
Sciences), which can fill-the-gap, by delivering
standardized data formats. Biomarker discov-
ery need to apply the rules which are standard
practice in routine clinical analyses today to bring
new biomarker signatures into the (pre-) clinical
routine [15, 56, 59]. A second aspect to con-
sider is the current gap of broad target analyte
coverage of available standards (external and
internal standards) and (certified) reference
materials (covering metabolite classes) as well
as appropriate reference laboratories. This gap
is obligatory, not only for quantitative data but
also to enable quantitation with approved ac-
curacy and traceability. One of the initial ac-
tivities of the National Institute of Standards

and Technology (NIST) in collaboration with
NIH (National Institute of Health) confirms the
awareness for the need of standard reference
materials (e.g. SRM 1950) [15, 65, 66]. External
and internal standards are essential to define
guantitative linear range, sensitivity, selectivity,
and correction of matrix effects of the metabo-
lites in the assay resulting in improved analytical
accuracy and precision. Finally, an established
quality system including consideration, for ex-
ample, sample entrance and storage control, in-
strument and quality performance tests within
the laboratory organization will and should as-
sist in common laboratory quality rules.

As previously discussed, it is evident that GC-MS
based metabolomics is very-well standardized
with commercial and publically MS-databases
and methods available. However, with new, sen-
sitive instrumentation, enhancements in LODs,
mass accuracy and resolution, dynamic ranges
and the push for ‘quantitative’ data, existing li-
braries may need to be revisited because of the
differences in mass accuracy and the relative in-
tensities of fragment ions that can affect mass
spectra similarity scores. As previously men-
tioned, there is numerous metabolomics ap-
plications and technologies and there has been
discussions and consortiums formed to attempt
to standardize aspects in metabolomics.

The bottleneck lies predominantly with LC-MS
based profiling typically due to the complexity
of variables including: extraction, chromato-
graphic method or solvent system to compre-
hensively profile the whole metabolome in
a single analytical run. Establishing unbiased
analytical methods are not trivial due to a
number of factors such as: issues in combining
data from different MS analyses which hinder
correlation of data obtained in different instru-
ments/laboratories which include large scale
studies acquired overt time, instrument drift
and maintenance; analyte quantification is a
problem compared to conventional targeted
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methods; data acquired in untargeted LC-MS
profiling from same/different laboratories ac-
quired on different instruments cannot be eas-
ily compared. Standardized protocols from the
phase of study design, sample collection and
handling, up to the phase of chemical and sta-
tistical analysis remains an issue to be resolved
[67]. The standardization of metabolomics data
formats (more easier in targeted metabolomics
compared to profiling) is absolutely necessary
to simplify data comparability. A logical conse-
guence is also the need and consideration of
standardization in data pre-processing including
data filtering (e.g. agreement of common rules
for limit of detection (LOD) and lower limit of
quantitation (LLOQ) imputation), sample batch
correction, and apply pre-analytical quality
marker signatures over the sample data set) be-
fore any downstream analysis can begin.

There have been a number of worldwide ini-
tiatives which have attempted to standardize
LC-MS methodologies and protocols including
column stationary phases, elution solvents and
gradient, ionization modalities (positive/nega-
tive), MS scan setup including accuracy of mass
detection with efforts focussing on creating LC-
MS bases mass spectral information including
accurate mass, MS" fragmentation pattern and
more importantly, retention time under specific
LC conditions [68]. More recently, work carried
out by Wolfer et. al., described an approach
that enabled the generation of reliable quanti-
tative structure retention relationship models
tailored to specific chromatographic protocols.
The methodology, applied to 442 experimen-
tally characterized standards, employed a com-
bination of random forest and support vector
regression models with molecular interaction
descriptors [68]. This retention time prediction
framework could be replicated by different labo-
ratories to suit their profiling platforms and en-
hance the value of standard library by providing
a new tool for compound identification [68].

3.4 Post-analytics

The push for metabolomics standardization be-
gan over 10 years ago with the standard meta-
bolic reporting structure initiative (SMRS) and
the Architecture for Metabolomics consortium
(Armet) which focused particularly on NMR based
metabolomics [69]. In 2005, the metabolomics
standards initiative (MSI) focused on a commu-
nity-agreed minimum reporting standards pro-
viding initial efforts on the descriptions of the ex-
perimental metadata describing a metabolomics
study [70]. Founded by the community, standards
and infrastructure for metabolomics still require
storage, exchange, comparison and re-utiliza-
tion of metabolomics data. From this, 5 working
groups (WG) were created focussing on: metabo-
lomic pipeline; biological context metadata WG,
chemical analysis WG, data processing WG, ontol-
ogy WG and exchange format WG, with the task
of collecting relevant metabolomics standards
and a forum for discussion [71, 72]. In order to
implement agreed and acceptable guidelines on
reporting identified metabolites, an application
platform such as a metabolomics repository in
addition to a journal publication was required. In
2012, Metabolights (http://www.ebi.ac.uk/me-
tabolights) was the first general purpose database
in metabolomics, developed and maintained by
the European Bioinformatics Institute (EMBL-EBI)
which combines small molecule ‘reference’ layer
with information about individual metabolites,
chemistries, spectrometry and biological roles
with a study archive, where primary data and
metadata from metabolomics studies are onto-
logically tagged and stored [73]. Such depositions
receive a stable identifier for each study, which
can be quoted in related publications and can be
used to access the data on a long term. Making
metabolomics data publicly accessible allows it
to justify researchers’ findings in a peer-reviewed
publication, increases the possibility of wider col-
laborations within the metabolomics commu-
nity and ultimately gives a study higher visibility
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and increased citation [73]. More recently, the
Framework Programme 7 EU Initiative ‘coordina-
tion of standards in metabolomics’ (COSMOQOS) is
developing a robust data infrastructure and ex-
change standards for metabolomics data and
metadata [72]. The data deposition and exchange
workflow in the COSMOS consortium will be for-
mally defined, agreed, and documented in rela-
tion with Metabolights and all partnering data-
bases in Europe and worldwide that would like to
participate. The COSMOS consortium ultimately
develops the standards and infrastructure for and
with the metabolomics and fluxomics community.
These efforts will directly enable the implementa-
tion of COSMOS important deliverable—that of
a robust data infrastructure and mechanisms for
standards metabolomics data representation and
data/meta-data exchange that will enrich metab-
olomics science [72].

The general community agreement is that the
challenge of metabolomics is the accurate iden-
tification of large numbers of metabolites in
various untargeted profiling techniques. The
metabolomics community has been discuss-
ing the challenges of metabolite identifica-
tion and minimum reporting criteria for some
time, and the Chemical Analysis Working Group
of the MSI proposed some basic guidelines
in 2007 [74]. While spectral standardization
within a particular database such as METLIN is
helpful, the diversity in acquisition is also ben-
eficial for metabolite annotation (isomers), as it
can highlight similar/dissimilar fragmentation
processes across analytical conditions. Public
databases are more often enough curated in-
house in different laboratories (academia and
commercial), applying a multitude of different
analytical methods, reflecting the analytically
diverse nature of the metabolomics communi-
ty. Standardization of spectra acquisition using
one particular ionization source, mass analyzer,
and/or fragmentation technique would only be
essential for a small percentage of groups.

3.5. Needs for future clinical applications

Targeted based metabolomics with respect to
the detection of biomarker signatures for new-
born screening, a proof-of-concept adopted
more than 10 years ago will continue to be
important in future (pre)clinical applications.
Current studies provides new insights into nu-
merous chronic and long-term developing dis-
eases such as (cardiovascular disease, hyperten-
sion, cancer, metabolic disorders e.g. diabetes,
inflammatory bowel disease, autoimmune dis-
ease, neurological diseases). Targeted metabo-
lomics will continue to provide new knowledge
about the commonalities, for example: insulin
resistance, mitochondrial function, and inflam-
mation and differences of these diseases and
demonstrate strong metabolic causes to indi-
vidual disease pathophysiology. The importance
of the microbiome and the acquired dysbiosis of
the gut microbiota [75-81] and immune system/
acquired immune competence [82] are impor-
tant drivers for the paradigm shift to the under-
standing of disease, wherein targeted metabo-
lomics can be considered as the gold standard
tool to measure and quantify related alterations
in the metabolic phenotype. However, several
factors need be considered for the successful
translation of new biomarker signatures in rou-
tine analyses. (Pre-)clinical applications require
a defined and standardized biological matrix
and sample introduction. Furthermore, disease/
metabolite associations has to be translated
to understand causality and affected biologi-
cal pathways providing understanding, which
might assist in future therapy approaches.
Nevertheless, there needs to be a push towards
enhancing regulatory requirements with trace-
able and commutable reference materials [16],
standards, methods, kits (medical device regu-
latory, FDA, CE/IVD), and/or reference laborato-
ries (CLIA), external quality assurance programs
to improve the robustness and validity of clinical
data in future.
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