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Abstract

Metabolomics is an approach that employs technologies to measure small molecule metabolites in biological
samples, thus providing epidemiologists and other investigators with a means to discover biomarkers of disease risk,
diagnosis, and prognosis. To advance the field of metabolomics, the National Institutes of Health (NIH) is investing
$65 million through the NIH Common Fund’s Metabolomics Program, which will support comprehensive metabo-
lomics resource cores, training in metabolomics, metabolomics technology development, metabolomics reference
standards synthesis, and data sharing and international collaboration. While this infrastructure will be essential,
there remain several challenges to broad implementation of metabolomics in population-based studies. To facilitate
the use of metabolomics in population-based studies, the NIH-sponsored ‘Think Tank on the Use of Metabolomics
in Population-Based Research’ was held to discuss the current opportunities and challenges of the field and identify
potential solutions and/or strategies to address challenges. Insights and conclusions gained from the Think Tank are

summarized here.
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Introduction

The suffix “-omics” refers to the collective technologies that
measure the components of a large family of cellular molecules,
such as genes (genomics) or proteins (proteomics), and examine
the function of and communication between the various types of
cellular molecules. Metabolomics is the study of small molecules of
both endogenous and exogenous origin, such as metabolic substrates
and their products, lipids, small peptides, vitamins and other protein
cofactors, generated by metabolism [1,2]. This approach, which uses
the analytical techniques of mass spectrometry and nuclear magnetic
resonance, has received more attention in recent years as an ideal
methodology to unravel signals closer to the culmination of the disease
process. The compounds identified through metabolomic profiling
represent a range of intermediate metabolic pathways that may serve
as biomarkers of exposure, susceptibility or disease [3-6]. Therefore,
it is a valuable approach for deciphering metabolic outcomes with a
phenotypic change.

The monitoring of relative changes in metabolomic profiles in
predisposed versus healthy individuals may help identify unique
metabolites involved in disease processes [3]. These profiles have been
used to predict the risk of diabetes [7-9], cardiovascular disease [4], and
lung cancer [10], diagnose prostate cancer [11], differentiate benign
and malignant ovarian tumors [12], and identify biomarkers of Crohn’s
disease [13]. Such shifts also may identify diagnostic biomarkers,
which could provide insights into strategies for disease prevention
and be used to monitor the response to treatment. In recent years,
metabolomics and other post-genome-wide association study (GWAS)
platforms, such as proteomics and transcriptomics, have undergone
rapid improvement in both their reliability and throughput; as such, it
may be an opportune time for their use in epidemiologic studies [14-
17]. Although metabolomic profiling has been used in some larger-
scale population studies [18-21], the number of published reports to

date remains small. If the successes of genomics and transcriptomics
in epidemiology are reliable indicators, there is a large, yet untapped,
potential for metabolomics to contribute to public health research.

The National Institutes of Health (NIH) invested $14.3 million in
fiscal year 2013, and will potentially invest more than $51.4 million
over five years, to accelerate this field. This investment was established
through the NIH Common Fund’s Metabolomics Program and
will support the following core areas: comprehensive metabolomics
resource cores, technology development, reference standards synthesis,
and training and educational activities in metabolomics [22]. To date,
six Regional Comprehensive Metabolomics Resource Cores have
been established across the United States at University of Michigan,
Research Triangle Institute, University of California, Davis, University
of Florida, University of Kentucky and Mayo Clinic. Additionally,
the Metabolomics Data Repository and Coordination Center at
the University of California, San Diego (UCSD) serves as a national
data repository that will coordinate data sharing and dissemination
activities from national and international metabolomics centers.
Other components include technology development, training and
development of courses and workshops. In 2012, the National Heart,
Lung, and Blood Institute also funded the Anchoring Metabolomic
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Changes to Phenotype P20 Project, which has the mission to use
metabolomics to capture the molecular information that is most
proximal to a cardiovascular or lung phenotype [23]. These investments
should spark strategies to advance the field of metabolomics for
broader biomedical and public health research, as well as provide
additional capacity to support metabolomics analyses in population-
based studies.

The ‘Think Tank on the Use of Metabolomics in Population-
Based Research’ meeting, held at the NIH in September of 2012,
intended to address critical issues in preparation for the effective use
of metabolomic profiling in large population studies. Approximately
100 scientists from academia, government, non-profit organizations,
and industry were invited to discuss the current state of the field and
identify strategies to advance the use of this approach in population-
based research. This review provides a brief synopsis of this workshop,
discusses the opportunities and challenges for moving this technology
into epidemiologic studies, and highlights what epidemiologists should
consider for metabolomics being successfully incorporated in future
population-based studies.

Think Tank on the Use of Metabolomics in Population-
Based Research

The foci of the ‘Think Tank on the Use of Metabolomics in
Population-Based Research’ were: 1.) goals and opportunities for
moving metabolomic technology to population-based research, 2.)
integration of data for metabolomics studies, and 3.) resources and
infrastructure needed to support metabolomics studies in population-
based research. Presentations by Drs. Svati Shah (Duke University),
Oliver Fiehn (University of California, Davis), Bruce Kristal (Brigham
and Women’s Hospital and Harvard Medical School), Robert Gerszten
(Harvard Medical School), John Milner (USDA), and Mukesh Verma
(NCI) described the current state of the field, as well as how the NIH is
currently supporting metabolomics research. These presentations were
followed by facilitator-led breakout sessions, in which the participants
were charged with answering three key questions in each area of focus
outlined above, and are briefly summarized below.

Opportunities and Challenges for the Use of

Metabolomics in Population-Based Research

Integration of metabolomics data with other “omics” data:
Metabolomic profiling is of particular interest in population-based
research due to its potential to evaluate the effects of environmental
exposures, conduct risk assessments, predict disease development,
diagnose disease, and monitor disease progression. The proximity
of metabolomic signals to disease processes when compared with
other “omics” technologies offer the possibility to better identify
disease mechanisms, thereby increasing a functional understanding.
Yet, a barrier to the application of this approach is the lack of well-
characterized intermediate phenotypes for most diseases. The
integration of metabolomic data with other “omics” data, including
data that are publically available, will enable novel interrogation
approaches and discovery of functional implications [24]. Therefore,
methods development for integration of metabolomics data with other
“omics” data must be made a priority.

Study design and sample collection: Although opportunities
exist for the use of metabolomic profiling in population-based
research, multiple challenges prevent the proper integration of these
data into population-based studies for meaningful interpretation.
Therefore, investigators should strive to understand the principles of

metabolomics to better determine and apply their appropriate uses. In
addition, it is essential for metabolite profiles to be validated both for
analytical purposes and clinical use as biomarkers. Some of the primary
challenges to population-based studies include the incorporation of
this technology in the initial study design, identifying appropriate
sample collection protocols and quality control methods, and the
selection of analytical approaches and quantification techniques. New
strategies will likely be necessary for combining data from different
analytical platforms to allow generalizability of data and interpretation.
Additionally, pilot and feasibility studies will need to be conducted to
assess intra-individual metabolite stability, technical precision, and
the effect of sample storage and processing. Examining the effect
of sample storage on metabolite variability is especially important
given the number of prospective studies that have archived biological
samples. Furthermore, as the number of samples assayed increases,
the volume of data generated through the use epidemiology studies
has the potential to become difficult to manage. Therefore, the need to
develop better methods for analyzing large amounts of data remains a
critical barrier, including improvement of statistical and bioinformatic
methods for data analysis.

Unfortunately, metabolomic profiling is used far too frequently
post-hoc in epidemiology studies. When the opportunity arises,
investigators should strive for well-designed, prospective studies that
would establish causal effect, as well as temporal changes. In any case,
causality is difficult to establish with a clear biological explanation
in association studies, even with particularly well-designed studies.
Therefore, it is critical to improve methodologies for integration of
metabolomics data with other data, such as genomic and proteomic,
to help parse out the functional and temporal relationship between a
biomarker and an effect.

A multitude of factors should be considered in selecting the
specific analytical technique to be adopted for metabolomics studies.
Although not specific to population-based studies, it is important
to understand, and in turn, identify the most appropriate analytical
technique to use for the goals of the study or hypothesis being tested.
Two major technologies, mass spectrometry (MS) and nuclear
magnetic resonance spectroscopy (NMR), are generally considered as
they can measure hundreds to thousands of unique chemical entities.
MS is highly sensitive and has the capacity to detect metabolites with
concentrations in the picomolar range and above, requires small
biospecimen volumes, and enables metabolites to be individually
identified and quantified. However, MS has relatively lower analytical
reproducibility, requires more complex software and algorithms for
routine data analysis, and poorly represents highly polar metabolites
when using standard chromatography protocols. Although there
are well-established techniques to analyze polar metabolites by
MS, the use of multiple techniques for each sample to generate data
increases costs and diminishes productivity. In contrast, NMR allows
for the comprehensive generation of metabolite profiles by a single
nondestructive method, is fully automated, inherently quantitative,
and has very high analytical reproducibility with a well-established
mathematical and statistical tool box. The disadvantages to using
NMR include its relative insensitivity in detecting metabolites with
concentrations in the micromolar range and below. Furthermore, the
validity of both NMR and MS is dependent on the quality of sample
collection and handling, as well as the available metadata. Before
applying either of these technologies to population-based studies,
investigators must consider the advantages and disadvantages in
relation to the design and aims of the study.
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Availability of standards: Another barrier is a paucity of
commercially available standards for identification and quantification
of metabolites for humans, as well as data comparisons across studies.
Standard reference materials should be developed that can be used
broadly to examine a wide range of metabolites and are suitable for
applications that interrogate complex human matrices. Particular
consideration should be given to the quantity needed and which
compounds should be included. Additionally, the lack of carefully
selected, well-annotated, and easily accessible reference samples
greatly limits investigations. Although the standard National Institute
of Standards and Technology (NIST) pooled plasma reference set
is available [25], there needs to be further effort put toward the
development of additional reference standards. For example, standards
for other biological media, such as urine, are needed for investigating
the most physiologically plausible pathways that best reflect the etiology
of disease. In the case of epidemiologic consortia, different laboratories
may be involved in sample analyses; and in turn, inter-laboratory
comparisons are problematic without reference samples.

Quality control: An opportunity surrounds the use of archived
samples from population-based studies to gain insights into optimizing
collection and storage protocols for different media for sample
integrity. In addition to high quality samples, quantitative robustness
requires provision for quality controls, pooled references, and standard
reference materials to control for instrumentation variability drift and
allow for comparisons across laboratories. Well-standardized protocols
for sample collection, storage, and analysis are also needed.

Central database and data sharing: One major challenge is the lack
of standardized data sharing methods. Undeniably, the barriers to data
sharing are complex, including large storage requirements, conflicting
formats, and the high cost of storing large quantities of data. These
issues are less attributed to data size, although still a factor, than to
the lack of storage structure, inherent differences in the output from
differing technologies, and requirement for standardized essential
metadata. An opportunity exists to address data sharing through the
new Data Coordinating Centers established by the NIH Common
Fund and is a priority for the Data Repository and Coordination
Center at UCSD. Additionally, there are efforts of this nature taking
place in Europe, specifically The European Bioinformatics Institute’s
(EBI) MetaboLights [27]. Furthermore, these issues will be addressed
through the NIH Big Data to Knowledge (BD2K) initiative, which
is focused on how to best address the management and use of the
large amounts of biomedical data generated by new technologies
[28]. Currently, data storage and sharing responsibilities remain with
individual laboratories, and will continue as such, until better data
sharing protocols are developed. The field may consider following in
the footsteps of genomics and focus on the establishment of a central
database, similar to dbGap, which is used for data sharing of genomic
data [29], to archive and distribute the results of metabolomics studies.
The framework for establishing a database of this nature is already in
place, and there are clear benefits to data sharing, including the use of
shared data for replication, verification, and secondary data analysis
studies, as well as the cost savings associated with using shared data
for these analyses. An essential step will be to establish a mechanism
for data sharing that builds on the assignment of unique accession/
identification numbers to analytes, and would need to be addressed
in data sharing protocols and metadata requirements. It will not only
allow for data sharing, but general data mining and pathway analyses, as
well as literature searches using citation databases, including PubMed.

Future Directions

Consideration should initially be given to easily accessible short-
term goals, such as planning for metabolomic analyses during study
design, the establishment of a mechanism for data sharing, and
capitalizing on archived samples from population-based studies to
optimize collection and storage protocols. Once the short-term goals are
addressed, the more complex barriers can then be tackled. As a number
of population-based studies using metabolomic profiling have already
emerged, now is the time to be vigilant to assure continued advancement
in the field. There is a significant need for increased communication
and collaboration among epidemiologists, biochemists, statisticians
and other stakeholders to tackle the issues outlined in this commentary.
The ‘Think Tank on the Use of Metabolomics in Population-Based
Research’ was the initial step in opening the lines of communication
amongst these groups; and the provocative conversation needs to
continue. Although there are currently many identified challenges
for the application of metabolomic profiling in population-based
studies, recent advancements continue to transform metabolomics
technologies into more reliable and sought after platforms.
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