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Abstract

Access to high quality metabolomics data has become a routine component for biological studies.
However, interpreting those datasets in biological contexts remains a challenge, especially because
many identified metabolites are not found in biochemical pathway databases. Starting from
statistical analyses, a range of new tools are available, including metabolite set enrichment
analysis, pathway and network visualization, pathway prediction, biochemical databases and text
mining. Integrating these approaches into comprehensive and unbiased interpretations must
carefully consider both caveats of the metabolomics dataset itself as well as the structure and
properties of the biological study design. Special considerations need to be taken when adopting
approaches from genomics for use in metabolomics. R and Python programming language are
enabling an easier exchange of diverse tools to deploy integrated workflows. This review
summarizes the key ideas and latest developments in regards to these approaches.
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Introduction

Metabolomics aims to understand one of the fundamental questions in biology — how does
metabolism interact with genetic and environmental factors? Studies reach from CRISPR/
Cas9 mediated precise genetic changes [1] to nutritional [2] or environmental exposures [3],
randomized clinical trials [4], [5] or efforts to enable the precision medicine [6]. Untargeted
metabolite detection methods have let us realize that a substantial portion of the (human)
metabolome is yet to be discovered [7]. Metabolomics datasets consist of thousands of
compounds with up to 800 structurally identified metabolites [8]@@®. Identified metabolites
are chemically diverse and extend far beyond canonical energy or biopolymer biochemical
pathways, enacting signaling functions as well as inhibitors or stress response systems.
Capacity for obtaining metabolomics data is sufficient to routinely support general
biomedical, preclinical, clinical and epidemiological studies [1,8-11]. A range of
metabolomics datasets are publicly available with extensive biological metadata for
facilitating investigations by other researchers [12] and the dbGaP database (https://
www.nchi.nlm.nih.gov/gap) study id ‘phs001334° - Metabolomics of Coronary Heart
Disease (CHD) in the Women’s Health Initiative (WHI).

However, as metabolomics datasets grow in size and complexity, it is becoming increasingly
challenging to efficiently interpret changes in metabolite levels and determine their
biological and clinical significance. Independent computational approaches for performing
statistics, enrichment, visualization and contextualization need to be combined into
integrated workflows that are tailored to specific study designs to extract comprehensive and
meaningful information from the metabolomics datasets (Figure 1). Similar to the field of
genomics research, metabolomics is moving towards building integrated workflows [13] @
[14] @@ [15]. This review provides an overview of recent approaches that can be included
in such an integrated approach.

What is the status of metabolomics data acquisition?

It is now well recognized that the chemical diversity of metabolites requires multiple assays
to be combined to sufficiently cover the complexity of metabolomes [8,16]. Today, mass
spectrometry is the most common tool used, mostly in combination with either gas- or liquid
chromatography. Generally, high mass resolution instruments are used, with fast acquisition
speed, great sensitivity and robust data acquisitions, including high chromatographic
retention time stability. When internal standards are used, it has been shown that final result
data sets can be harmonized and independent of the specific instrument being used, even for
large series of samples [17]. Metabolomic datasets now extends to dozens of different
chemical classes, including both endogenous and exogenous chemicals such as food and
drug components [8]. New computational tools are being developed to standardize the data
processing pipelines and to elucidate chemical structures for the detected unknown
compounds in untargeted assays [18-21].

Metabolomics data has become a commodity. Metabolomics core and service centers have
emerged in private and public sectors to allow routine purchase of high quality
metabolomics datasets [8,22]. For example, in the United States, the National Institutes of
Health have provided a major boost to the field by providing the seed funding to several
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metabolomics service and research centers and by supporting a national metabolomics data
repository (https://commonfund.nih.gov/metabolomics). These centers are developing and
offering advanced assays and computational tools to cover metabolites beyond the core
metabolic pathways [23]. With the growing scientific interest in using metabolomics in
various study designs, these service centers will be instrumental in providing high-quality
metabolomics datasets. However, the main challenge is to interpret these datasets by the
investigators.

What types of study designs are used in metabolomics?

Any metabolomic study starts with carefully defining the study designs to test specific
metabolic questions. Study designs all come with specific strengths and limitations, and it is
important to understand what can be confidently inferred from specific designs and matrices.
For example, plasma samples from cross-sectional human cohorts are most suitable for
finding diagnostic or exposure biomarkers, but less suitable for mechanistic interpretations
on the basis of biochemical pathways. Nevertheless, multiple observational cohort studies
have been used in metabolomics. Most suitable are longitudinal designs where cases are
matched to control subjects to address major confounding criteria in nested case control
designs. Observational case-control studies have two groups exposed and unexposed for
which outcome events are counted and then associated with the metabolite levels. Typically,
such study designs facilitate identifying risk factors for chronic diseases or aberrant
metabolic phenotypes in tumor tissues, characterizing tumor sub-types and finding
metabolite correlation modules. On the other hand, laboratory studies using animal models
or cell cultures can be well well-controlled, but usually involve few samples per study group,
and do not sufficiently reflect metabolic diversity under real life conditions (including
variance in microbiomes).

What types of statistics can be used in metabolomics?

Metabolomics statistical analyses is usually grouped into two categories depending on the
interpretation level: univariate statistics and multivariate approaches. Statistical power is
hard to be defined in metabolomics studies: even for univariate analyses, both effect sizes
and within-group variance are usually not known beforehand. For multivariate statistics,
approaches to power estimates have not been established. We are here making the case for
using a third level of statistical analysis, using sets of variables.

Univariate and multivariate statistics—For univariate analyses, each metabolite is
used separately as input for a statistical test. Inherently in univariate analysis, statistical
independence is assumed for each variable (metabolite). Hence, statistical significance must
be adjusted for multiple testing, especially if used for diagnostic purposes. Metabolome data
usually follow non-Gaussian distributions and can be supposed to be with non-equal
variance between test groups, requiring non-parametric significance tests. For
epidemiological and clinical settings, regression models are used which can be adjusted for
confounding variables such as age, gender and body mass index. Specially, for nested case
control studies, conditional logistic regression models are used and for prospective cohort
studies and clinical trials, cox proportional hazard models are used. In these regression
models, effect size is reported as relative risk, odds ratio or hazard ration.
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While univariate analysis is powerful for diagnostic questions, its major assumption of
statistical independence of variables is simply untrue. Metabolite levels are not independent
from each other, but are directly connected via myriads of enzymes and control steps.
Hence, multivariate statistics explicitly exploits correlations between metabolites to obtain
global metabolic phenotypes and to discriminate between groups of samples. Here,
unsupervised exploratory data analyses (without using group assignments) or multi-variate
regression and classification models are computed (including group labels in the analyses).
Classic tools include the principal component analysis, hierarchical cluster analyses, support
vector machines, random forest, partial least square-discriminant analyses and other tools.
Classification models need data matrices to be divided into training and validation sets and
show model’s specificity and sensitivity as a receptor operative curve analysis. New
approaches are emerging include deep neural networks [24], t-distributed stochastic
neighbor embedding (t-sne) [25], lightgbm and xgboost which provide better speed and
accuracy in training models or visualizing the global variance. Several reports have highlight
that how much metabolomics data can improve the prediction accuracy for a diagnosis
problem such as early diagnosis for lung cancer [26]@®.

These univariate and multivariate level statistics are often calculated using R or SAS scripts
but graphical user interface based tools have emerged for classical statistical tests [13-15].
These tools are useful for simple projects involving 2-3 groups. For complex studies, users
still need to write R scripts to perform comprehensive statistical analysis.

Metabolite set statistics—While univariate analysis methods miss the systematic
environment of metabolites and their inter-dependencies, multivariate methods oversimplify
and do not consider biological relatedness. In between both approaches, metabolomics
analyses can adopt ideas from genomic assessments, bridging statistical procedures with
biological insights.

Set level statistics uses raw significance values from univariate statistics as input and apply
these to sets of biologically connected metabolite groups. For each set of metabolites, an
overall “‘enrichment’ statistics is then calculated to test whether these groups were altogether
affected in a study. Hence, a very important first task in metabolite set enrichment statistics
is to define the groups of metabolites that are biologically related to each other. Statistical
outputs of metabolite enrichment patterns are easier to interpret in comparison to classic
univariate- or multivariate statistics, as these groups are already attributed with biological
functions. There are two categories of statistical tests for enrichment analysis, count based or
distribution based [27]. Count based approach uses hypergeometric test or Fisher Exact tests
whereas distribution based approach uses the Kolmogorov-Smirnov (KS) test. Distribution
based test has the advantage that it does not need a univariate significance value cutoff;
instead, it uses p-value distributions to calculate an overall set enrichment significance
(Tablel). Secondly, the KS test does not depend on the size of a background database for
sampling assumptions [27]@@®. Since metabolome data are ill-defined with respect to the
complement of all possible metabolites that might be detected in a study (unlike genomics),
enrichment statistics differ greatly if a hypergeometric (or Fisher Exact) test is used on a
small database such as the KEGG ligand repository, or a large database, such as PubChem.
In principle, any group of metabolites can be functionalized as set for calculating set
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enrichments. Popular metabolite set definitions can be pathway maps, chemical classes [28]
and metabolic modules that are derived from correlation networks or reaction networks.

Of particular interest in the scientific community are pathway analysis, because pathways
directly lend functional roles to sets of individual metabolites [15]. Unfortunately, however,
the very concept of metabolic pathways is not uniquely defined.

Three major problems undermine pathway analyses: () Pathway databases for metabolites
are incomplete. Half of the detected metabolites in a typical metabolomics dataset do not
have pathway annotations in existing biochemical databases as we here exemplify for a
published study on non-obese diabetic mice [29] (Figure 2).

(b) Metabolic pathways are manually defined and, hence, vary across different databases.
Some interpretation tools use KEGG pathway maps that include overlapping and
intersecting pathways but largely disregard cellular compartmentalization. Other databases
such as MetaCyc define pathways as uninterrupted linear sequence of enzymatic reactions,
yielding an overall 2,526 pathways, many more than found in KEGG. (c) Pathway
enrichment statistics is ill-defined. Many metabolites in metabolomic datasets are often
member of different pathways, leading to difficulties in interpretation as well as in multiple
testing problems. The main idea in pathway enrichment statistics [15] has been inspired by
genomics: instead of relying only on univariate significance, molecules need to be grouped
by biological relevance and tested if the group itself shows significant differences. However,
unlike the number of genes, the number of metabolites in multicellular organisms is not
known, partly because of enzyme ambiguity and certainly because the chemistry of life also
involves nutrients and symbiotic relationships with the microbiome. The statistical tools
currently used for pathway analyses are inaccurate, are not reproducible, subjective to
interpretation bias, and lead to incorrect conclusions. Despite all these limitations, pathway
maps are extensively used for metabolomics and integrated enrichment analysis of multi-
omics datasets [30]. An alternative to pathway maps could be the organization of metabolites
by ontology terms. For genomics and proteomics datasets, gene ontology (GO) terms are
available, but metabolites have not been linked to the gene ontology terms yet.

Yet, a different type of biologically relevant ontology can be computed, the chemical
similarity of metabolites themselves. Using relationship of chemical similarities assumes
that few enzymes control or interconvert these compounds, even if the exact nature of these
enzymes is not known. Chemical class ontologies are provided by the Medical Subject
Heading ontology (MeSH) as well as by the European Bioinformatics Institute (ChEBI).
Both ontologies have been proposed to be used for metabolite set enrichment analyses
[31,32]. ClassyFire uses the ChEBI ontology as a reference database to predict classes for
chemical compounds using a substructure finding method [33]. An alternative is to compute
chemical similarities by comparing substructure fingerprints, as is often performed in
pharmacology research [34] Chemical ontologies (and substructure similarity clustering)
have two major advantages over pathway definitions for calculating enrichment statistics.
First, almost every metabolite can be annotated with a chemical class, even if it is not
annotated in enzyme-based pathway maps. Second, class definitions can be set such that
each metabolite will belong to exactly one class only, yielding non-overlapping set
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definitions for the enrichment computation. Unfortunately, neither ChEBI nor MeSH
ontologies were sufficiently covering all detected metabolites in metabolomics datasets [35]
(Figure 2). Recently, progress has been made by combining chemical class ontologies and
chemical similarity mapping to annotate each metabolite with a chemical class. The
approach and has been published as ChemRICH [35]@@®, along with a web-based
calculation tool (http://chemrich.fiehnlab.ucdavis.edu/). ChemRICH uses the KS-test for
calculating enrichment statistics using the significance and directional changes of all
identified metabolites (by SMILES and InChl keys) as input. ChemRICH yields named
chemical clusters that are visualized by set enrichment significance and average set
lipophilicity (Figure 3). ChemRICH plot highlights the significant chemical classes in a
study to be interpreted in the context of class level biochemical processes. For example, an
increase in triacylglycerols (TGs) and decrease in phosphophatidylcholines (PCs) lipids may
indicate a remodeling of overall lipid metabolism towards storage lipids instead of
membrane lipids, e.g. by increasing cell size and lipid droplets. While ChemRICH was
shown to highlight new biological regulations for a previously published data set [35], it
cannot directly be integrated with genomics or proteomics results.

Such multi-omic integrations would always need direct links between metabolites and
enzymes. Approaches are being developed to use biochemical reaction network modules as
set definitions [36], however they have the same two major bottlenecks outlined above
(using the hypergeometric test and failing to cover all metabolites in biochemical reaction
networks). Future research may integrate these approaches by overlaying chemical-structure
focused sets with enzyme-derived reaction modules.

visualize metabolite relationships?

Metabolites are related to other metabolites through enzymatic reactions, chemical reactions,
but they are also connected via structure similarities or through mathematical correlation of
concentrations levels. Such relationships can be mapped by themselves or in combinations.

Pathway maps—Metabolite pathway diagrams are a traditional way to summarize and
visually represent biochemical reactions [37] and usually comprise 10-20 metabolites per
diagram. These maps are manually defined by researchers and thus follow different logics to
define pathway boundaries. There is little consensus on the design of pathway map diagrams
and what metabolites shall be included. Even for well-known maps such as the tricarboxylic
acid cycle, different databases give different pathway maps [38]. There has been no effort to
standardize pathway maps across various databases and generate a single consensus map.

As metabolomics datasets cover many metabolic pathways [39], tools to automatically
create combined maps have been developed [40]. Particularly, integrated pathway maps are
reported for metabolic flux analysis and tumor metabolism studies [41]. For example,
glycolysis, the citric acid cycle and the pentose phosphate pathway are visualized together to
visualize data and regulation of central metabolism [42]. Global maps [43,44] aim to provide
a zoomable metabolic bird-eye’s view. However, metabolomics data sets usually contain
metabolic end-products such as fatty acids or amino acids but not intermediates such as
acetyl-CoA or oxaloacetate. Hence, global pathway maps show many metabolites that are
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not found in metabolomics data sets, and vice versa, metabolomics data sets comprise many
compounds that are not found in global biochemical pathway maps.

Pathway prediction algorithms map substrate/product pairs to enzymatic activities and then
to genes [45,46]. Metabolism enumeration algorithms can be used to find novel reactions
that are not yet catalogued in biochemical databases [47]. However, these algorithms have
not been used yet to define new pathways or pathway maps. Pathway databases provide
initial templates which can be customized by adding more information or by changing graph
layouts [48]. Pathway diagrams should include genes, protein descriptors and transporter
details to inform on tissue and species specificity. Such detailed and customizable maps may
be particularly useful for visualizing results from studies with metabolomics, transcriptomics
and proteomics datasets especially for tumor biopsies or tissue samples.

Metabolic networks—Some 3,000 human genes have been annotated with 1,200
enzymatic activities (E.C. numbers). Those enzymes can catalyze up to 4,000 known
reactions which generate up to 2,500 human ‘endogenous’ metabolites [49]. Pathway maps
are getting increasing complex the more metabolites are included, because most (central)
metabolites participate in several or many biochemical reactions, depending on organelles,
species and tissues. Alternatively, enzymatic reactions can be visualized as a metabolic
network graph using a cluster layout algorithms. Graphs with, for example, 400 metabolites
can still yield visually clear networks. For larger lists, network graphs can become very
complex and dense, decreasing visual clarity and its utility to study metabolite relationships.
A reaction network graph can be created with or without side-products or co-factors in
biochemical reactions [50,51]. Ignoring the side-products improves the layout as several hub
metabolites will be removed from the network graph.

An alternative to biochemical networks are using correlation structure of data sets or
chemical (and mass spectral) similarity [52,53]. Such networks have the great advantage that
metabolites do not need to be linked to specific enzymes, and (in principle) can also
visualize unknowns. In addition, such approaches can be combined with enzyme reaction-
based maps (KEGG RPair) in unified graphs through the MetaMapp tool [54], [55]. Using
sparse partial correlation networks can even be used to bring unknown metabolites into
reasonable biochemical modules [56]@®.

How to contextualize metabolites

Once a metabolite list or set list have been ranked by statistics, the next step is to find
contexts in which those lists can be interpreted. It is beyond the capacity of an investigator to
know all the relevant contexts and bioinformatics resource are instrumental here to assist the
investigator. Two resources are useful for this purpose: biochemical databases and automated
text mining. Using these resources, unbiased contexts can be identified that are useful for
metabolomics interpretation.

Querying databases—Curated biochemical databases provides a wide range of
information for metabolite which include reaction, enzymes, genes, regulatory metabolic
genes, sources for exogenous metabolites, signaling properties, pathways, chemical classes,
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known biological roles and diseases. Additionally, they can provide exact mass, lipophilicity,
topological surface area, hydrogen bond donor and other chemical and physical properties.

Key reaction databases are: Brenda, which provide reactions and signaling properties of
metabolites. It is the largest database of curated biochemical reactions and ligands with
almost 120K mapped to it. MeSH and ChEBI, which are major curated ontologies for
metabolites. MeSH is supported by national library of medicine and has mapped 120,000
compounds to almost 3000 chemical categories. Pathway databases are KEGG, Reactome,
MetaCyc, Wikipathways and SMPDB. Notable pathway repositories are the NCBI
BioSystems database and ConsensusPathDB which provides single point access to pathway
maps from a range of databases. HMDB aims to catalogue all the metabolites that are
relevant for human [57] and provide extracted information from biomedical literature. These
databases provide online interfaces but automated queries using web-APIs allows running a
large number of queries using a programming language [58].

Text mining—Manually curated databases have high quality content extracted from
literature database. However, the biomedical literature volume is growing exponentially, and
the slow manual curation process may not be able to process all the relevant publications.
PubMed lists 30 million total references and almost 7.2 million reports are related to
metabolism. Manually extracting information from that many papers is not feasible.
Therefore, we need to use computational text mining [59] and analytics [58] approaches to
extract relevant information from the literature. FACTA provide MeSH aggregations to pin-
point associations of metabolite with biomedical terms [60]. Table 2 shows such aggregation
for hydroxy-proline. MeSH term aggregations determine the frequency how often specific
terms are associated with metabolites. Such associations can be tested by statistical
significance, for example, to link metabolites with diseases. This approach has been used to
build the MetDisease database [61]. The NutriChem database [62] has been developed using
a similar approach to find plant and diet related compounds from PubMed. Metabolomics
text mining was used to extract information on all literature-known compounds in yeast [63],
and to complement pathway reconstructions through reports on product/substrate pairs [64].
However, there has been little progress in using automated text mining approaches for the
complement of metabolomics data sets, with the sole exception of PolySearch [65] ®®.
Development of automated text mining tools using text analytics database tools such as
ElasticSearch or Apache Lucene will be the next innovative breakthrough in metabolomics
data processing and interpretational approaches.

The path forward

Computational approaches for metabolomics interpretation need to keep up with fast
evolving metabolomics datasets generated by service centers. Tools need to improve
enrichment analyses, building customizable and detailed pathway diagrams and
comprehensively linking metabolites to biomedical contexts. Use of text analytics
approaches such as ElasticSearch may find biomedical contexts for interpreting
metabolomic outcomes against the overall scientific literature. Unknown metabolites need to
be mapped to most similar known compounds and included into network modules based
enrichment analysis methods. These approaches need to be integrated into workflows that
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are tailored towards specific study designs, using R or Python programming languages for
re-usability and testing.
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Highlights

. Statistics has become a commodity and serves as entry into data
interpretation.

. Metabolic pathway databases are incomplete and disagree on pathway
definitions.

. Metabolite set enrichment analysis can be independent of background
databases.

. Network graph based approaches can include unknown metabolites into
interpretation.

. Automated text mining extends the interpretation to include biological

contexts.
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Figure 1.
Metabolomics interpretation approaches can be combined into study-design specific

workflows to provide a comprehensive interpretation.
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Figure 2.
Biochemical and ontology databases lack entries for the 385 metabolites identified in non-

obese diabetic mice [30]. Figure is adopted from [35].
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Figure 3.
ChemRICH impact plot of chemical similarity enrichment analysis in non-obese diabetic

mice [30]. Color indicates direction of change for most of the compounds within a class : red
is increased, blue is decreased. Size of cluster indicates the number of metabolites within the
class. X-axis shows the cluster order on the Tanimoto similarity tree. The tree order also
correlates with average lipophilicity of classes so polar classes are always shown on the right
side of the plot. Y-axis shows the negative log of adjusted p-values so significantly important
classes are shown at the top of the plot. Figure is adopted from [35].
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Table 1

Classical statistical tests for enrichment depends on background database and p-value cutoffs.

Parameter Fisher-exact Hypergeometric Bionomial Kolmogorov—-Smirnov
Background Database  Yes Yes No No
P-value cutoff Yes Yes Yes No
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Table 2

MeSH term aggregation for Hydroxyproline. Numbers show the citation count in PubMed database.

Medical Subject Headings

Processes Enzymes Diseases Chemical and drugs

Time Factors:88 Superoxide Dismutase:37 Pulmonary Fibrosis:336 Hydroxyproline:633

Organ Size:80 Procollagen-Proline Dioxygenase:21  Silicosis:29 Bleomycin:233

Body Weight:61 Peroxidase:15 Lung Diseases:21 Collagen:208

Dose-Response L-Lactate Pneumonia:21 Silicon Dioxide:50

Relationship, Drug:40  Dehydrogenase:14 Lung Injury:16 RNA, Messenger:48

Cell Count:38 Matrix Metalloproteinase 9:12 Lung Neoplasms:14 Transforming Growth Factor betal:48
Cell Division:26 Pulmonary Emphysema:12
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