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Metabolomics is the study of small molecules present in biological samples. In recent years it
has become evident that such small molecules, called metabolites, play a key role in the de-
velopment of disease states. Furthermore, metabolomic applications can reveal information
about alterations in certain metabolic pathways under different conditions. Data acquisition
in metabolomics is usually performed using nuclear magnetic resonance (NMR)-based ap-
proaches or mass spectrometry (MS)-based approaches with a more recent trend including
the application of multiple platforms in order to maximise the coverage in terms of metabo-
lites measured. The application of metabolomics is rapidly increasing and the present review
will highlight applications in nutrition research.

Introduction

Metabolomics refers to the comprehensive measurement of small molecules, called metabolites, present in
abiological sample. The assessment of these metabolites gives detailed information on metabolic pathways
and biological processes. Additionally, a number of metabolites have been implicated in disease states and
as aresult can reveal information on disease phenotypes [1]. Moreover, metabolites reflect the downstream
activity of genes and proteins and hence assessment of their levels often reveals more about the specific
phenotype; as a result, metabolomics holds great promise for the development of disease biomarkers and
monitoring disease progression. Furthermore, metabolite levels are influenced by environmental factors
such as diet, lifestyle factors and environmental agents meaning that assessment of metabolic profiles can
play a significant role in a range of disciplines. With an ever-increasing number of scientists collaborat-
ing with metabolomics experts, the application of metabolomics is having a significant impact on many
fields of research. A clear example is the emerging field of immunometabolism, where metabolic repro-
gramming identified through metabolomics is changing the fundamental understanding of immunity and
infection [2-4].

The measurement of metabolites in biological samples is primarily achieved using NMR- and MS-based
techniques. Data can be acquired as a full profile, where as many metabolites as possible are measured, or
in a targeted mode, where a list of predefined metabolites are measured. Each technology has a number of
advantages and disadvantages which have been previously detailed [5]. Briefly, NMR-based metabolomics
is a robust and reproducible technique requiring minimal sample preparation, thus allowing relatively
high-throughput analysis [6]. This reproducibility is extremely important when analysing samples from
large epidemiology studies. Furthermore, NMR is non-destructive and thus preserves the biofluid and
allows further analysis to be performed. NMR-based metabolomics simultaneously provides structural
and quantitative information, which can be exploited for the identification of unknown metabolites, a
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MS-based techniques commonly combine MS with chromatography and the most common approaches are gas-
chromatography-MS (GC-MS) and liquid-chromatography-MS (LC-MS). GC-MS is commonly used for the detec-
tion of fatty acids and a range of polar metabolites such as amino acids, and tricarboxylic acid (TCA) cycle and
glycolysis intermediates. For GC-MS, the metabolites must be volatile or modified to become volatile; however, there
are a number of compounds for which this will not work. For LC-MS, metabolites are first separated by LC and there
are a range of columns available depending on the type of metabolites to be measured. With respect to MS-based
techniques, the analysis can be performed in a profiling mode, where there is no prior selection of compound class,
or in a targeted mode, where specific metabolite classes are measured. If a researcher has a particular hypothesis with
respect to a certain metabolite class, a targeted analysis may be more appropriate. Furthermore, external standards
and labelled internal standards are necessary for absolute quantification. However, for relative quantification the in-
clusion of labelled standards is not necessary and is often the starting point for many metabolomics studies. As a
result of the chemical diversity and range of metabolites present in biological samples, no one technique will measure
all metabolites present and the current trend is to apply multiple technology platforms in order to achieve maximum
coverage of the metabolome. The field of metabolomics is rapidly growing and applications are expanding across a
range of disciplines. The present review will focus on applications in nutrition research.

Metabolomics workflow

The metabolomics workflow generally consists of the following steps: (1) sample collection and preparation, (2) data
acquisition and (3) data analysis and interpretation. The options for data acquisition have been dealt with in the
introduction.

Sample collection

Metabolomics has been applied to a range of biofluids, including serum, plasma, urine, sweat, saliva and cerebrospinal
fluid. In order to minimise unwanted variation and artefacts in the datasets, attention should be given to sample col-
lection procedures [7-9]. For example, when collecting urine samples, storage on ice immediately following collection
is recommended to prevent metabolite degradation [7]. Moreover, samples should be stored at -80°C for long-term
storage. For blood samples, it is important to pay attention to the collection procedure. With respect to blood samples,
it is imperative that attention is given to collection procedures in order to standardise the quenching of metabolism:
failure to do so will introduce unwanted variation into the data. Studies have demonstrated that collection procedures
including processing, storage and transport have the potential to affect the metabolic profile [10,11]. When collecting
serum samples, it is essential that samples are all allowed to clot for the same time period and processed in a uniform
fashion. When using plasma samples, one needs to consider the anti-coagulant used: ethylenediaminetetraacetic acid
(EDTA) is not suited to NMR analysis as it gives extra resonances and indeed some reports have also mentioned is-
sues with MS-based analysis. The method of choice is to use lithium heparin tubes [12]. Following sample collection,
storage at the lowest possible temperature is recommended, to reduce metabolite decay and freeze-thaw cycles should
be avoided [13,14]. Overall, to reduce unwanted variation and bias in the data it is essential that standard operating
procedures are in place for sample collection.

Statistical analysis

A range of techniques exist for metabolomics data analysis and the readers are referred to the following reviews for
detailed descriptions of the various techniques used [15-17]. The present review will focus on giving an overview
of some options available to the user with some guidelines on key issues to consider. Data analysis often com-
mences with unsupervised data analysis to enable the researcher to gain an overview of the data and to identify
any underlying trends in the dataset. Principal Component Analysis (PCA) and Hierarchical Clustering Analysis
(HCA) are examples of unsupervised data analysis approaches. PCA is one of the most popular data analysis tech-
niques for exploring metabolite datasets and is particularly useful for identifying outlier samples. PCA allows the
reduction of a large number of variables to a smaller number of principal components which are linear combina-
tions of the original variables. Visualisation of the principal components in a scores plot enables the user to identify
outlier samples and trends within the data. An example of a PCA plot is depicted in Figure 1. When performing
PCA one should always check the variance explained by the model and the number of principal components ob-
tained; care needs to be taken with models that explain a low amount of the variance. When reporting PCA models
it is imperative the variance explained by each component is reported. A further important point to realise when
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Figure 1. PCA plot obtained from the analysis of human urine.
Urine was collected pre- (0 h) and post- (6 h) consumption of fish. In this plot the separation of the two time points is evident. A supervised
analysis would be performed in order to determine metabolite change following the consumption of food (see Figure 2).

using PCA for data analysis is that it optimises variance in the dataset, as opposed to any class distinction. Thus,
if the inter-individual variation is greater than treatment variation, the first few principal components may reveal
no separation due to group, thus potentially leading researchers to draw incorrect conclusions. Work in our labo-
ratory extended the PCA approach to enable the addition of covariates to the model [18]. Probabilistic Principal
Component and Covariates Analysis (PPCCA) incorporates covariates into the model, thus allowing inclusion of
variation due to the covariates, such as age and body mass index (BMI), which is important when studying human
metabolism.

Supervised techniques require a priori knowledge of the class membership and are used to identify spectral sig-
nals or metabolites that are different between groups or classes. There are many options for supervised analysis and
examples include but are not limited to: Partial Least Squares Discriminant Analysis (PLS-DA), orthogonal PLS-DA
(O-PLS-DA), Random Forests and Genetic algorithms. On the whole, the most common methods are PLS-DA and
O-PLS-DA. PLS-DA models maximise the covariance to the class/group variable and the corresponding variable im-
portance plot can be used to identify variables differing between the classes. When employing PLS-DA models one
needs to be careful of overfitting the data and it is critical that a cross-validation is performed to validate the model.
O-PLS-DA is an extension of PLS-DA which has grown in popularity in recent years. In this analysis the variance
in the variables is split into two parts: the variance correlated to the response/group classification and the variance
uncorrelated to the response/group classification. The advantage of this approach is the increase in ease of interpre-
tation of the model and the important variables/metabolites contributing to the model. To achieve this the O-PLS
loadings are usually visualised by back scaling the O-PLS coefficients to give the S-line plot. In the case of NMR, the
fine structures of the original NMR peaks are maintained and this type of plot usually aids metabolite identification.
Figure 2 illustrates an O-PLS-DA model and the corresponding S-line for the identification of metabolites contribut-
ing to the separation between the two groups. As in the case for PLS-DA models, validation is extremely important
and the results of cross-validation should be reported for each model.

Univariate analysis is also possible when analysing metabolomics data. However, if using such an approach it is
imperative to correct for multiple testing. Options for performing this include the Bonferroni multiple comparison
method and the false discovery rate, with the latter method being the least conservative [19,20].
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Figure 2. O-PLS-DA plot (RE:, R2Y, Q2) of human urine samples pre- and post-fish consumption (A). (B) Analysis of the
corresponding S-line identifies the regions of the NMR spectrum that influence the separation of the groups in plot A. In
this instance trimethylamine-N-oxide (TMAO) is higher in the samples 6 h post-consumption.

As many of the metabolomic studies currently performed aim to identify biomarkers associated with different
conditions, the need to assess the performance of such biomarkers has grown. The most commonly used approach
is the receiver operating characteristic (ROC) analysis which can assess the sensitivity and specificity of biomarkers
or a combination of biomarkers. For a detailed tutorial on the use of ROC curves in biomarker analysis the reader
is referred to an excellent review by Xia and colleagues [21]. While a number of commercial packages are available
to perform the statistical analysis of metabolomics data one should also be aware of a number of freely available
and easy-to-use options. Of particular note is the Metaboanlayst suite which does not require any knowledge of a
programming language and is easy to use while still offering a range of modules for analysis [22].

Applications of metabolomics in nutrition

The application of metabolomics in nutrition research has expanded rapidly in recent years. Due to the inti-
mate relationship between the food we eat and our metabolic pathways, metabolomic analysis is ideally suited to
study relationships between food and health. Areas where metabolomics has played a key role to date include:
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(1) identification of new dietary biomarkers, (2) application to intervention studies to understand the potential role of
the diet in health promotion, (3) the study of diet-related diseases and (4) precision nutrition. With respect to dietary
biomarkers the area has been previously reviewed and readers are referred to a number of key reviews in the field
[23-25]. Briefly, metabolomics has been successful in identifying a number of putative biomarkers of food intake
and will continue to play a key role in the validation of such markers. For the present review, the focus will be on
applications in relation to intervention studies, diet-related diseases and precision nutrition.

Application of metabolomics to understand mechanisms
associated with interventions

The literature is abundant with examples of where metabolomics has been used to examine the influence of certain
diets or dietary components on metabolic pathways with the goal to understand the mechanisms through which they
infer beneficial health effects. The present section is not an exhaustive review of the literature but rather an illustration
of the potential of metabolomics in this field.

A recent example illustrating the concept is the metabolomic analysis of samples from 145 individuals who followed
either the New Nordic Diet (NND) or the Average Danish Diet (ADD) for a six-month period [26]. Previous work
had established that the NND resulted in weight loss and improved blood pressure in obese Danish adults [27]. The
GC-MS-based metabolomics analysis revealed alterations in metabolites that reflected gluconeogenesis and ketosis
leading the authors to make suggestions in relation to the mechanism through which the NND elicits its beneficial
effects. Furthermore, there were alterations in metabolite levels in individuals on the NND who lost weight compared
with those who did not, indicating the power of the approach for metabolic phenotyping.

Using NMR-based metabolomics to examine serum samples from 33 postmenopausal women consuming either
wholegrain rye bread or a refined wheat bread revealed that consumption of rye bread decreased the branched chain
amino acids leucine and isoleucine and increased NN-dimethylglycine [28]. The alterations in these metabolites and
their associated pathways suggest mechanisms by which wholegrain rye bread confers beneficial health effects. The
application of metabolomics to weight loss studies has revealed its potential impact on insulin resistance, enabling
the identification of potential benefits of different dietary regimes. Using a targeted approach to measure amino acids
in two independent studies revealed significant decreases in branched chain amino acids and aromatic amino acids,
both of which have been previously associated with insulin resistance and type 2 diabetes [29]. Interestingly, a lower
protein diet (15% of energy compared with 25%) demonstrated a stronger effect on reducing the branched chain
amino acid valine. Overall, the study by Zheng et al. is a good example of how applying metabolomics to a pre- and
post-dietary intervention can give insights into potential mechanisms of the health benefits of certain diets.

As is evident from the above examples, metabolomics is a powerful tool in the assessment of metabolic changes
following dietary interventions. One of the main challenges in the field lies in the mapping of observed changes
in metabolite levels to metabolic pathways. This, without a doubt, requires knowledge of basic biochemistry and
an inherent understanding of metabolic pathways. The collaboration between scientists from different disciplines is
important to obtain meaningful interpretation of the data.

Diet-related disease studies

In recent years, the applications of metabolomics to diet-related diseases such as type 2 diabetes and cardiovascular
disease has increased dramatically [30-34]. Of particular note is the emergence of evidence from metabolomic studies
with respect to the branched chain amino acids and the risk of development of insulin resistance and type 2 diabetes.
A number of studies have demonstrated elevated levels of branched chain amino acids are associated with insulin
resistance [35-37]. Moreover, a combination of branched chain amino acids and aromatic amino acids have been
shown to be predictive of a future risk of diabetes [38]. While the majority of these studies have used MS-based
techniques for the measurement of the amino acids there are also some noteworthy examples where NMR has been
used. In a study of 1,680 young adults, NMR was used to quantify amino acids and data analysis revealed that the
circulating levels were predictive of insulin resistance [39]. Overall, the emergent role of branched chain amino acids
in insulin resistance and type 2 diabetes demonstrates the ability of metabolomics to open up new avenues of research
and to challenge the current status quo in the understanding of the development of diet-related diseases.

Finally, the role of the gut microbiota is emerging as an important potential player in the development of a number
of diet-related diseases and metabolomics is contributing significantly to the field. Metabolomics can readily identify
metabolites that originate from mammalian-gut microbial co-metabolism and thus offers a unique method to follow
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alterations in gut microbial metabolism and add some functional meaning to alterations in bacterial levels [40-42].
In essence, it enables a functional readout that helps interpretation of the potential alterations in the microbiota.

Precision nutrition

Precision nutrition or personalised nutrition can be defined as the tailoring of dietary advice to the individual. A
recent study demonstrated, using a randomised control trial, that personalising dietary advice improved the dietary
habits of individuals compared with receiving general healthy eating guidelines [43]. Metabolomics has the potential
to play a significant role in the development and delivery of precision nutrition. Metabolic phenotyping through the
use of metabolomics can identify individuals who will respond to different interventions. Such a predictive approach
could enable researchers to tailor dietary advice to the individual. Examples of where metabolomics has identified
differential responses to dietary interventions includes choline and vitamin D interventions. Analysis of the baseline
metabolomic profiles in a choline depletion study resulted in a prediction of which subjects developed liver dysfunc-
tion when deprived of dietary choline [44]. Fifty-three subjects received a choline-sufficient diet for 10 days (550 mg
choline/70 kg/d) followed by a choline-depleted diet (<50 mg choline/70 kg/d) for up to 42 days. Statistical analysis
of the data identified metabolomic profiles that could predict whether subjects developed liver disease or not.

In a three-month vitamin D and calcium intervention, metabolomics analysis of baseline samples identified profiles
predictive of response to the intervention [45]. In this instance, response to the intervention was defined by changes
in parathyroid hormone (PTH). The use of such a profile to tailor or personalise the nutritional strategy given to
individuals would enhance success.

Conclusions

Metabolomics is a powerful emerging technology that is set to significantly affect the field in the coming years. The
application of metabolomics in nutrition research has flourished recently and the examples illustrated above clearly
depict its ability to help in our understanding of mechanisms underlying dietary interventions. Furthermore, the
application of metabolomics in the study of diet-related diseases has the potential to challenge our current thinking
and thus develop better prevention strategies in the long term. An area not covered by the review is the field of
dietary biomarkers; metabolomics has enormous potential in this field and is set to make significant progress in the
coming years. Finally, an exciting emerging application of metabolomics is the field of precision nutrition. The use of
a metabolomic profile to tailor dietary advice to an individual, based on a broad set of biomarkers that reflect disease
risk and dietary habits, has great potential within the context of precision nutrition and medicine.

Summary

e  Metabolomics is the study of small molecules.
e NMR and MS-based technologies are the main technologies used in metabolomic studies.

e The metabolomics workflow consists of a series of steps including samples collection, samples preparation,
data acquisition, data analysis and interpretation.

e  Metabolomics is a powerful tool in the assessment of metabolic changes following nutrition intervention
studies.

e  Metabolomic profiling has the potential to play an important role in the delivery of Precision Nutrition by
identifying profiles predictive of response to interventions.
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