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ABSTRACT

Metabolomics is a stream of study that deals with small metabolites or a set of tiny molecules. Metabolomics has been widely adapted in
toxicology and pharmacology. However, they are yet to be utilized in nutrition and food science. Nutrition metabolomics can be defined as the study of
metabolites generated from dietary compounds after host metabolism on the consumption of a certain food item. The quality and quantity of food
consumed determine the health of a person. In recent years metabolomics has gained importance for assessing nutrition and dietary intake. This is
because it has provided a novel strategy to discover new metabolomic biomarkers that would help to understand the association between genetic
makeup and nutrition. There will be associated opportunities and challenges in nutritional metabolomics which can help to determine the fate of
personalized diets. The target of this paper is to discuss various forms of study designs, measurement techniques, and statistical approaches for

identifying metabolites that are associated with dietary patterns and dietary intakes.
Keywords: Nutritional metabolomics; NMR; dietary patterns; interventional trials; PLS-DA.

1. INTRODUCTION

With advancements in technologies, high-throughput
screening techniques are advancing the fields of molecular
biology. In the past few years, researchers have focused on
creating a system that integrates several scientific fields of study
to link existing knowledge with novel strategies. Metabolite
concentration monitoring assists in the analysis and assessment of
physiological processes in the body. Metabolomics permits the
measurement of metabolic effects of nutrients. It is important to
identify the correct metabolomic techniques and biomarkers to
obtain the correct result for the study. The aim of nutrition
metabolomics is to combine the knowledge of metabolomics and
nutrition in order to achieve a better understanding of the impact
of exogenous elements on biological metabolic regulations
(Brennan, 2017a; Banerjee and Jaiswal, 2019). This would in turn
help in designing a technique that would help in the
personalization of diets on the basis of the genetic makeup of an
individual. This would further help in improved management and
prevention of diseases. There are reports in which it has been

investigated that the dietary treatments with different fruits or part
of the plants were used for the treatment of the disease (Konda et
al., 2021). The biomolecules that play an important role in the cure
of the treatment of the numerous complications come from the
metabolites and can be considered as nutritional metabolites
(Konda et al., 2020a). The nutritional metabolites of different
nutrient resources are also known to prevent various complications
of disease and provide supplements for proper nutrition (Konda et
al., 2020b; Jaiswal et al., 2020). There are several factors that
influence the metabolome such as age, genetic factors, diseases,
drugs, nutrition, and environment.

It is possible to obtain an entire profile of small metabolites from
different biological samples such as blood, urine, saliva, and even
stool. This would provide a comprehensive picture of an
individual’s dietary intake (O'Gorman and Brennan, 2017).
Nutrition metabolomics would provide further knowledge of
different metabolic pathways involved in metabolism.

2. TECHNIQUES AND APPROACHES USED IN METABOLOMICS STUDIES

Metabolomics can be described as the systematic study and
analysis of biochemical compounds with or small molecular
weight which are generally found in biological samples such as
plasma urine serum blood and stool. Some of the most important
and widely-used biofluids are blood plasma, urine, and serum.

Urine has both an advantage and a disadvantage. One of the
advantages of urine is that most of the metabolites found in urine
are excreted by the body faster than any other biofluids (Riekeberg
and Powers, 2017). However, urine contains a greater
concentration of non-nutrient compounds and non-metabolites
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which can make the analysis complicated. The metabolites
excreted by urine are often used for the analysis of commonly
consumed foods, such as proline betaine. Blood majorly contains
high content of active metabolites. Metabolites present in plasma
are generally lipid-soluble (Horner et al., 2020).

The two most widely used techniques in metabolomics are “proton
nuclear magnetic resonance (NMR) spectroscopy” and “mass
spectrometry”. Although “inductively coupled plasma mass
spectrometry” is also used in certain cases, however, the former
two are most popular. According to Konz et al., (2017), many

3. STUDY DESIGNS
Study designs can be divided
Observational and Interventional.
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Figure 1. Flowchart on different approaches of nutritional metabolomics.

Observational Studies

Metabolomics can help to identify a number of nutritional
biomarkers which can help to assess the dietary intake of a person.
Multiple metabolites can be identified in a single test which can
provide precise and accurate dietary assessment if it can be
properly combined with a “Food frequency questionnaire (FFQ)”
(Kim and Rebholz, 2021). In this, subjects maintain a record of all
the items and measurements they consumed over the time of the
study. This provides general information on the regular diet of the
subjects such as the quality of food consumed every meal,
frequency of consumption, most commonly consumed items, food
items that are not included in the diet (Shibutami et al., 2021).
These objective biomarkers act as criteria that are equally
important for understanding the habitual intake of the subjects.
This helps to associate the metabolomic studies with the
consumption and dietary pattern of the subjects.

However, it should be remembered that most food items are
correlated and may not be specifically associated with an
identified biomarker. This can be explained with an example-

researchers have used a targeted approach where they analyze a
subset of a predetermined metabolite. Targeted approach-based
techniques are comparatively affordable and it depends on a
mechanistic approach where predefined metabolites are targeted
for detecting biological pathways of clinical importance. However,
there are certain drawbacks as it is expensive, requires a complex
set of data, and utilizes complex analytical techniques. There is an
extensive database for human metabolome that contains almost
7,000 “fully annotated human metabolites” and it is known as the
“Human Metabolome database” (Wishart et al., 2018).

Vitamin A, retinoids, and carotenoids are found in a wide variety
of fruits and vegetables, therefore, they have to be used as a
generic biomarker for a set of fruits and vegetables. It cannot be
specifically associated with a single fruit or vegetable (Scalbert et
al., 2017). Some studies have used fragmentary designs where
they compare non-consumers and consumers, while others have
adopted longitudinal  variations observed in  metabolite
concentrations and their relation to dietary and health patterns.
One of the important criteria of observational studies is that the
sample size of the subjects is really small and is not replicated.
This is because the analysis of such studies is yet to be
homogenized and standardized (Zhou et al., 2019). Some of the
areas of differences and risks are different platforms used for
analysis, storage of biofluids, techniques for quantification of
metabolites, and biases of subjects while maintaining the record.
Evaluation of biological variability and metabolite stability of a
population is equally important.

Interventional Studies

One of the key importance of metabolomics is that it can be used
to identify diet-based novel biomarkers. The “intersubject
metabolic variations” need to be accounted for the purpose. The
complexity lies in the quantification of subtle metabolic
modulations in opposition to the small doses of bioactive nutrients
(Miinger et al., 2018). One of the methods used in nutritional
metabolomics is intervention feeding trials, where subjects are
given a specific set of foods to consume as single or multiple
meals, ranging from a week to months. These can be either short
or long-term as demanded by the research interest (Bazanella et
al., 2017). In long-term cases, cross-over studies are favored
because respondents can have control and intersubject variations
can be effectively handled. Biofluids can be obtained either or
both, before and after the specified meals. Other than that,
biofluids are obtained at the beginning and termination of the
intervention trials. Results obtained from small-term studies need
to be replicated and validated with a long-term study. Some of the
important  considerations include precise and accurate
measurement of “dietary exposures” (Rédjursdga et al., 2019).
Other than that nutritional metabolomics demands identification of
objective markers of dietary interventions and their related
compliance.
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4, DATA INTERPRETATION

Screening of high-throughput and complicated data can be
challenging without proper technology. Now, advanced
computational and bioinformatics tools are used for the analysis of
data related to nutritional metabolomics. Some of the important
steps of data analysis include data preparation, data reduction,
normalization, and final interpretation.
One of the first steps of metabolomics is to gather the raw data
from the biofluid samples and develop a metabolomic profile. The
data generally undergoes a set of standardized techniques of pre-
processing, alignment, normalization, and signal correction, before
the analysis (O'Gorman and Brennan, 2017). Pre-processing is
conducted through mass spectrometry where aspects like peak
detection, “retention time alignment”, peak matching, filling, and
integration are carried out (Brennan, 2017b). Data alignment can
be described as the method of “matching retention times and peaks
to the standardized values” for different profile samples. Pooled
study samples and internal standards can be used to homogenize
data across the data sets (Weimer and Slupsky, 2013). Sometimes
computational tools are used to compare the obtained peaks to

previous studies to fund out if there are any variations in the peaks
of the biosamples. Repeatability filters are used to carry out
quality control at the current phase. According to Carneiro et al.,
(2019), when using NMR spectroscopy, peak shift and peak
overlap are included in the pre-processing phase. Peak shifts are
accounted for by utilizing grouping or “binning” of structure-
based correlated metabolite signals (Haslauer et al., 2021). Some
of the other important phases of data preparation include outlier
removal, scaling, and batch normalization. Batch normalization of
spectrometric signals is crucial as it eliminates undesired
variations (Misra, 2020). Annotation is followed by the
application of statistical tools for the analysis of the data.
Comparison of the obtained data with standardized databases is
important for eliminating “putative annotation” (Wolthuis et al.,
2020). In cases of missing values, either respondent with missing
metabolites should be eliminated from the study or replaced with a
non-zero value while maintaining the structure, as advised by
Guasch-Ferre et al., (2018).
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Figure 2. Overview of the stages of metabolomics (Source: O'Gorman, & Brennan, 2017).

5. STATISTICAL APPROACHES

Bioinformatics and statistical tools are applied for
recovering and interpreting high-dimensional datasets. Data with a
high degree of similarity are divided into groups by the clustering
method such as PCA, unsupervised clustering algorithms, and
PLS-DA (Tebani and Bekri, 2019). In these cases, a set of
metabolites is created irrespective of a hypothesis on metabolic
pathways and their relation to dietary information. In the case of
an unsupervised PCA, a linear transformation is derived with
retains the variance of the original data (Zhang et al., 2017).
During the process, it minimizes intra-group variation and
maximizes inter-group variations. However, in the case of PLS-
DA, the covariance between predictor and outcome scores is
maximized as it accounts for the correlation between outcome and
metabolomics data (Luong et al., 2019). In order to classify
metabolomic profiles according to a set category such as dietary
patterns discriminant analysis is carried out through “Partial Least
Square Analysis”. Other than this “supervised multivariate
analysis” is also used for nutritional metabolomics. Metabolic data
which are not associated with the predetermined classes are

generally filtered out by PLS-DA (Khorraminezhad et al., 2020).
The O-PLS-DA technique provides a better interpretation of
metabolomics data due to the separation of the structured noise
from the variation common of the matrices. O-PLS-DA model can
be used to develop a metabolomic profile that can be predictive of
the dietary pattern (Mora-Ortiz et al., 2019). The external factors
that are not linearly associated with it such as age, gender, and
batch are also captured.

These statistical methods also require validation through cross-
validation, external validation, and permutation testing
(Ulaszewska et al., 2019). It is essential to prevent false-positive
discoveries to ensure the authenticity of the data. It is often
recommended that “false-positive discovery rate” and Bonferroni
adjustment account for several crucial comparison testing, such as
Cls, P values, adjustment of covariates, and effect size (Zhu et al.,
2019, Gibney et al., 2005).
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6. PATHWAY ANALYSIS

There are some metabolic databases that have been
developed in the past few years such as MetaCyc, BIGG, and
KEGG families (Pham et al., 2019). These can be used to
elucidate the metabolic pathways, integrated untargeted and
targeted metabolomics. In order to derive metabolic sets, “semi-
supervised pathway analysis” is based on gene enrichment
analysis (Pomyen et al., 2020). “Agnostic network models” can
also be used for combining crucial metabolites identified from
both targeted and untargeted approaches to authenticate
metabolomic signatures (Guasch-Ferre et al., 2018). Integration of

7. CONCLUSIONS

Diet is an important factor that determines the well-being
of a person. Nutritional research is been advancing with new
techniques, methods, and screening tools. It is helping to obtain
valuable insight on the processes and elements that are related to
dietary patterns and dietary exposure. Metabolomics has turned
out to be a valuable tool in discovering important dietary
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data into metabolic pathways can be achieved through combining
algorithms and correlation networks for active subnetworks
detection. These tools can help with the visualization of metabolic
pathways for analyzing the metabolic networks associated with
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Most studies in nutritional metabolomics are related to the
recognition of dietary biomarkers for specific food groups and
foods, with little work on specific nutrients. Some of the
commonly studied food items are chocolate, nuts, coffee, wine,
meat, cereals, fruits, fish, and vegetables.

biomarkers. The application of metabolomics has enhanced and
expanded the ability to understand and study validated biomarkers.
The validated biomarkers need to be analyzed using specific and
standardized techniques to translate the dietary patterns into
practice.
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