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Abstract: Environmental pollution causes significant toxicity to ecosystems. Thus, acquiring a deeper
understanding of the concentration of environmental pollutants in ecosystems and, clarifying their
potential toxicities is of great significance. Environmental metabolomics is a powerful technique in
investigating the effects of pollutants on living organisms in the environment. In this review, we
cover the different aspects of the environmental metabolomics approach, which allows the acquisition
of reliable data. A step-by-step procedure from sample preparation to data interpretation is also
discussed. Additionally, other factors, including model organisms and various types of emerging
environmental toxicants are discussed. Moreover, we cover the considerations for successful envi-
ronmental metabolomics as well as the identification of toxic effects based on data interpretation
in combination with phenotype assays. Finally, the effects induced by various types of environ-
mental toxicants in model organisms based on the application of environmental metabolomics are
also discussed.
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1. Introduction

With the development of modern technology, mass production has become common,
resulting in the generation of large quantities of waste. For example, globally, approxi-
mately 242 million tons of plastic wastes are generated annually [1]. Thus, environmental
pollution, which is becoming a serious problem, continues to worsen. Many researchers
have shown interest in the risk assessment of environmental pollutants for decades and
studied the toxicity of these pollutants. In this regard, various types of model organisms
living in polluted environments have been exposed to target toxicants to study the effects
of these toxicants in these model organisms. Furthermore, representative environmental
toxicants including pharmaceuticals and personal care products (PPCPs) and pesticides,
have been observed in aquatic environments such as seas and rivers [2–6]. The toxicity of
these compounds to marine organisms has also been extensively studied. For example, in
previous studies, Oryzias melastigma, a widely used marine fish model, was exposed to var-
ious types of pollutants, including bisphenol A (BPA), benzo[a]pyrene, and nanoparticles.
These can lead to toxic effects that inhibit reproductions, induce metabolic disorders, and
cause inflammation [7–10]. Additionally, toxicity in several other marine organisms, such
as copepods, clams, and microalgae, has been widely investigated [11–13].

Environmental pollution appears not only in the ocean, but also in soil and air [14,15].
Representative model organisms, including earthworms and Caenorhabditis elegans (C. ele-
gans), have been used to investigate the toxicity of different soil pollutants on soil organisms.
These soil organisms were exposed to pollutants [16–19], and researchers observed conse-
quences on the growth, reproduction, and various metabolic pathways in these organisms.
The toxicity of fine dust, which is a representative pollutant in air, as well as those of other
air pollutants has been extensively studied. For example, a rat model was exposed to air
pollutants, and the induction of stress in the overall pathways related to life maintenance
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was observed [20,21]. Many environmental toxicity studies have been conducted with a
primary focus on phenotypes and specific biochemical processes (Table 1). Such biochem-
ical studies often involved the investigation of behaviors assays, including locomotion,
swimming, physiological, and avoidance behaviors, and biochemical responses, such as
histology, transcriptomes, and oxidative stress. Furthermore, in phenotype-based studies,
investigations can be conducted using a limited range of designated targets. However,
such an approach can lead to the acquisition of limited information compared to the use of
a more comprehensive approach.

Metabolomics is defined as the comprehensive analysis of small molecule metabolites
(<1000 Da) in various organisms [22,23]. It involves the evaluation of the perturbation
of metabolic reactions in various experimental models, such as the evaluation of disease
states and exposure to xenobiotics, including pharmaceuticals, and many other toxic com-
pounds. The key biochemical responses of the experimental model can then be determined
by identifying the biomarker metabolites. Environmental metabolomics is the study of
how environmental conditions affect the metabolic processes in an organism [24,25]. By
analyzing metabolite levels in model organisms in environments where the pollutants
are primarily distributed, it is possible to comprehensively evaluate the actual impact of
pollutants on the environment. This approach can enhance our understanding of the effects
of environmental pollutants on the physiological changes that occur in living organisms, as
well as the associated response mechanisms [26,27]. In this regard, public interest in the en-
vironment has increased, and environmental metabolomic studies are receiving increasing
attention. According to a previous report, there has been a steady increase in the num-
ber of published environmental metabolomics-related studies since 2000. Approximately
900 papers on this topic are published annually [28]. In this review, we provide an overall
information on environmental metabolomics. This includes the workflow of metabolomics,
discussion on the types of model organisms and environmental pollutants used for toxicity
studies, and suggestions for future research directions for environmental metabolomics.

Table 1. Recent representative toxicity study in biochemical processes.

Year Model Organisms Toxicants Biochemical Study Main Findings References

2017 C. elegans Rare earth
elements Neurotoxicity

Rare earth elements are now
widely used in daily life.
Trichloride neodymium,

praseodymium, and
scandium induced loss of

dendrite in dopaminergic and
GABAergic neurons and

downregulated dat-1::GFP and
unc-47::GFP in C. elegans.

Xu et al. [29]

2017 D. rerio Heavy metals Swimming and AChE
activity

Exposure of cadmium toward
zebrafish strongly inhibited
acetylcholinesterase (AChE)

activity in the gill of zebrafish
and decreased swimming

behavior, which might be an
evidence of neurotoxicity.

Pan et al. [30]

2017 D. rerio Fine particulate
matter Multi-organ toxicity

This study evaluated toxicity
of fine particulate matter

(PM2.5) in a zebrafish. PM2.5
induced embryonic toxicity,

hepatotoxicity, and
neurotoxicity on model

organisms.

Duan et al. [31]
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Table 1. Cont.

Year Model Organisms Toxicants Biochemical Study Main Findings References

2018 C. elegans Phthalates Multigenerational
toxicity

Phthalates induced
multigenerational toxicity

regarding locomotive effects
and total brood size, which

might be related to disruption
of vitellogenin and H3Kme2

demethylase.

Li et al. [32]

2018 E. fetida Insecticides Avoidance behavior and
reproduction

Toxic effect of insecticides
toward earthworms were

studied. As a result,
avoidance behavior was

observed along with decrease
of reproduction.

Ge et al. [33]

2018 L. fortunei Herbicides Biochemical responses

This study evaluated
biochemical responses of the

golden mussel Limnoperna
fortunei upon exposure to

glyphosate. Dietary exposure
of glyphosate altered

detoxification responses;
however, it did not affect

oxidative stress parameters.

Iummato et al. [34]

2019 D. rerio Pharmaceuticals Embryonic development
and biochemical effects

Effects of environmental
relevant levels of Paracetamol

and Ciprofloxacin on
zebrafish were evaluated.

These pharmaceuticals
affected developmental

process, behaviors,
epigenetics, and enzyme

activities.

Nogueira et al. [35]

2020 C. elegans Nanopolystyrene Locomotion and sensory
systems

Nanopolystyrene induced
toxic effect on locomotion and
sensory systems, specifically

on development of
dopaminergic neurons.

Wang et al. [36]

2020 D. rerio Personal Care
Transcriptional,

biochemical, and
histological effects

Biochemical Effects of
Benzotriazole UV stabilizer on
zebrafish were evaluated. The

compound altered level of
antioxidant enzymes,

expression of stress response
gene, and induced damage

on liver.

Hemalatha et al.
[37]

2020 D. magna Organometallic
biocide Biochemical Effects

Toxicity of Zinc pyrithione
(ZnPT) in Daphnia manga was

evaluated regarding
biochemical effects. As a

result, ZnPT induced
oxidative and neurotoxic
effects, which may be a

potential threat to aquatic
organisms.

Sousa et al. [38]



Metabolites 2021, 11, 485 4 of 25

Table 1. Cont.

Year Model Organisms Toxicants Biochemical Study Main Findings References

2020 D. magna
Drink water

treatment
residue

Physiological and
biochemical responses

Drink water treatment residue
(DWTR) is a byproduct

produced during drinking
water production. Adverse

effects induced by DWTR was
evaluated. The study

evaluated effects of DWTR on
the survival, growth,
reproduction, body
morphology, and
oxidative stress.

Yuan et al. [39]

2020 E. eugeniae Pesticides Physiological behavior

Exposure of pesticides on
earthworms induced decrease

in reproductive activity,
rupture of muscles and
tissues, and increase in

mortality rate.

Gowri et al. [40]

2021 A. parthenogenetica PAHs
Lethal, behavioral,

growth and
developmental toxicities

Polycyclic aromatic
hydrocarbons (PAHs) are one
of widespread pollutants in
aquatic environments. The
effects of these compounds
toward brine shrimp were

evaluated. Survival, behavior,
and growth were affected

upon exposure to PAHs and
body length could be used as
an indicator for the evaluation

of development.

Cong et al. [41]

2021 C. pyrenoidosa Nanoplastics Growth, photosynthesis,
and oxidative stress

Toxic mechanisms of
nanoplastics on microalgae
(Chlorella pyrenoidosa) was

investigated. By
transcriptomic analysis,
nanoplastics could be

responsible for decreased
gene expression of

aminoacyl-tRNA synthetase.
Algae have detoxification
mechanisms by regulating

intracellular osmotic pressure.

Yang et al. [42]

2. Application of Metabolomics in the Study of Biological Responses to
Environmental Toxicants

Metabolomics is the comprehensive study of metabolite levels in model organisms
or target organs based on different experimental designs. Biochemical perspective results
can be obtained by analyzing the levels of small molecule metabolites. Additionally, the
effects of environmental stressors on model organisms can be evaluated to determine the
relationship between phenotypes and altered metabolic pathways. To achieve a better
understanding, metabolomic studies can be combined with other omics studies, including
genomics, transcriptomics, proteomics, and epigenomics. With multi-omics approaches,
the association between phenotypes and metabolites can be confirmed. Moreover, the
integration of metabolic pathways and protein, gene, and transcript data can be useful in
elucidating the mechanism of action of a given toxicant in a specified experimental model.
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Various analytical techniques have been employed for metabolomics studies. For
example, mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy are
the most widely used analytical methods in metabolomic studies [43,44]. With technological
advances, the performance of these instruments, with respect to precision and sensitivity,
has been improved. Thus, there has been an increase in the quality of information obtained
via instrumental analysis. NMR has been widely used owing to its high reproducibility and
non-destructive nature [45,46]. However, this technique shows a relatively low sensitivity;
hence, it requires samples with concentrations in the millimolar range for the collected
data to be of significance. Several analytical approaches for the application of NMR have
also been reported. Specifically, the two-dimensional approach offers the possibility to
improve sensitivity, and is advantageous as it provides additional information about the
samples [47]. Furthermore, high-resolution magic angle spinning (HRMAS) NMR, which
has been employed in several metabolomics-related studies, has enabled the analysis of
liquid and solid samples [48,49].

The most widely used instrument in metabolomic studies is MS, which is suitable for
high-sensitivity and high-throughput analysis, and it can be applied in various research
fields involving different types of samples [50,51]. MS offers the possibility of analyzing
all ionizable molecules in a sample based on the mass-to-charge ratio. It also allows the
realization of a relative or absolute quantitative comparison between samples [52]. How-
ever, unlike NMR, MS has the disadvantage of being a destructive technique. Furthermore,
given that metabolites are chemically diverse, they can be analyzed using liquid chromatog-
raphy (LC), gas chromatography (GC), or capillary electrophoresis (CE) equipped with
MS based on their properties [53–55]. For example, in LC, non-volatile compounds can be
separated based on their polarities, and in GC, the separation of metabolites is based on
their boiling points, while in CE, the separation is based on the mobility of the generated
ions [56,57]. LC-MS and GC-MS have been frequently used, and when this is the case, each
instrument can be used to analyze various types of metabolites. On the one hand, GC-MS
has advantages such as good separation, reproducibility of retention time, and ease of
operation. In particular, GC-MS primarily uses the electron ionization (EI) method, which
is a hard ionization process, and the obtained MS spectrum has excellent reproducibility
for each compound. The characteristic of producing reproducible MS spectrum of GC-MS
has led to well-established libraries of thousands of compounds [58]. Therefore, unknown
compounds can be identified by matching this spectrum with libraries. This feature makes
the identification of unknown compounds in GC-MS more straightforward than the LC-MS
approach. Nonetheless, GC-MS can only be used to analyze volatile compounds; thus, a
derivatization step is often necessary during the analysis of key metabolites, such as amino
acids, sugars, and fatty acids [59,60].

On the other hand, LC is a high-sensitivity and high-selectivity analysis method
suitable for the analysis of non-volatile substances [61,62]. The most frequently used
ionization technique in LC is the electrospray ionization (ESI) method, which offers the
possibility to analyze macromolecules, given that it can produce multiple charged ions.
However, it is unsuitable for the analysis of nonpolar compounds. Unlike the EI method,
the ESI method is a soft ionization technique. Hence, it is easier to determine the molecular
mass of the parent ion [63,64]. In addition, the coupling of MS with LC is possible with
both low- and high-resolution mass spectrometers, for which resolution, expressed as
R = m/∆m, is defined as the smallest difference in mass that can be separated based on the
m/z of interest [65]. Low-resolution MS (LRMS) provides a resolution of approximately
1000, while a high-resolution mass (HRMS) has a resolution of over 5000 and may show
performance above 100,000, depending on the type of instrument used [22,66]. LRMS offers
the possibility to distinguish m/z down to the atomic mass units (amu). Moreover, the
representative MS analyzer for LRMS is a triple quadrupole and ion trap, which is primarily
used for the realization of targeted metabolomics and offers the possibility to realize an
absolute quantitative approach based on the selective analysis of major metabolites using
authentic standards. Furthermore, it enables a relative comparison using a semi-targeted
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approach based on the application of hundreds of multiple reaction monitoring (MRM)
transitions as well as advanced data processing [67]. Representative HRMS analyzers
include time-of-flight (ToF), orbitrap, Fourier-transform ion cyclotron resonance (FT-ICR),
and hybridized tandem MS coupled with quadrupole, and ion traps, including Q-ToF,
and Q-Orbitrap [68–70]. HRMS offers the possibility to measure m/z values down to the
fourth decimal place; hence, it shows superior identification performance. Therefore, an
untargeted approach is most frequently applied with HRMS, which performs identification
via data processing after analysis without the specification of analysis targets [71,72]. Such
an untargeted method involves complex data processing and requires significant time and
effort for the identification of metabolites. Nevertheless, it is the most widely used analysis
method because it allows the comparison and analysis of hundreds of metabolites in an
unbiased manner.

3. Metabolomics Workflow

A typical metabolomics workflow scheme is shown in Figure 1 from which it is evident
that the first step is to build an experimental model. In this regard, it is necessary to select
an appropriate external stressor for the target metabolite. In addition, suitable model
organisms that show a correlation with the characteristics of external stressors must be
selected. Thereafter, the appropriate sample is collected, followed by optimization of the
extraction of the metabolites from the collected samples [73]. Extracted metabolites can
be separated using an instrumental separation technique (LC, GC, etc.), and data will be
acquired via high-throughput detection methods (MS, NMR, etc.). Thereafter, by applying
sophisticated bioinformatics tools, the lists of significantly affected metabolites can be
generated from a complex list of data, and based on the interpretation of the results, it then
becomes possible to gain a comprehensive understanding of the effects of external stressors
in the model organism. In the experimental process, optimization of extraction method,
analytical conditions, and data processing methods and parameters significantly influence
the quality of the results. Therefore, to achieve the best results, it is necessary to work with
optimal methods based on an understanding of the entire workflow.

Figure 1. Representative workflow of environmental metabolomics.

3.1. Preparation of Model Organisms

To achieve a valuable research output, it is important to establish optimal experimental
models. Specifically, in environmental metabolomics, the first important factor to consider
is the selection of an external stressor [74]. External stressors should be selected according
to the goals of the study. It is also important to identify the ecosystem in which the
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corresponding external stressors are mainly distributed. Additionally, setting up a model
with relevant concentrations and studying major organs that are related to the associated
toxic pathways is crucial. It is also important to select a proper target organ, given that
toxicant accumulation and exposure routes can differ, depending on the chemical properties
of external stressors. There are two different methods by which model organisms can be
established: (i) collecting organisms directly from the environment for the analysis, and
(ii) constructing an experimental model in a laboratory environment. If the goal is to
perform research on actual conditions, the best strategy is to collect organisms directly
from the environment. However, the disadvantage of such an approach is that it could be
associated with other variables, given that the culturing conditions of the organism cannot
be controlled. Hence, changes in metabolite levels could be caused not only by external
stressors, but also by various environmental variables. Conversely, when experiments
are conducted in a controlled laboratory environment, all working conditions can be
kept constant, except for external stressors. Thus, it is possible to analyze changes in the
concentrations of metabolites that are solely affected by external stressors. Therefore, it is
crucial to establish an appropriate experimental model based on the study objectives.

3.2. Sample Treatment

The extraction of metabolites from samples is a critical step in environmental metabol-
omic studies. During this step, it is important to extract a large number of metabolites from
biological samples using an optimized extraction process. This is because the application
of a proper and reproducible extraction method can lead to an accurate interpretation
of the obtained results. Furthermore, extraction methods can be optimized based on the
characteristics of the target metabolites as well as those of the analytical methods. To extract
metabolites, it is necessary to disrupt the samples in a solvent using a homogenizer by
considering the target tissue or the model organisms [75,76]. It is also necessary to identify
an optimal homogenizer via comparative analysis, because the homogenization efficacy
differs based on the type of sample under consideration. For example, to extract metabolites
from C. elegans, the efficacy of the extraction processes corresponding to six types of
homogenizers and two types of solvent compositions were compared, and extraction
with 80% methanol and a methanol/chloroform mixture yielded reproducible results.
Homogenization with a bead beater showed the highest total number of metabolites,
precision, and yield, as well as high throughput with minimal variation during sample
preparation steps [77]. Additionally, it is essential to carefully determine the composition
of the extraction solvent. In a recent study, extraction methods that yield hydrophilic
and lipophilic layers have been applied, and a simultaneous extraction procedure for
the profiling of polar and mid-polar metabolites has also been reported. Medina et al.
recommended that a mixture of isopropanol and 1-butanol:methanol worked best for
the analysis of lipids and polar metabolites from human plasma [78,79]. Therefore, it is
imperative to apply a customized extraction method that considers the polarity of the
metabolites of interest. Owing to the difference in ionization and separation methods,
some compounds are difficult to detect with high sensitivity in LC-MS [80]. In such a
case, analysis can be performed using GC-MS with chemical derivatization, which is a
step that is selected based on the functional groups present in the target metabolites [81].
After the extraction of metabolites, further sample clean-up steps, such as solid phase
extraction (SPE), can be employed [82,83]. Unfortunately, these sample optimization
steps are unsuitable when an untargeted approach is used, because they can lead to the
acquisition of biased results. However, when there is a clear target metabolite, performing
these steps is recommended because they can concentrate the sample, which can further
lead to high sensitivity owing to sample enrichment. Moreover, these sample work-up
processes require effort to minimize sample variability via the application of a consistent
method and time for their analysis.
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3.3. High-Throughput Techniques for Metabolite Screening

Metabolomic studies can be performed using high-throughput techniques, such as MS
and NMR, which are currently the most widely used techniques in this regard. With such
high-throughput approaches, information can be obtained from thousands of metabolites.
Because these metabolites have different chemical properties, it is often necessary to
apply several analytical methods to obtain comprehensive results. In addition, during
the extraction of metabolites from biological samples, thousands of metabolites may be
present in a single extract. Therefore, when using an untargeted metabolomics approach, it
is often necessary to separate the metabolites as much as possible, based on their chemical
properties using an analytical column. Prior to MS detection, LC and GC are used to
achieve efficient separation of the metabolites. Thereafter, thousands of metabolites present
in the sample are eluted based on an order that is related to their chemical properties in
the column. These metabolites are transferred to MS to generate a mass spectrum. LC
columns can be classified based on column chemistry as a reverse phase or hydrophilic
interaction liquid chromatography (HILIC) column (Table 2) [84,85]. Specifically, the
reverse phase column, which is the traditional design, consists of a nonpolar stationary
phase with a polar mobile phase, for example, in C18, which is the most widely used
stationary column, water, methanol, and acetonitrile are the most frequently used mobile
phases [86]. Therefore, nonpolar to mid-polar metabolites are retained in the stationary
phase, while polar substances are eluted first. Additionally, in metabolomics, some of
the important metabolites, including amino acids and carbohydrates, which are polar
and hardly retained in reverse phase columns, are eluted simultaneously near the dead
volume. To make improvements in this regard, a new strategy that involves different
compositions of the stationary phase, known as HILIC, has emerged. The HILIC column
enables the analysis of polar metabolites, which are difficult to detect using the traditional
C18 column; hence, it can be applied in a complementary manner [87,88]. Thus, a broader
spectrum of metabolites can be identified when the results of both methods are combined.
In addition to the HILIC approach, GC-MS analysis with derivatization has long been
the preferred method for the analysis of polar primary metabolites. Amino acids and
carbohydrates have also been analyzed using various silylation agents, when methylation
agents are often preferred for the analysis of fatty acids [59,81,89]. Furthermore, metabolites
that can be analyzed via GC-MS are often involved in key metabolic pathways related to
energy production, such as glycolysis, TCA cycle, and free fatty acid metabolism, in model
organisms [90,91].

Table 2. Instrument for MS-based metabolomics approach.

Platform Separation Mobile Phase Metabolic Scope Limitation

RPLC-MS C18 column Water→ ACN
or MeOH

Polar and
medium polar

- Not for the samples, including
non-polar metabolites such as
triacylglycerol since ACN or MeOH
is not strong enough to elute
non-polar compounds

- Very polar metabolites could be
eluted simultaneously in early
retention time

HILIC-MS Amide, Silica ACN→Water Very polar
metabolite

- Much longer equilibration time
needed compared to RPLC

- Detectable metabolites greatly
depend on the pH of mobile phase
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Table 2. Cont.

Platform Separation Mobile Phase Metabolic Scope Limitation

IP-RPLC-MS C18
Water→ ACN or
MeOH with ion

paring agent

Very polar
metabolite

- Permanent contamination of LC
system and ion source with ion
paring reagents.

GC-MS Polysiloxane Helium or Nitrogen Volatile metabolites - Derivatization is needed in the
sample preparation step

CE-MS
Fused-silica

Capillary with
polymer

Water, ACN, MeOH Neutral, anionic,
cationic metabolite

- Low migration time repeatablity
- Poor detection sensitivity

Based on performance, MS can be classified as LRMS or HRMS, and the approach
employed in metabolomic studies depends on the type of mass spectrometer used [92,93].
Specifically, when using untargeted metabolomics approaches, the identification of un-
known compounds using m/z ratios based on LRMS techniques, such as QqQ MS, is
challenging, because LRMS can only accurately measure integer values. Conversely, HRMS
techniques, such as QToF and Orbitrap, can accurately perform measurements down to
four decimal places. Thus, they offer the possibility of identifying unknown compounds
based on their m/z values at a higher resolution. Furthermore, when working with LRMS
techniques, such as QqQ, targeted metabolomics with absolute quantification or semi-
targeted metabolomics can be applied [94–96]. The targeted metabolomics approach has
the advantage of enabling the evaluation of the effects of different metabolites on specific
metabolic pathways by targeting a few selective metabolites. For the semi-targeted ap-
proach, a QqQ mass spectrometer scans and compares hundreds of metabolites within
a short time using the multiple reaction monitoring (MRM) method, mainly targeting
hundreds of known metabolites. This is neither an absolute nor an untargeted method.
However, it is a powerful approach that allows a comparative analysis of a large number
of metabolites using LRMS [67,97]. HRMS has the advantage of high resolution; thus, it
can detect m/z values in decimal digits, which is advantageous for the identification of
unknown compounds. Additionally, a comprehensive analysis of metabolite extracts can
be achieved via data-dependent analysis (DDA) or data-independent analysis (DIA), which
can yield hundreds to thousands of peaks [98,99]. Thus, the identification process can be
easily processed using highly advanced data processing techniques and by comparing es-
tablished online or in-house libraries [100,101]. Furthermore, with the advances in analysis
and data processing techniques, it is now possible to obtain much higher quality data than
those obtained in the past.

Additional considerations are needed to achieve reliable high-throughput screening.
Quality assurance (QA) and quality control (QC) are essential processes for achieving
satisfactory metabolomics research results [23,102]. QA is often performed to ensure that
metabolomic studies have been conducted, considering the essential elements that are
needed to obtain qualified data. In contrast, QC requires that every experimental step is
performed to ensure the acquisition of quality data. There is a representative guideline for
QA/QC, known as “Guidance for Industry: Bioanalytical Method Validation” published
by the Food and Drug Administration. Given that this guideline was established for
the purpose of target drug analysis, it can be applied in either targeted or semi-targeted
metabolomics. Several research groups are currently working to standardize the QA/QC
processes for metabolomic studies [103,104]. With the harmonization of QA/QC processes,
the reproducibility of metabolomics can be improved, leading to an increase in the reliability
of the acquired results. Therefore, it is necessary to consider these processes for acquiring
high-quality environmental metabolomics data.
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3.4. Data Processing

When performing metabolomic studies using an untargeted approach, applying op-
timized data processing techniques is necessary to ensure satisfactory results. Such data
processing is performed by employing procedures such as feature detection, background
correction, noise reduction, alignment, and normalization [105–107]. Complementary on-
line software, such as MZmine, MS-DIAL, and XCMS, have been applied for the aforemen-
tioned procedures [108–110]. Additionally, proprietary software from vendors, including
Compound Discoverer, Progenesis QI, and MassHunter, are available. These data pro-
cessing tools provide peak information and intensity values, which can be employed via
univariate and multivariate analyses to identify statistically significant metabolites. Princi-
pal component analysis (PCA), which is an unsupervised method, can provide information
on the overall clustering behaviors of the metabolic profiles of different samples [111]. It can
also provide unbiased data that can be used when evaluating general trends corresponding
to the control and treated data. Partial least-squares discriminant analysis (PLS-DA) is
a supervised method that is widely used for feature selection and classification [112]. In
general, these multivariate tools have been extensively used in omics studies to identify
statistically significant metabolites. Besides the above-mentioned multivariate approaches,
univariate analyses are performed for biomarker identification, among which the t-test
and ANOVA are the most frequently employed methods [113]. Statistically significant
metabolites have also been identified by comparing with mass spectra databases, including
mzcloud, Metlin [114], lipidmaps [115], and hmdb [116] or by comparing with an in-house
library established through the analysis of authentic standards. Such an identification
process can also be performed by comparing accurate mass and MS/MS fragmentation
results with existing databases.

3.5. Interpretation of Data

Metabolites can be identified through data processing, and further analysis can lead
to the generation of a list of significant metabolites. With these data, interpretation can be
performed by further analysis, using methods such as pathway analyses [117]. This will
help to identify the metabolic pathways that include significantly altered metabolites and
elucidate the potential toxic mechanisms. Given that metabolic pathways are intricately
linked, the perturbation of a single metabolite can affect a series of biological processes,
and perturbated metabolic pathways can be clarified by interpreting omics data. Thus, the
comprehensive toxic effects of environmental pollutants could be determined.

In addition to metabolomics results, conventional phenotype studies can be of great
help in interpreting the results of metabolomic studies. By combining metabolite identifica-
tion results with those of phenotype studies, it is possible to confirm changes in metabolite
levels and report various phenotypes based on the observation of the model organisms em-
ployed. Phenotypic studies have been conducted over long periods to identify the effects
of exposure to toxic substances [118–120]. However, the association between changes in
phenotypes and biochemical processes can only be elucidated by conducting in-depth stud-
ies. Furthermore, metabolomic studies can enable the identification of metabolic pathway
perturbations. When these results are translated in combination with phenotype analysis,
the toxic effects of environmental pollutants in model organisms can be clarified more
comprehensively. For example, in a study conducted by Kim et al., exposure of C. elegans
to nanopolystyrene resulted in phenotypic changes, such as oxidative stress, reproduction,
and locomotion [18]. A metabolomics study has been performed to identify perturba-
tions in energy-related metabolism. Accordingly, the association between a decrease in
the reduction rate and energy metabolism was confirmed. In addition to metabolomic
studies, in-depth studies on biochemical pathways can be achieved using multi-omics
approaches, such as lipidomics, transcriptomics, proteomics, and epigenomics. Overall,
the combination of these approaches can facilitate a comprehensive understanding of the
toxic effects of environmental pollutants and provide clues regarding the future direction
of related research.
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4. Exposure on Emerging Environmental Pollutant

Environmental pollutants, also known as xenobiotics, are chemical substances found
in living organisms, and are not naturally produced by organisms [121,122]. There are
several different types of xenobiotics, including PPCPs, pesticides, and plastics [123,124].
These substances can be ejected from factories, homes, and hospitals and released into the
environment; released via the excrement of organisms’ derived from landfills; or drained
from agricultural water and factory wastewater [125]. These xenobiotics, which are widely
used in daily life, cannot be decomposed in poorly functioning wastewater treatment
plants, and because of their stable nature, their degradation is often very slow [126,127].
Furthermore, xenobiotics can exist in the environment for a long period and continue to
circulate. They can also exist in discharged forms and undergo various transformation pro-
cesses via biological and chemical degradation [128,129]. Thus, substances with different
chemical properties are often observed in various environments as pollutants. This implies
that it is important to elucidate how such substances affect organisms, based on their route
of exposure. In this section, existing model organisms and the current situation regarding
emerging contaminants are discussed. Based on studies conducted to confirm their toxicity
of those contaminants, the reported toxic mechanisms are also summarized (Table 3).

4.1. Model Organisms for Environmental Metabolomics

Choosing an appropriate model organism is critical to obtain reliable results in toxicity
studies. Environmental pollutants are mostly found in water-based environments, such as
wastewater and drinking water; however, they can also flow into the soil via irrigation or
several other means [130]. Additionally, pollutants, such as pesticides, have been detected
in soils at high concentrations, given that they are predominantly applied in soil-based
environments. To evaluate the environmental impact of pollutants in oceans, the effects
of exposure of marine organisms to pollutants have been examined. In this regard, Danio
rerio, also known as zebrafish, is widely used as an aquatic model organism in toxicological
studies [131]. This model has several advantages, including cost-effective breeding condi-
tions, small space occupation, similarity of genome with humans, and high productivity. It
also exhibits well-conserved developmental and physiological processes, similar to those
observed in humans. Thus, the similarities between the genes and phenotypes of this
model and those of humans make it a good model organism for disease and toxicity stud-
ies [132,133]. Another famous model is Daphnia magna, which is one of the oldest model
organisms used in biological research [134]. The toxicity of this model can be evaluated
based on various types of behavioral and physiological responses [135,136]. Moreover,
their phenotypes can be used as biomarkers to evaluate the toxic effects of environmental
pollutants. These factors make D. magna a promising model organism for environmental
toxicology studies. To evaluate the effect of toxicants on the soil environment, toxicity
resulting from the exposure of soil organisms, such as earthworms, C. elegans, or plants,
on pollutants has been examined. Specifically, C. elegans, a free-living nematode found
in soil systems, has been widely used for toxicity studies because of its transparent body,
well-characterized genome, ease of maintenance, and sensitivity to toxicants [137,138].
Additionally, this soil organism shows various phenotypic characteristics, including devel-
opment, reproduction, locomotion, oxidative stress, cell apoptosis, and stress responses,
which can be assessed by applying mutant strains [138,139]. Therefore, C. elegans has
been widely used to evaluate the toxic effects of various types of environmental toxicants,
such as pharmaceuticals, pesticides, and nanomaterials. When environmentally relevant
organisms are used, the results of such studies can be applied to improve environmental
health. The output of these studies can impact society, and their application can lead to
policy changes, a decrease in the usage of pollutants, and a deeper understanding of the
underlying mechanisms governing toxicant action.
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4.2. Pharmaceuticals and Personal Care Products

PPCPs are used to prevent or treat diseases in humans and animals, as well as to
improve the quality of life. Owing to their widespread use every day, a large number of
compounds have been detected as pollutants in various environmental media, including
wastewater, drinking water, sludge, and soil [140–145]. As these pollutants are detected in
various environmental conditions, they cause various hazards. Recently, studies have been
conducted on their toxic effects. In particular, the ocean is one of the places where envi-
ronmental pollution is severe. Several metabolomic studies involving marine organisms
exposed to pharmaceuticals have been conducted. One study focused on the toxicity of
antibiotics on the embryos and larvae of D. rerio [146]. The metabolites in these organisms
were analyzed using LC-QToF-MS, and the results indicated that some key metabolites
were regulated upon exposure to antibiotics. These are representative studies that high-
light the effects of pharmaceuticals on the behavior and metabolism of marine organisms
using metabolomics and phenotype assays. In another study, the impact of PPCPs on
biological pathways in zebrafish embryos was evaluated by combining metabolomics with
gene expression studies [147]. The obtained results clearly elucidated the perturbation of
biological pathways due to exposure to PPCPs, which reportedly also exerted effects on
nitrogen metabolism, energy metabolism, fatty acid synthesis, and phenylalanine, tyrosine,
and tryptophan biosynthesis. Additionally, exposure to these compounds can dysregulate
the central nervous system. This could be a serious problem for the organisms exposed in
the environment.

When waterways are contaminated and the contaminated water flows into the soil,
the living species present in the soil can be affected. Thus, metabolomic studies have been
conducted to clarify the effects of toxicants on soil organisms such as earthworms and
C. elegans. Triclosan is one of the most widely used PPCPs. It is classified as an antibiotic
and frequently used in personal care and household products to eliminate bacteria [148].
Furthermore, its effect on soil organisms, including earthworms and C. elegans, has been
evaluated using GC-MS based metabolomics [149]. It has been observed that upon ex-
posure to triclosan, earthworms lose weight and show increased mortality. Additionally,
exposure to triclosan resulted in a significant alteration in the amino acid and polyamine
levels in earthworms. In C. elegans, exposure to triclosan induces a decrease in lifespan,
reproduction, and locomotion. An increase in oxidative stress has also been reported, and
metabolic pathways, including tyrosine metabolisms and alanine, aspartate, and gluta-
mate metabolisms were significantly affected [150]. Therefore, the perturbation caused by
metabolites owing PPCP exposure is of great significance, given that these compounds
are frequently detected as environmental contaminants. This implies that studying the
harmful effects induced by these compounds can facilitate the estimation of the effects of
the detected pollutants. Therefore, metabolomic studies can deepen the understanding of
the toxic effects of PPCPs in various environments that are of interest to the public.

4.3. Pesticides

The primary role of pesticides is to kill, interfere, and reduce the spread of pests,
such as insects and rodents [151]. According to previous studies, approximately 2 million
tons of pesticides are consumed annually, and since most of these pesticides are used for
agricultural purposes, they often exist in the soil at high concentrations [152]. Although
the use of pesticides with severe toxicity has been prohibited, widely used pesticides can
still exert toxic effects in unspecified organisms. Therefore, the influence of these pesticides
on soil organisms has been confirmed in several studies. For example, LC–MS-based
metabolomics was performed to evaluate the effects of sulfoxaflor in earthworms [153].
The results of this study showed that exposure to sulfoxaflor induced oxidative stress in
earthworms. This was confirmed by measuring the activities of antioxidant enzymes and
malondialdehyde accumulation. Furthermore, using metabolomics, the perturbation of
energy metabolism, urea cycle, and nucleotide metabolism in earthworms by pesticides has
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been confirmed. Therefore, given that earthworms play an important role in soil systems,
further evaluation of the risk of pesticides in the environment is necessary.

The impact of pesticides has also been studied in plant species that grow in soil envi-
ronments [154,155]. The presence of pesticides in the soil can lead to the accumulation of
pesticides in crops, which could affect human health and threaten food safety. Therefore, it
is necessary to assess the accumulation and potential toxic effects of pesticides in crops.
In a recent study, the impact of three representative pesticides, butachlor, chlorpyrifos,
and tricyclazole, on Oryza sativa L. were evaluated using metabolomics and transcrip-
tomics approaches [156], and the perturbation of carbohydrate, amino acid, and fatty acid
metabolism was confirmed. The results of such studies can facilitate the evaluation of
environmental risk assessment efforts and emphasize the need to control pesticide usage.

4.4. Nanoparticles

Nanoparticles are grouped into two classes, namely, engineered nanoparticles, which
are made for specific purposes, and secondary nanoparticles, which are produced by the
abrasion of plastic contaminants [157]. With advances in technology, engineered nanopar-
ticles are used in various industries, including the medical, health, and electronics fields.
Therefore, there has been an increase in nanoparticle-related environmental pollution.
Given their widespread use, more than 300 million tons of plastics are produced annually,
with 2–5% of the resulting plastic waste ending up in the soil and ocean [158,159]. In
particular, nanoparticles exhibit various physical properties based on their compositions,
and they could possibly adversely affect unspecified organisms, depending on their prop-
erties [160,161]. Therefore, it is necessary to investigate the effects of the frequent use
of nanoparticles. Furthermore, given that nanoparticles have unique physicochemical
properties depending on their composition, it is important to elucidate their effects on the
environment and in model organisms. In this regard, metabolomics can be employed to
clarify the metabolic changes in model organisms from different environments (aquatic, soil,
etc.). Thus, the potential toxicity of nanoparticles toward different environmental media,
as well as the possible related mechanisms of action in living organisms can be elucidated.

The perturbation of metabolite levels in mussels following exposure to nanoplastics
has been evaluated [162]. Specifically, metabolomic studies have revealed the disrup-
tion of phenylalanine metabolism in mussels, which could induce oxidative stress and
neurotoxicity. Additionally, biochemical studies have confirmed the oxidative stress and im-
munotoxicity caused by exposure to nanoplastics. In another study, the effects of 10 types of
nanoparticles on rice were evaluated to clarify the environmental risks using an untargeted
approach [163]. The results showed that carbohydrate metabolism was downregulated,
while amino acid metabolism was upregulated. Moreover, network analysis revealed a
relationship between the characteristics of nanoparticles and perturbation of metabolic
pathways. Furthermore, it has been observed that zero-valent metals, with a higher specific
surface, exert a more significant downregulation effect on carbohydrate metabolism. It has
also been observed that spherical- or sheet-shaped nanoparticles as well as particles with-
out oxygen functional groups positively affect the upregulation of amino acid metabolism.
These results can enhance our understanding of the prediction of environmental risks and
provide insights into the development of eco-friendly nanoparticles.

4.5. Additives in Consumer Products

Several additives, most of which contain harmful substances, are present in consumer
products [164]. For example, polybrominated diphenyl ethers (PBDEs) are frequently used
in many consumer products because they can prevent the spread of fires [165]. These
PBDEs, which have been observed in various environments (e.g., air, ocean, and soil) as
well as living organisms, are stable compounds that can remain in the environment for long
periods and induce toxic effects similar to endocrine-disrupting chemicals. Specifically,
metabolic disorders induced by exposure to 2,2′,4,4′-tetrabromodiphenyl ether (BDE-47)
in a Drosophila model have been studied [166]. In the previous study, metabolomics
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investigations were performed using a combination of LC–MS and GC–MS to identify
a comprehensive range of metabolites. It was observed that 48 metabolites involved in
tryptophan metabolism, phenylalanine metabolism, and purine metabolism, were signifi-
cantly affected. Further quantification revealed that exposure to BDE-47 alters kynurenine
metabolism and induces oxidative stress as well as methylation imbalance, which is a sign
of the progression of Parkinson’s Disease [167].

BPA is frequently used in daily products, such as in beverage packaging, paper
coatings, and flame retardants [168,169]. Given that BPA has been used for a long time, it
has been discharged into the environment in large quantities, leading to human exposure.
Therefore, interest in its toxic effects has increased over the years, and several studies
have been conducted on this topic. In a recent study, the toxic effect of BPA on the
aquatic midge, Chironomus riparius, was evaluated [170]. Through reproduction assays,
DNA damage assays, and integrated epigenetic and metabolomics approaches, the stress
response mechanisms that occur in this aquatic organism following exposure to BPA
were clarified with a result showing that BPA induces reproductive failure and increase
DNA damage. Additionally, NMR-based metabolomics confirmed perturbations in energy
and methionine metabolism. A combination of metabolomics and epigenetic studies
revealed that BPA could induce global DNA methylation and perturbation of key metabolic
pathways. Therefore, to reduce environmental risks induced by environmental pollutants,
it is necessary to carefully control the levels of consumer product additives.

Table 3. Summary of perturbation of metabolic pathways in model organisms in response to environmental toxicants.

Organisms Environmental
Toxicants

Experimental
Conditions

Toxic
Mechanisms

Biochemical
Assays References

Pharmaceuticals
and

personal care
products

Danio rerio

Clarithromycin
Florfenicol

Sulfamethazine

Adult fish (n = 30)
0.1 mg/L for 72 h
Extraction with

Bligh-Dyer
LC-QToF-MS

Dysregulation of
choline,

guanosine, and
ADP

Impaired
swimming
behavior

De Sotto et al.
[146]

Triclsoan
(1, 30 and 300

µg/L)
Methyl triclosan

(MTCS)
(0.5, 10 and 400

µg/L)

50 embryos
(n = 6) for 96 h
Extraction with

acetonitrile:
isopropanol:
water (3:3:2)

GC-MS

Dysregulation of
energy

metabolism,
nitrogen

metabolism, and
fatty acid
synthesis

Dysregulation of
eight genes

related to energy
metabolism,

nitrogen
metabolism, and

fatty acid
synthesis

Fu et al. [147]

Gammarus pulex

Propranolol
(100, 153 mg/L)

Triclosan (0.1, 0.3
mg/L)

Nimesulide (0.5,
1.4 mg/L)

Adult G. pulex (2,
6, 24 h)

(approx.
100 specimens,

n = 4)
Extraction with

90% MeOH
LC-Orbitrap-MS

Possible
alterations of

protein syntehsis
and oxidative

stress

Three
pharmaceuticals

affected 23
functional
pathways

Sheikholeslami
et al. [171]

Mytilus
galloprovincialis

Diclofenac (100
µg/L)

3 mussels (n = 6)
for 7 days

Extraction with
water: methanol:
dichlromethane
LC-Orbitrap-MS

Dysregulation of
tyrosine and
tryptophan
metabolism

Potential risk of
osmoregulation
and reprodution

Bonnefille et al.
[172]

Sulfamethoxazole

10 mussels
exposed 4 days
Extraction with
metanol/water
(1:2), clean up

with SPE
LC-QTrap-MS

Significant
change in four
amino acids,

Benzoic acid, and
Inosine

Perturbation of
osmoregulation,

energy
metabolism, and

organoleptic
properties

Serra-Compte
et al. [173]
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Table 3. Cont.

Organisms Environmental
Toxicants

Experimental
Conditions

Toxic
Mechanisms

Biochemical
Assays References

Pharmaceuticals
and

personal care
products

Caenorhabditis
elegans

Triclosan
(0.1 and 1 mg/L)

Adult worms
exposed 24 h

Extraction with
80% MeOH
GC-MS after

silylation

Significantly
affected amino
aicds, tricyclic

acid
intermediates,
carbohydrates

and poly amines.

Decreased
lifespan,

reproduction, and
locomotion.
Increased

oxidative stress

Kim et al. [150]

Pesticides

Danio rerio

Dieldrin
(16 or 163.5 ng/g)

Adult fish
Extraction with
acetone: hexane

(5:2),
reconstitution

with ACN, clean
up with SPE,
GC-MS/MS

Dieldrin altered
composition and

function of
intestinal

microbiome

No change in
body mass,

growth rate or
histopathology.

Hua et al. [174]

Isocarbophos
(50 and 200 µg/L)

Adult fish
exposed 4 days
Extraction with

20% MeOH
1H-NMR
analyasis

Significant
alteration with
energy related

metabolism
(lactate, alanine,

and creatin)

Significant
down-regulation

of antioxidant
enzyme activity.
Accumulation of
Isocarbophos in

zebrafish

Jia et al. [175]

Oryza sativa

Butachlor
(3.148 kg/a.i.ha)

Chlorpyrifos
(1.440 kg/a.i.ha)

Tricyclazole
(0.607 kg/a.i.ha)

10 mg of dried
leaves

Extraction with
methanol:

chloroform: water
(5:2:2)

GC-MS after
silylation

Signifcantly
affected TCA cyle,
amino acid, and

fatty acid
metabolism.

Fifferentially
expressed genes
starch-sucrose
distribution,

protein contents
and

photosynthesis

Liu et al. [156]

Eisenia fetida

Sulfoxaflor
(0/2 mg/kg)

Earthworms
exposed 14 days
Extractions with

methanol:
acetonitrile: water

(2:2:1)
LC-Orbitrap-MS

Sulfoxaflor
altered

carbohydrates,
TCA cycle,
pyrimidine

purine, and some
amino acids

Oxidative
damage by

sulfoxaflor was
confirmed by

SOD, CAT, GST,
and MDA assay

Fang et al. [153]

Imidacloprid
Dinotefuran

Earthworms
exposed 7, 14, 21,

28 days
Extration with

acetontirile:
methanol:water

(1:2:1)
LC-QToF-MS

Disturbance of
TCA/Urea cycle,

energy
production and
oxidative stress.

Alteration of
activity acetyl-

cholineesterase,
superoixde

dismutase, and
catalase

Zhang et al.
[176]

Caenorhabditis
elegans

Atrazine
(4 mg/L)

10,000 worms (n
= 5) for 48 h

Extractions with
methanol:

acetonitrile: water
(2:2:1)

LC-Orbitrap-MS

Perturbation of
glycolysis,

gluconeogenesis,
and phosphatidyl-

choline
metabolism

Increased
oxidative stress

and disrput ATP
synthesis.

Reduction of
reproduction,

locomotion and
brood size

Yin et al. [177]

Nanoparticles Oreochromis
mossambicus

100 nm
polystyrene
(20 mg/L)

20 fish for 7 days
Extractions with

methanol:
acetonitrile: water

(2:2:1)
LC-QToF-MS

Disorder of
energy, amino
acid, and lipid
metabolism.

Damage of
feeding and

sensing behavior
and signaling

disorder

Pang et al. [178]
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Table 3. Cont.

Organisms Environmental
Toxicants

Experimental
Conditions

Toxic
Mechanisms

Biochemical
Assays References

Nanoparticles

Danio rerio
polypropylene

fibers
(10 and 100 µg/L)

Adult fish for
21 days

Intestines were
extracted with

methanol: water
(4:1)

UPLC-MS

Up-regulation of
glycerophospho-

lipids metabolism
and

down-regulation
of fatty acyls
metabolism.

Intestinal damage,
nutritional

deficiency, and
oxidative stress

were induced by
microplastic

fibers

Zhao et al. [179]

Cyprinus carpio

Silver
nanoparticle

(0.1, 0.5, 1 and 2
mg/L)

10 adult fish for
24~96 h

Fish gills were
extracted with

methanol: water
(4:1)

UPLC-QToF-MS

Inhibition of TCA
cycle.

Perturbation of
lipid metabolism.

Induced epithelial
hyperplasis of gill.

Perturbation of
genes in

asparatate
metabolism
pathways

Xiang et al. [180]

Poterioochromonas
malhamensis

Silver
nanoparticle

(1 mg/L)

Algae for 2 and
24 h

Extractions with
methanol: water

(4:1)
LC-QqQ-MS

Perturbation of
amino acids,
nucleobases,

sugars, and fatty
acids metabolism.

Increased level of
ROS and decrease

of the
photosynthetic

efficiency

Liu et al. [181]

Eisenia fetida
TiO2

nanoparticles
(5, 50, 500 mg/kg)

Earthworms for
120 days

Extractions with
chloroform:

water: methanol
(2:2:5)

GC-MS after
silylation

Alteration of
glutathione and
starch, sucrose

metabolism.

Decreased
GSH/GSSG ratio.
Slight increase in

ROS level.
Alteration of

genes in TGF-beta
singaling
pathway

Zhu et al. [182]

Enchytraeus
crypticus

Silver
nanoparticles

(60–102 mg/kg)
Silver ions

(45–60 mg/kg)

Worms (n = 5) for
7 and 14 days

Extraction with
methanol

LC-Orbitrap-MS

Alteration of
phenylalanine,
histidine, lipid,

and energy
metabolism.

Activation of
cellular iron ion

homeostasis,
tyrosine

catabolism,
glycosylation,

and stress
response

Maria et al. [183]

Consumer
Products
Additives

Drosophila
melanogaster

BDE-47
(2, 10 or 50 µM)

5 flies for 30 days
Extraction with

methanol
LC-Orbitrap-MS
Extraction with
methanol: water

(4:1)
GC-MS after

silylation

Perturbation of
metabolites
involved in
tryptophan,

phenlyalanine,
and purine
metabolism

Decreased ratio of
SAM/SAH and

GSH/GSSG.
Imbalance of
kynurenine

metabolism and
oxidative stress

Ji et al. [166]

Eisenia fetida

BDE-47
BDE-209

(10, 50, 100 and
200 mg/kg)

3 earthworms
(n = 6) for 14 days

Extraction with
water

1H-NMR analysis

Increase of lactate,
glutamate,

betaine, leucine
and lysine.
Decrease of

fumarate and
glycine.

Toxic effects by
disturbing osmo

regulation, energy
metabolism,

nerve activities,
and TCA cycle

Liang et al. [184]

Danio rerio Bisphenol A
(4.4, 8.8, 17.5 µM)

20 zebrafish
embryos (n = 6)
Extraction with

methanol: water:
chloroform

LC-QToF-MS

Perturbation of
amino acids,

prostaglandin,
folate, ascorbate
and nucleotide

metabolic
pathways.

Altered gene
expression with

estrogenic,
CYP450 enzyme,

tissue
development and
cell proliferation

Ortiz-Villanueva
et al. [185]
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Table 3. Cont.

Organisms Environmental
Toxicants

Experimental
Conditions

Toxic
Mechanisms

Biochemical
Assays References

Consumer
Products
Additives

Rattus norvegicus
Bisphenol A
Bisphenol S
(50 µg/kg)

Rat plasma
(n = 14)

Extraction with
methanol: water

(4:1)
LC-Orbitrap-MS

BPA exposure
decreased citric

acid, oxoglutaric
acid, and malic
acid. While BPS
decreased poly

unsaturated
fatty acid.

Toxic effects of
endocrine
disruption,

cytotoxicity, and
genotoxicity

Mao et al. [186]

Mytilus coruscus
Phthalates

(0.04, 0.40, 1.00
mg/L)

4 mussels for
7 days.

Extraction with
methanol

LC-QToF-MS

Significant
changes in amino

acids, lipids,
energy storage

compounds,
osmolytes and

neurotransmittes.

Activation of
antioxidant

defense system
Gu et al. [187]

5. Future Perspective

Metabolomics plays an important role in ecotoxicology and can be used to evaluate
the effects of environmental pollutants, such as xenobiotics, in living organisms. This ap-
proach offers the possibility of identifying perturbations in metabolite levels and clarifying
associated toxic mechanisms based on the results obtained. In recent years, there has been
an increase in the number of environmental metabolomic studies on the toxic effects of
pharmaceuticals, pesticides, and nanoparticles in model organisms. These studies have
led to significant progress in environmental science. The risk assessment of environmental
pollutants has also raised awareness in this regard. However, owing to differences in
their chemical properties, profiling all the metabolites present in a sample using a single
method is challenging. Specifically, the identification of metabolites is not straightforward
when an untargeted approach is used. Nonetheless, it is now possible to detect a wide
range of metabolites owing to advancements in technology; for examples, the high sen-
sitivity of MS enables the identification of trace amounts of metabolites. In particular,
HRMS allows the accurate measurement of m/z values even to four decimal points, and
advanced peak detection processes have rendered the deconvolution of the mass spec-
trum easy. Given that well-established libraries have been established by a number of
research groups, several methods for the identification of metabolites are now available.
Notwithstanding, standardization of the metabolomics workflow is essential to take full
advantage of these techniques. In addition, several factors that are determined during
pre-analytical, analytical, and post-analytical steps can affect the results of metabolite de-
tection, identification, and quantitation. Moreover, major groups in this field have reported
standard requirements when reporting environmental metabolomics work [188]. This
report provides information guidelines, such as the characteristics of the model organism,
a description of environmental conditions, and detailed explanation of the experimental
procedures. Therefore, the need for standardization, which has led to active discussions on
the standardization of the overall metabolomics workflow, has been highlighted. This is
an important factor in ensuring high-quality environmental metabolomic results. Given
that using a multi-omics approach, altered levels of metabolites and information on their
related genes, proteins, and transcription factors can be acquired, functional interpretation
can be improved via the integration of multi-omics approaches, such as transcriptomics
and proteomics, combined with metabolomics results. These approaches can enhance the
understanding of the comprehensive toxic mechanisms of environmental pollutants and
can be combined with phenotypic results to achieve a comprehensive understanding of the
underlying toxic mechanisms. Finally, the relationships between environmental pollutants
and their synergistic effects can also be studied by analyzing the behavior and toxic effects
of pollutants when model organisms are simultaneously exposed to several pollutants.
As various types of contaminants exist in the environment, they possibly interact with
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each other, adopting forms that are different from those they originally had. Therefore, it
is important to study the effects of coexistence. With advances in metabolomics-related
technologies, studies on various environmental pollutants can be conducted. However,
there are challenges in the comprehensive understanding of interactions in a mixture of
pollutants. Researchers are actively developing approaches that can help to understand the
joint effects of chemical mixtures [189]. Applying these tools with advanced metabolomics
studies will help to elucidate changes in pollutant absorption rates. Nonetheless, the effects
of toxicity due to interactions between environmental pollutants require further study.
Given that several environmental pollutants flow into the ocean as well as the soil, their
coexistence is highly probable. Thus, it is important to perform in-depth studies to monitor
the interaction effects of these pollutants.
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