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Abstract: Microplastics (MPs) (microscopic plastic particles) are defined as plastic fragments in the
range of 1 to 5 mm. They are invisible and usually too small to be seen by humans but pollution
by MPs has become an issue due to the rising use of plastic products. Pollution of microscopic
plastics has gained international attention in recent years and has become an important issue in the
field of environmental protection, food safety, and human health. Numerous studies have reported
that MPs have the potential for causing detrimental effects in various species. The focus of this
mini review was on LC-MS-based metabolomics research into this issue by targeted and untargeted
approaches. We also summarized biomarkers for assessing toxicity in land and aquatic species that
are induced by MPs with different sizes and shapes, type of monomer, and the dose. Based on
previous research results, MPs have the potential for affecting energy metabolism and the immune
system, chronic inflammation, and neurotransmitter disorders in a wide variety of species. These
biomarkers discovered by metabolomics are consistent with other methods, showing the reliability of
LC-MS-based metabolomics. Further research is highly anticipated to explore other toxicity effects
that are induced by MPs.

Keywords: microplastics; LC-MS; metabolomics; toxicity

1. Introduction

Microplastics (MPs) are plastic fragments with diameters or lengths of less than 5 mm.
They are mostly released from larger suspended plastic products via photo- and thermal
degradation [1]. Due to the rapid increase in the use of plastic products (approximately
380 million tons of plastics are produced each year) [2], MPs can now be classified as
emerging ubiquitous pollutants, and have gained international attention in the recent
year [3]. Moreover, MPs are reported to be widely spread over numerous ecosystems,
including air [4], soil [5], and the oceans [6]. Because of their small size, they are easily
ingested by living creatures, which leads to bioaccumulation [7]. This results in MPs from
contaminated seafood, salt, and packing materials being part of our food [8].

It has been reported that MPs are present in several organs in different species, in-
cluding the liver [9], intestines [10], kidney [11], and other organs, where they have the
potential to cause detrimental effects such as disrupting endocrine regulation [12], neuro-
toxicity [13], and reproductive toxicity [14]. Therefore, metabolomics studies have attracted
considerable attention from researchers who are eager to reveal the mechanism behind the
biomarkers that have been discovered by serum chemistry tests [15], histological tests [16],
or polymerase chain reaction (PCR) analyses [17]. Metabolomics can reflect a phenotype in
much more direct ways compared with transcriptomics and proteomics [18]. It is used to
systematically analyze small molecule metabolites and to interpret the effects of the distur-
bance by the level (or ratio) of metabolomics after a pathway analysis using bioinformatic
tools (ex: KEGG) [19]. Since metabolomics has been a powerful tool for elucidating the
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toxicity of environmental pollutants [20], many reviews have mentioned that metabolomics
has advanced the knowledge of MPs-related toxicology [21].

A variety of analytical techniques, including nuclear magnetic resonance (NMR) [22],
spectroscopy, and liquid chromatography (LC) [23] or gas chromatography (GC) [24] cou-
pled with mass spectrometry (MS), have been used to evaluate MPs-induced metabolomics.
Although NMR spectroscopy is often used in metabolomics studies, the extensive sample
preparation process makes it a less convenient method [25]. Mass spectrometry is a popular
choice for metabolomics research due to its high selectivity and superior sensitivity. MS also
provides several different acquisition modes to meet the requirements for an analysis. A
comprehensive metabolomics profile can be readily obtained via chromatography coupled
with MS. Gas chromatography-tandem mass spectrometry (GC-MS), another approach
to such studies, can be used to detect volatile metabolites, which narrows the coverage
of global profiling. Liquid chromatography-tandem mass spectrometry (LC-MS) is also
suitable for identifying relatively polar compounds and is now being used in this field
of research.

Metabolomics studies can be achieved in two ways, namely targeted and untargeted.
Targeted metabolomics detects defined groups of metabolites, providing quantitative
results with a high degree of sensitivity and data quality [26]. The advantage of targeted
metabolomics is that a complicated data process is not required, but that relatively limited
information can be obtained in a single analysis. Untargeted metabolomics, on the other
hand, provides global screening results from a more comprehensive perspective [27].
However, compound identification and data treatment make it much more difficult in
comparison with targeted metabolomics. Herein, this review summarized both targeted
and untargeted metabolomics research for different species/models that are exposed to
different MPs with various doses, sizes, and shapes. Disorder metabolic biomarkers and
pathways were also summarized. This information could provide aid to future research
directed at evaluating the detrimental effects on humans caused by MPs in food products.

2. Targeted Metabolomics
2.1. Data Acquisition Methods for Targeted Metabolomics

Targeted metabolomics concerned with the measurement of specific metabolites within
a given metabolome. Single reaction monitoring (SRM) and multiple reaction monitoring
(MRM) by liquid chromatography-tandem triple quadrupole mass spectrometry (LC-QqQ-
MS) are two of the most commonly used data acquisition modes in targeted metabolomics.
In SRM, the first quadrupole (Q1) selects and transmits a precursor ion into the second
quadrupole (q2), also known as the collision chamber, where it undergoes further fragmen-
tation. The predefined product ions are transmitted to the third quadrupole (Q3) and reach
the detector for m/z analysis [28]. While SRM is a more selective method as it only monitors
one fixed transition, MRM over multiple mass windows rapidly and records the intensities
of those product ions simultaneously, enabling the acquisition of a more comprehensive
information (Figure 1a). Because of the two selection steps, the specificity of SRM/MRM is
ensured, making this approach an ideal method for quantitative analysis. Moreover, the
quantitation analysis can be achieved by the peak area of the extracted ion chromatogram
directly. Therefore, the data processing method of targeted metabolomics is much easier
than that of untargeted metabolomics.
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Figure 1. (a) Introduction to MRM, the dominant data acquisition mode in targeted metabolomics.
(b) The general workflow of the MPs-induced targeted metabolomics.

In targeted metabolomics strategies, SRM or MRM often targets the specific signals of
the product ions from the predefined metabolites. The peak area of these signals is used
to accurately and precisely determine the concentration and relative abundancies of the
selected small numbers of endogenous metabolites that are pre-known and expected [29].
One of the most challenging parts of targeted metabolomics is to select the target metabolite
that could be disrupt by the MPs. For the reason outlined above, researchers select the
metabolite group of interest in advance by pre-known knowledge, for example, serum
chemistry tests [30] and an untargeted metabolomics pre-analysis [31]. Figure 1b demon-
strates the general workflow for targeted metabolomics.

2.2. Targeted Metabolomics Studies of Aquatic Species

MPs are clearly shaping and affecting aquatic ecosystems and research on the effects
of aquatic pollutants aquatic systems is now a priority. The zebrafish (Danio rerio) and
the perch (Perca fluviatilis), two fresh water fish species, were exposed to two different
sizes of polyethylene (PE) over a period of 21 days by dispersing the PE-MPs into the
fish tank [32]. The PE-MPs in the tissue were characterized by Fourier transform infrared
spectroscopy, finding that PE-MPs with 10-45 pm diameters accumulated in the liver tissue
and PE-MPs with 106-125 um accumulated in the gills of both species. The metabolomics
analysis was achieved by selecting 32 metabolites, including amino acids, carbohydrates,
and those involved in nucleic acid metabolism. These metabolites were detected by amide
hydrophilic interaction chromatography (HILIC) coupled with QqQ-MS. The result shows
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that the levels of metabolites related to nucleic acid metabolism were increased in the perch
gills, whereas the metabolites the aromatic and amino acids decreased significantly. The
level of choline was the only one that increased in both exposures in the perch liver.

Another study proposed that the exposure to 10 um polystyrene (PS)-MPs dominantly
affects neurotoxicity leading to the dysregulation of the cholinergic agents, dopaminergic,
and GABAergic neurotransmission systems in developing zebrafish embryos. This could
potentially cause seizurogenic effects [33]. PS-MPs were also found to have a certain
degree of effect on the zebrafish heart, causing a significant decrease in both heart function
and swimming competence. Moreover, indices of enhanced levels of oxidative stress
and metabolic adjustments were observed in the hearts of zebrafish embryos [34]. It was
observed that the Kreb’s cycles related metabolites, including pyruvic acid and acetyl-
carnitine, were increased, while the levels of carnitine, succinic acid, a-ketoglutaric, and
amino acids were reduced.

2.3. Targeted Metabolomics Studies of Terrestrial Species

MPs in soil pose environmental risks, potentially adversely impacting terrestrial
animals. By analyzing the metabolites present in soil organisms, the approach provides
direct and accurate reflects of their physiological responses to soils that are contaminated
with PE. Among 485 metabolites identified by untargeted metabolomics strategies in
earthworm (Lumbricus terrestris) intestines, two differential metabolites were quantified via
LC-QqQ-MS. L-phenylalanine and succinic acid levels are decreased, which indicates a
reduced energy supply and production and are used as potential biomarkers for evaluating
toxic effects [31]. PS-MPs, also one of the primary environmental MPs pollutants, have
been found to cause adverse impact on plant growth [35]. The results showed that PS-MPs
were absorbed by, and accumulated in, barley plants, leading to the limitation of rootlet
development. The concentrations of these two important plant hormones, indole-3-acetic
acid (IAA) and indole-3-butyric acid (IBA), were significantly decreased in leaves of this
species. A similar trend was found for the roots of 3-indolepropionic acid (IPA) and IBA. To
investigate the effects of PS-MPs on animals, male mice were exposed to 5 pum of pristine
and fluorescent polystyrene for a period of six weeks [36]. This research demonstrated
that PS-MPs were present in the guts of the mice and that these particles could disrupt the
gut barrier functions and reduce intestinal mucus secretion. In addition, the presence of
succinyl acetone, 11 amino acids, and 25 carnitine derivatives in the serum was detected,
indicating that MPs caused metabolic disorders in amino acid metabolism and bile acid
metabolism. In another study, male mice were administered an oral gavage of 5 pm PS-
MPs for a period of 33 days. The level of aspartate aminotransferase (AST) in serum
was increased, and 7-ketolithocholic acid (7-ketoLCA) and taurocholic acid (TCA) in fecal
samples were decreased [30]. Overall, these studies suggest that PS-MPs could post a
threat to both plants and animals by disturbing their metabolic functions. Table 1 lists the
experimental conditions for this targeted metabolomics research.
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Table 1. The MPs, model, dose, and selected biomarkers of the studies cited above for MPs-induced targeted metabolomics.

MPs Model; Tissue; Sample Numbers Exposure Dose Selected Biomarkers Ref
Aspartate aminotransferase (AST)
PS (<5 um) Mice (Mus musculus); serum and fecal; n = 10 0.1 mg/day 7-Ketolithocholic acid (7-ketoLCA) [30]
Taurocholic acid (TCA)
Indole-3-acetic acid (IAA)
PS (<0.5 mm) Barley (Hordeum vulgare); leaves and roots; n = 3 2mg/L Indole-3-butyric acid (IBA) [31]
3-Indolepropionic acid (IPA)
L . . . Aromatic
PE (10-45 and 106-125 1im) Perch (Perca ﬂu?zatzlzs) aI.‘ld zebrafish (Danio rerio); 10 mg/g Amino acids [32]
gills and liver; n = 10 .
Choline
100 g /L Succinyl acetone,
PS (<0.5 mm) ICR mice (Mus musculus); gut; n =8 11 Amino acids [33]
1000 ug/L i
25 Carnitines
0 particles/mL ChOI.l ne
500 particles/mL Betaine
PS (10 um) Zebrafish (Danio rerio); embryos; n = 30 . Dopamine [34]
5000 particles/mL .
50,000 particles/mL 3-Methoxytyramine
’ Y-Aminobutyric acid
Pyruvic acid
In vivo: Acetylcarnitine
5 . . -~ o 10mg/g Carnitine
PS (3-12 um) Zebrafish (Danio rerio); heart; n =7 Ex vivo: Succinic acid [35]
26 and 260 mg/L x-Ketoglutaric
Amino acids
PE (< 5 mm) Earthworm (Amynthas corticis); intestines; n = 10 Earth sample L-phenylalanine [36]

Succinic acid
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3. Untargeted Metabolomics
3.1. Data Acquisition Methods of Untargeted Metabolomics

Untargeted metabolomics is the profiling of large numbers of endogenous small
molecules metabolites [37]. Figure 2b demonstrates the general workflow that is used
in untargeted metabolomics. It is a powerful tool for discovering differential levels of
metabolites from multiple pathways in one analysis. Liquid chromatography tandem high-
resolution mass spectrometry (LC-HRMS), including quadrupole time-of-flight (Q/TOF)
and quadrupole orbitrap (Q/Orbitrap), are the most commonly applied methods for
untargeted metabolomics studies [38].

Among recent studies on metabolomics that are disturbed by MP, two types of data
acquisition modes were used, namely the full scan and data dependent acquisition (DDA)
modes. Figure 2a demonstrates the principle for the two data acquisition modes. A full
scan provides accurate mass and retention times with high feature coverage [39]. The main
drawback to this method is that an MS2 spectrum cannot be obtained in a single analysis.
DDA can compensate for this drawback by acquiring the MS2 spectrum of the co-eluted
product ions with a high intensity. As a consequence, the DDA mode has the capability
for more accurate compound identification by sacrificing the feature coverage. The DDA
mode has been the most frequently-applied scan mode in untargeted metabolomics studies.
Unlike SRM/MRM in targeted metabolomics, little information can be obtained from a
total ion chromatogram (TIC) in a full scan and DDA (for example, Figure 3). The most
challenging aspect for untargeted metabolomics is data interpretation.

3.2. Untargeted Metabolomics Studies of Aquatic Species

Microplastics are widely distributed in various environments and their presence is
already ubiquitous in the ocean system [40] where they pose a threat to aquatic creatures.
Untargeted metabolomics research has been conducted on a wide variety of aquatic species.
Among them, the zebrafish is one of the most commonly-used species [10]. In recent
research, the metabolomics change in the larval of zebrafish that had been exposed to
PE-MPs was analyzed by LC-Q/Orbitrap-MS using DDA [23]. The results showed that
the levels of 59 phospholipids (glycerol phospholipids, lysophosphatidylinositol, lysophos-
phatidylserine, etc.) related substances were significantly altered. This indicates that cell
membrane formation, cell proliferation, and cell differentiation were affected. Furthermore,
exposure to PE-MPs could lead to chronic inflammation. Similar results for phospholipid
dysregulating in zebrafish were also reported in another article [41]. In addition, the re-
searchers compared the damage caused by PE-MPs and polyethersulfone (PES) MPs, and
the findings indicated that PES-MPs could have a detrimental effect on the production
of steroid hormones and norepinephrine, a neurotransmitter of the phenolic compounds
produced in the synthesis of PES.

The exposure of PE-MPs has also been examined in farmed tilapia (Oreochromis niloti-
cus) [42]. The metabolites were profiled by LC-Q/Orbitrap-MS. In total, 327 and 153 metabo-
lites were identified in the positive and negative modes in electrospray ionization by match-
ing the MS/MS to the database. The metabolites that were altered by dietary exposure
to PE-MPs were also identified. According to the following KEGG pathway analysis of
the differential metabolites acquired from statistical analysis, alanine, aspartate and gluta-
mate metabolism, purine/pyrimidine metabolism, glycerophospholipid metabolism, and
aminoacyl-tRNA biosynthesis were significantly enriched.
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acquisition mode. (b) The general workflow of the MPs-induced untargeted metabolomics.
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PS is another common MP that has a detrimental effect on aquatic species [43]. The
metabolomics disturbed by PS-MPs in goldfish (Carassius auratus) were profiled by LC-
MS [44]. After a pathway analysis, the results indicated that the levels of amino acid
metabolism, pyrimidine metabolism, neurotransmitters, and ATP-binding cassette (ABC)
transporters were altered. Similar results were reported for the swordtail fish (Xiphophorus
helleri) [45]. The research profiled the metabolites in the liver tissue of swordtail fish
using LC-Q/TOF-MS with DDA. Amino acid metabolism and ABC transporters were
disturbed by the PS-MPs. Immune-related fatty acids (linoleic acid and arachidonate) were
also affected.

5
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0 5 10 15 38 40
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Figure 3. A total ion chromatogram (TIC) of metabolites extracted from the mouse liver tissue
exposed to PS-MPs.

Aquatic species such as shellfish are also commonly used as models for exposure
to MPs [46]. Amine/phenol metabolites in marine mussels (Mytilus coruscus) disturbed
by PS-MPs were profiled using dansyl-chloride chemical isotope labeling methods using
LC-Q/TOF-MS under the full scan mode [47]. The chemical isotope labeling method
not only allows the comparison of different groups achieved in a single injection but
also enhances the retention ability of polar metabolites in reversed-phase (RP) liquid
chromatography. In this case, five identified metabolites followed the same pattern as the
concentrations of the MPs were increased. The increase in the levels of imidazoleacetic
acids, 3,4-dihydroxyphenylpropanoic acid, 3-(2,3-dihydroxyphenyl) propanoic acid, and
1,3-diaminopropane could indicate disordered amino acid metabolism (histidine, tyrosine,
phenylalanine, and alanine metabolism). Increased levels of imidazoleacetic acid and
4-pyridoxic acids are also an indicator of oxidative stress. This article also showed that after
seven days (without exposure to PS-MPs exposure), these metabolites generally returned to
the level of the control group. In another study, oysters (Crassostrea gigas) were exposed to
irregular MPs derived from two polymer types—PE and PET (polyethylene terephthalate).
Similar to the aforementioned research on fish species, PE and PET exposure could lead to
changes in energy metabolism and inflammation responses [48].
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Aquatic arthropods are also vulnerable to exposure to MPs. The shrimp Litopenaeus
vannamei, a global distributed specie, was also used as the model and the toxicology effect of
five types of MPs (PE, PS, PVC (Polyvinylchloride), PTFE (Polytetrafluoroethylene), and PP
(Polypropylene)) was examined [49]. These MPs caused variations in hemolymph metabo-
lites, especially in amino acids and alpha-linoleic acid metabolism, and 28 metabolites
were altered in the MPs-treated group. The variation of these metabolites in the shrimp’s
hemolymph could indicate that detrimental effects, such as tumorigenesis, oxidative stress,
and immune homeostasis, were triggered by the exposure to the MPs mentioned above.
Another study reported on the effects of MPs on the metabolic processes in Daphnia magna
but the corresponding molecular toxicity mechanisms remain unclear [50]. In the 20 pm and
30 pm PE-MPs exposure group, the relative quantity of 88 and 91 metabolites were changed,
respectively. Phosphatidylcholine was downregulated and phosphatidylethanolamine,
mainly phospholipids, was upregulated in the 20 um PE-MPs group. Regarding the 30 um
PE-MPs group, the downregulation of amino acid metabolites, including L-glutamine,
L-glutamate and malic acid, shows that larger particle sizes can exert a greater interference
on energy metabolism.

3.3. Untargeted Metabolomics Studies of Terrestrial Species

Pollution by MPs has also been recognized as an environmental threat and a health
hazard to humans [51]. Mice are commonly used as the model for evaluating the toxicity
of MPs accumulation in terrestrial mammals and human species [9]. In previous research,
ICR mice (Mus musculus) were exposed to PS-MPs with diameters lower than 1 um [52].
To mimic the uptake dose for humans (assuming that an adult drinks one teabag daily),
the concentration of exposure to MPs was set at 1.43 x 108 items/kg body weight/day.
The metabolites in livers were screened via the DDA mode using an LC-Q/orbitrap-MS
to reveal the extent of disturbance on gut-liver axis. The findings reported in this study
showed that the crosstalk between the gut and liver ultimately led to insulin resistance and
even diabetes. Another study reported on the research profiles of metabolites in chicken
liver [53]. In that study, glutamate and glutamine synthesis were found to be upregulated,
and the formation of abnormal metabolites was induced by PS-MPs that affect the brain
through the liver—brain axis. Table 2 lists the experimental conditions and the results of the
untargeted metabolomics research.

3.4. Novel Data Acquisition of Untargeted Metabolomics

Aside from the full scan and DDA modes, data-independent acquisition [3], including
all-ion fragmentation (AIF), MSE, and sequential window acquisition of all theoretical
fragment-ion spectra (SWATH), etc., has been used in LC-MS-based metabolomics re-
search [54]. As with the DDA mode, DIA can simultaneously acquire MS1 and MS2 data.
Moreover, its ability to obtain MS2 data for all precursor ions is quite high. This capa-
bility allows DIA to provide unbiased MS2 data for those ions with low intensity and
quantitative data with a better linear range [55]. Although DIA has not been applied to
assess metabolomics that are disrupted by exposure to MPs, it is a promising untargeted
metabolomics strategy for revealing the mechanism responsible for the toxicity of MPs.
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Table 2. The MPs, model, method, dose, and results for the studies cited for the MPs-induced untargeted metabolomics.
MPs Modelll;\l'l;lls;;.l:;SSample Analysis Method (LC-MS) Exposure Dose Results Ref
(1) ESI[8]: 72 metabolites were
significantly changed, 20 increased;
52 decreased.
0pg/L (2)  ESI (+): 96 metabolites were
Zebrafish (Danio rerio); Larval; . 10 ug/L significantly changed, 40 increased;
PE (1-4 um LC-Q/Orbitrap-MS & y ged, ’ 23
(14 pm) n=>5 Q P 100 png/L 56 decreased. [23]
1000 pg/L (3) 59 phospholipids total difference: LPA,
LPC, LPE, LPG, LPI, LPS, PC, PE, PS;
57 decreased, 2 increased (LPI 20:5 and
PC 18:3e/3:0).
(1) PE-exposure: lipid metabolism, fatty
acid metabolism, vitamin metabolism,
TCA cycle, and amino acid
metabolism are perturbated.
. . -~ 0mg/L (2) PES-exposure: lipid metabolism, fatty
PE and PES (100 um) Zebrafish f(i?ﬁﬁofe; io); whole LC-Q/TOF-MS 1mg/L PE acid metabolism, vitamin metabolism, [41]
s 1mg/L PES TCA cycle, and amino acid
metabolism are adversely affected.
(8) Vitamin Bl metabolism and porphyrin
metabolism were identified in both PE
and PES-treated groups.
(1) 327 positive and 153 negative
metabolites were identified
1-3 weeks: (2) Ingesting smaller MPs mainly affects
Nile tilapia (Oreochromis . 5% body weight multiple classes of biomolecules such
PE (50 and 125 pm) niloticgs)' l(iver' n=9 LC-Q/Orbitrap-MS 49 vflleeks? as amino acid, purine, pyrimidine, [42]
’ ’ 3% body weight glycerophospholipid, and

®)

aminoacyl-tRNA.
Ingesting larger MPs mainly affects
amino acid and fatty acid metabolism.




Separations 2023, 10, 257 11 of 16
Table 2. Cont.
MPs MOdell&E:;:;ssample Analysis Method (LC-MS) Exposure Dose Results Ref
(1) 230 and 265 significantly different
metabolites were detected in
Nano_high and Micro_high groups.
0mg/L (2) 27 and 30 KEGG pathways were
500 nm PS: significantly altered in Nano_high and
. . 0.26 mg/L Micro_high groups.
Goldfish (C tus); -
PS (500 nm and 30 pm) olaus bia?:zisz:usf)aum us) - 0.69 mg/L (3) Metabolites detected in the MP [44]
! 30 um PS: exposure groups were closely related
0.26 mg/L to metabolism and signal transduction,
0.69 mg/L including “Metabolic pathways”
(ko01100), “cAMP signaling pathway”
(ko04024), and “Taste transduction”
(ko04742).
(1)  In group 10° particles, 5780
metabolites up-regulated, 6621
metabolites down-regulated, and
: ired 37 significantly differential
oo . 0 particles/L acquired & y
PS (1 yum) Swordtall'f'lsh (X.lr’hgphorus LC-Q/TOE-MS 10° particles/L rnetabohtes.7 . [43]
helleri); liver; n = 6 107 particles/L (2)  In group 10 particles, 6262
p metabolites up-regulated, 6139
metabolites down-regulated, and
acquired 103 significantly differential
metabolites.
(1) 163 metabolites positively identified
and 318 putatively identified with
high-confidence.
0 particles/L (2)  Micro-PS caused significant changes in
Marine mussels (Mytilus 10 particles/L the metabolism of tyrosine
PS (2 LC-Q/TOF-MS(CIL method . ’ 47
(2 pm) coruscus); hemolymph; n = 6 Q/ (CIL methods) 10* particles/L phenylalanine, histidine, beta-alanine, 1471
10° particles/L and vitamin B6 metabolism in the

hemolymph of mussels, and also
affected the antioxidant and immune
parameters.
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Table 2. Cont.

Modell; Tissue; Sample

AL Numbers

Analysis Method (LC-MS)

Exposure Dose

Results

Ref

PE (10.7-93.9 pm) Opysters (Crassostrea gigas);
PET (9.0-56.0 um) digestive gland; n =8

LC-Q/Orbitrap-MS

O0png/L
10 ug/L PE
1000 pg/L PE
10 pg/L PET
1000 ug/L PET

@

@

The toxic order of the four treatment
groups was PEL < PETL < PEH <
PETH, indicating that PET is more
toxic to oysters with prolonged
exposure of a given concentration.
Among these differential metabolites,
57 were obtained in all four treatments,
4 differential metabolites were shared
between PEL and PEH groups and

26 differential metabolites were shared
between PETL and PETH groups.

PE (6-18 um)
PTFE (1-8 um)
PP (1.77-18 um)
PS (100-200 pm)
PVC (1-13 um)

White shrimp (Litopenaeus
vannamei); hemolymph; n =6

LC-Q/Orbitrap-MS

1.0 mg/L

)

@

Differential metabolites: PVC included
34 upregulated and 90 downregulated,
PTFE included 96 upregulated and

54 downregulated, PP included

38 upregulated and 60 downregulated,
PS included 50 upregulated and

88 downregulated, PE included

42 upregulated and 83 downregulated.
28 Differential metabolites were shared
between the five MP-treated groups.

PE (20 and 30 pm) Daphnia magna; whole; n = 6

LC-Q/Orbitrap-MS

0mg/L
20 mg/L
60 mg/L

@

@

®)

MPs-20 caused significant changes in
12 metabolic pathways, totaling

45 metabolites, whereas MPs-30 caused
significant changes in 25 metabolic
pathways, totaling 93 metabolites.
MPs-20 mainly affected amino acid
metabolism, digestive system, cancers:
overview, and lipid metabolism
pathways.

MPs-30 mainly affected amino acid
metabolism, digestive system, and
cancers: overview pathways.

[50]
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Table 2. Cont.

Modell; Tissue; Sample

AL Numbers

Analysis Method (LC-MS)

Exposure Dose

Results Ref

ICR mice (Mus musculus);

PS (1 pm) liver; n =8

LC-Q/Orbitrap-MS

45 x 10* — 4.3 x 100
particles/day *

@

@

©)

353 metabolites were identified from
5974 metabolite features extracted
from the raw data acquired in positive-
and negative-ionization modes.

I3A, PAGly, betaine, choline, and
carnitine metabolites were
significantly perturbed, and this
perturbation was accompanied by
changes in the abundance of
associated microbiota.

Modulating the gut microbiota may
represent a new way for preventing
health risks associated with
microplastics.

Chicken (Gallus gallus

PS (2 pm) domesticus); liver; n = 6

LC-Q/TOF-MS

0mg/L
1mg/L
10 mg/L
100 mg/L

@

@

Liver metabolism disorders and
increased glutamine and glutamate
synthesis in chicken.

Excessive glutamine and glutamate
enter the cerebellar tissue through the
broken blood-brain barrier, triggering
autophagy-dependent ferroptosis and
apoptosis.

[53]

* The dietary human intake for the presence of microplastics in a single teabag.
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4. Conclusions

MPs pollution and the resulting toxicity have become a topic of great interest. Mi-
croplastics are commonly found in plankton aquatic life and have also been found to persist
throughout the food chain. This mini-review summarized metabolomics studies in aquatic
and terrestrial species using LC-MS techniques. Among the targeted approaches, MRM
in LC-QqQ-MS is the most commonly used, while DDA in conjunction with LC-HRMS
is the most frequently applied approach in untargeted metabolomics. Based on these
results, microplastics could alter energy metabolism and the immune system and cause
chronic inflammation and neurotransmitter disorder in a wide variety of species. Further
research is expected to explore other currently-unknown toxicity effects induced by MPs.
Regarding techniques, the DIA mode in LC-HRMS can be practically applied to the field.
It is a convenient and efficient process and represents an attractive alternative for use in
metabolomics research.
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