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Abstract: In recent years, micro- and nanoplastics (MNPs) have represented an emerging threat for
the aquatic environment due to their persistence and widespread distribution. Indeed, their small size
and increased surface area lead to a high biological reactivity, which can be crucial for the health status
of biota. To date, several studies have investigated lethal and sublethal endpoints of MNPs, while one
of the main challenges is to understand their mechanisms of toxicity in a comprehensive manner. With
this aim, the field of aquatic ecotoxicology can now benefit from the -omics approaches. This review
focuses on the recent advances related to the use of transcriptomics, proteomics, and metabolomics
to deeply investigate the molecular and biochemical responses of aquatic organisms, both fishes
and aquatic invertebrates, to pristine polystyrene (PS) MNPs. The literature reviewed revealed
that transcriptomics and metabolomics are the most frequently used -omic approaches. Overall,
the studies taken into consideration shed light on the events triggered by PS MNPs at molecular
and cellular levels, identifying as mechanisms of toxicity the pathways involved in oxidative stress,
energy metabolism, immune response, and the nervous system. Future studies should therefore focus
on the use and integration of multi-omics approaches for a more comprehensive understanding of
the mechanisms involved in MNPs toxicity.

Keywords: microplastics; nanoplastics; polystyrene; -omics approaches; transcriptomics; proteomics;
metabolomics; mechanism of toxicity; fish; aquatic invertebrates

Key Contribution: The investigation of the toxicity mechanism of micro- and nanoplastics (MNPs) is
a topic of major concern for the scientific community. The use of transcriptomics, proteomics, and
metabolomics has suggested that the main pathways affected by polystyrene (PS) MNPs are related
to energy metabolism, oxidative stress, immune response, and the nervous system, both in fishes
and aquatic invertebrates. The analyses performed in this review offer a comprehensive overview of
the molecular and biochemical responses triggered by PS MNPs, allowing the identification of some
gaps and the importance in the use of multi-omic approaches in future studies.

1. Introduction

Plastic pollution is a fast-rising environmental threat. Due to plastics’ low cost, dura-
bility, and flexibility, their use has increased worldwide, leading to an augmentation of their
release into the marine environment. Most of the plastic debris found in the seas originates
from land-based sources [1]. Once in the natural environment, plastic can be degraded
into micro- (MPs, <5 mm) and nanoscale sizes (NPs, <1 um) [2,3] by weathering, sunlight
radiation, and biodegradation processes [4-8]. MPs and NPs (MNPs) can be also classified
into primary and secondary based on their sources. Primary MNPs are those that enter
the environment in their original small size associated with specific applications and con-
sumer products (e.g., cosmetics, clothing fibers, drug delivery, ink for 3D printers), whilst
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secondary MNPs are a consequence of macro/microplastics degradation [4,9-11]. The for-
mation of smaller particles leads to alterations in the physical-chemical proprieties, surface
area, and size of MNPs, wherein, once the nanoscale is reached, the strength, conductivity,
and reactivity will differ substantially from those of macro-/micro-sized particles [12-15].
Obviously, as the size of the plastic particle decreases, biological reactivity, on the other
hand, increases. Thus, it is crucial to comprehend the burden of MNPs’ availability and
their biological impact on aquatic biota [14,16].

Up to now, polystyrene (PS) ha sbeen chosen as a proxy for MNPs due to the fact
that it is one of the most largely used non-biodegradable plastics worldwide and, unlike
other polymers, it shows a greater stability in sea water suspension with low styrene
release [17]. Several studies have been conducted to evaluate the lethal and sublethal
effects of PS MNDPs on aquatic biota, reporting fertility, growth, and reproduction ab-
normalities [18-28], as well as metabolism disorders, oxidative stress, and immune and
nervous system dysfunction [13,29-36]. Consequently, one of the main challenges today is
to understand the mechanism of the toxicity of MNPs correlated to the lethal/sublethal
effects studied so far. With this aim, the aquatic ecotoxicology field can benefit significantly
from using the -omics approaches, which are emerging systemic and holistic tools for the
global identification of the processes and pathways involved in the normal and abnormal
physiological states, that allow not only the study of the mode of action of chemicals, but
also the prediction of their toxicological effects on a given biological system [37]. -Omics
approaches permit the production of large-scale datasets, measuring simultaneously the
changes in gene expressions, proteins, and metabolites (by application of transcriptomics,
proteomics, and metabolomics, respectively) occurring at the molecular, cell, tissue, and
whole-organism levels [38,39]. These approaches allow the characterization of complex
signal pathways and correlation of gene/protein expression, rather than focusing on the
modulation of individual genes/proteins. Among others, -omics technologies include:
(i) transcriptomics, which is used to study the whole set of RNA transcripts and to iden-
tify general and specific transcript biomarkers as transcriptional consequences related to
natural environmental factors or the mode of action of environmental pollutants in an
organism [38,40]; (ii) proteomics, which is used to study the whole set of proteins in order
to evaluate any alterations in their function and/or structure in an organism after changes
in the environmental conditions [41]; and (iii) metabolomics, which is used to study the
whole set of cell metabolites, and has been employed in the past several years with the
purpose of unveiling the molecular and biochemical mechanisms underlying the response,
sensitivity, tolerance, and adaptation of aquatic organisms to environmental challenges or
pollution [42,43]. Transcriptomic studies dominated until 2016, whereas a shift towards
proteomics, and mostly metabolomics, including multi-omics studies, is now apparent [44].

While many review articles have previously summarized the impact of PS MNPs on
aquatic organisms, addressing the attention on their lethal /sublethal effects, few of them
have exclusively focused on the studies dealing with -omics approaches. Therefore, the
present review aims to discuss the latest findings from the various -omics studies for a
better elucidation of the effects of pristine PS MNPs on aquatic organisms, both freshwater
and marine fishes and invertebrates, as well as to provide a holistic understanding of the
mechanism of toxicity of PS MNPs.

2. -Omics Approaches in Studies of PS MNP Toxicity

A survey of the available published peer-reviewed literature was conducted until
September 2023, through a bibliographic study using Thompson Reuters database ISI Web
of Science and Scopus database. A combination of keywords was used as criteria, includ-
ing “omic*”, “transcriptom*”, “proteom*”, “metabolom*”, “polystyrene”, “microplastic*”,
“nanoplastic*”, “fish*”, “aquatic AND invertebrates”. After carefully reading all the ab-
stracts of candidate publications, a total number of 56 articles was taken into consideration
for this review, with exclusive selection of those studies related to the effects induced
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transcriptomics, proteomics, and metabolomics approaches. As shown in Figure 1, the
number of transcriptomic studies remained more or less constant across the years, confirm-
ing it as the most widely used -omic approach. This is probably due to the fact that, up to
now, the techniques for mRNA quantification and data interpretation are more developed,
compared to proteomics or metabolomics. The studies taken into consideration in this
review showed that proteomics is the least used approach, likely because of its limitations,
which are mainly related to poor genomic annotation [45], while studies concerning the
effects of PS MNPs evaluated by metabolomics have increased in recent years. In fact, today,
metabolomics is a well-established scientific field in the systems biology, representing the
most functional measure of an organism’s physiology and response to toxic stress [43,46].
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Figure 1. Number of transcriptomic, proteomic, and metabolomic studies performed in fishes (a total

of 24 studies) and aquatic invertebrates (a total of 32 studies).

As showed in Figure 2, from the literature reviewed it was found that a total of 24 stud-
ies used -omics to investigate the effects of PS MNPs in fishes (45.83% transcriptomics, 8.33%
proteomics, and 45.83% metabolomics), while the remaining part (a total of 32 studies) dealt
with the impact of PS MNPs by applying the -omic approaches in aquatic invertebrates
(56.25% transcriptomics, 31.25% proteomics, and 12.50% metabolomics). Interestingly, it
was found that the aquatic organisms used for the investigation of PS MNP toxicity were
more likely to be invertebrates than fishes (32 vs. 24 studies). This is probably due to the
high sensitivity, inexpensive management, and ease of running experimental tests with
invertebrates compared to vertebrates, besides the ethical rationale for animal welfare [47].
Moreover, transcriptomics and metabolomics appeared to be the approaches used mostly
for fishes (a total of 11 out of 24 studies used transcriptomics and a total of 11 out of
24 studies used metabolomics in fish), while in the case of aquatic invertebrates, the most
common -omic approach used was found to be the transcriptomics (a total of 18 out of

32 studies).

Fishes Aquatic Invertebrates
45.83% Transcriptomic 56.25% Transcriptomic
8.34% Proteomic 31.25% Proteomic
45.83% Metabolomic 12.50% Metabolomic
Total=24 Total=32

Figure 2. Percentage of transcriptomics, proteomics, and metabolomics studies performed in fishes (a
total of 24 studies) and aquatic invertebrates (a total of 32 studies).
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2.1. Transcriptomics

Over the past decades, transcriptomics has predominantly been applied for envi-
ronmental risk assessment by evaluation of the health status of aquatic animals [48]. It
determines the changes in gene expression by measuring the level of mRNA after studying
the whole set of transcripts, also named the transcriptome, present in an organism. In-
deed, the quantitative real-time polymerase chain reaction (qQRT-PCR) is the simplest and
most widely used technique to conduct a transcriptomic analysis. Although the relative
expression of selected genes is easy to undertake, as the amount of the gene studied is
compared to the amount of a control reference gene, qRT-PCR can quantify only a limited
number of genes, with the requirement for prior knowledge of target genes. To cope with
these limitations and to target thousands of single mRNAs in a single run, microarrays
and RNA-sequencing (RNA-seq) have therefore been used lately. In particular, the last
mentioned technique uses high-throughput sequencing methodologies to detect the pres-
ence and quantity of RNA in a biological sample with the aim of analyzing the whole
cellular transcriptome. In brief, the method consists of isolating total RNAs from biological
samples and then performing its reverse transcription to obtain double-stranded cDNA.
After that, cDNAs are sequenced as short reads, aligned, and mapped against a known
genomic reference sequence. In recent years, RNA-seq has been successfully used to assess
differential responses in a variety of aquatic species since it is effectively able to analyse
whole transcriptomes, generating data on more differentially expressed genes (DEGs),
which, through bioinformatics, will give information about the major pathways affected
following a stress condition [44]. A description of the effects of PS MNPs at the transcription
level in fishes and aquatic invertebrates is reported in Table 1.

2.1.1. Effects of PS MNPs on the Transcriptome of Fishes

As reported in Figure 2, 45.83% of the selected studies concern the use of transcrip-
tomics to investigate the mechanism of toxicity of PS MNPs in fishes. Many of these studies
used the zebrafish Danio rerio since it has many advantages as a model organism, such as
small size, ex utero development of the embryo, short reproductive cycle, and transparent
embryos. Moreover, its genome is very well characterized and it shares a high degree
of homology with the human genome [72]. Several studies performed on zebrafish em-
bryos showed that PS MNPs (see Table 1) can alter the expression of genes involved in the
stress response and cellular detoxification, apoptotic genes, immune response, and genes
involved in neurotransmission, leading to developmental delay, hatching problems, and
impaired swimming behaviour [35,49-51]. The same model organism was used to analyze
the full transcriptome of embryos exposed to PS NPs (50-200 nm, 100-1000 ppb). Also in
this case, results suggested alterations in the nervous system development and function
pathways at both high and low concentrations, coinciding with an altered behavioral re-
sponse, as evidenced through swimming hyperactivity, thus resulting in consequences for
the organism’s fitness [54]. The alterations in similar pathways have also been found in
marine medaka larvae (Oryzias melastigma). In particular, the transcriptional expression
levels of inflammatory response genes decreased after the exposure to 0.02 mg/L in each of
the the three tested PS NPs, namely plain PS, carboxylated PS (PS-COOH), and aminated PS
(PS-NH;). Moreover, PS-NH, could lower the detoxification capacity of the larvae, while
the downregulation of ATP-ase in PS-COOH might induce a disorder in osmoregulation,
heart development, and nervous system function in the larvae [57]. Additionally, the
transcriptome analysis of O. melastigma larvae exposed to PS MNPs of different sizes (0.05,
0.50, and 6.00 um) showed a significative enrichment in pathways involved in immune and
inflammatory responses, while the results obtained from mRNA expression levels showed
upregulation of genes involved in heart formation and hatching, underlying developmental
defects as observed [58].
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Table 1. Table summarizing the effects of PS MNPs at transcript level evaluated by transcriptomics in
fishes and aquatic invertebrates.

FISHES
Organism PS MNPs Concentration Time of Organ/Tissue .
Method Used Tested Size Tested Exposure Target Life Stage Effect References
Danio rerio . Whole 1 sod1, sod2, cat, gst -
qRT-PCR (zebrafish) 10 um 200 particles/mL 120 hpf organism Larvae and cyp [35]
Danio rerio Whole 1 p53, cas-3 and cas-9; y
qRT-PCR (zebrafish) 500 nm 0.1,1and 10 ppm 96 hpf organism Larvae 1 bel and bdnf [49]
1 sod1, sod2, cas-1, cas-8,
. Danio rerio Whole and il1B; | hsp70, bcl-2,
qRT-PCR (zebrafish) 30 nm 0.1,0.5 and 3 ppm 120 hpf organism Larvae ache, DNA repair genes [50]
gadd45x and rad51
S 1000 pg/L (around
qRT-PCR ?“g’“ ;.”}’3 1um 191 x 107 96 hpf Whole Larvae +il1g; | cat [51]
zebrafis particles/L) organism
1 aco and fabp6; | cptl,
ppar-a, accl, fas, srebpla,
3 L ppar-.
ngﬁ/f_I:eznd gzg’r‘;;f}’l‘; 5 um 20-100 pg/L 21d Liver Adult KEGG pathways [52]
analysis revealed
carbon, lipid and amino
acid metabolism effect
Alteration in pathways
related to immune
. . response and lipid
Danio rerio Size ranging metabolism, i.e., sterol
RNA-seq ) from 25 to 100-1000 pg/L 20d Liver Adult - N [53]
(zebrafish) 90 pm biosynthetic process,
M steroid metabolic
process and fatty acid
metabolic process
. . Nervous system
RNA-seq Danio rerio 50 and 100-1000 ppb 5d Whole Larvae development and [54]
(zebrafish) 200 nm, organism £ X
unction pathways
Oncorhynchus
. mykiss 5002411 . No change in immune -
qRT-PCR (rainbow 100-400 pim particles/fish/day 4w Intestine Adult response related genes (551
trout)
1 ifny gene exposed to
Oncorhynchus 0.2 and 40 um beads;
. mykiss 0.2,1,20,40 5 . . }il1B (bead size 1 um),
qRT-PCR (rainbow and 90 m 2 x 10° particles/L 2h Gills Adult $100a (bead size 40 1m) [56]
trout) and saa (1,40 and
90 pum)
} cox1 and cox2 by PS,
plain PS, PS-COOH and PS-NHo;
Oryzias carboxylated 1 cypla, multifunction
eloeien - PS: PS-COOH Whol gene (ATPase) by
qRT-PCR 8 and aminated 0.02 mg/L 7d o€ Larvae PS-NH, and PS-COOH, [57]
(marine PS: PS-NH organism tively. NI
medaka) ity _ respectively. O
with a size of impairment of oxidative
1 um stress genes in all the
treatments
| inflammatory and
immune-related
signaling pathways
(Hippo, B cell receptor,
Oryzias RIG-I-like receptor, and
. 0.1; inflammatory mediator
RNA-seq and melastigma 0.05,0.50, and 1x10%1 x 10° 19d Whole Larvae regulation of the [58]
qRT-PCR (marine 6.00 pm il L organism TRP-ch ls-sienali
medaka) particles/m -channels-signaling
pathway); heart
development (| gata4

and nkx2.5, and 1 bmp4)
hatching enzyme (hice
and Ice)
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Table 1. Cont.

AQUATIC INVERTEBRATES

Method Used

Organism
Tested

PS MNPs
Size

Concentration
Tested

Organ/Tissue
Target

Time of
Exposure

Life Stage

Effect

References

qRT-PCR

RNA-seq

Artemia
franciscana
(brine
shrimp)

Artemia
franciscana
(brine
shrimp)

50 nm
PS-NH,

5 pm

1 pg/mL

1mg/L

Whole

14d .
organism

Whole

14d .
organism

Adult

Adult

71 clap and cstb genes

KEGG enrichment
analysis mapped into
arrhythmogenic right

ventricular
cardiomyopathy, viral
myocarditis,
hypertrophic
cardiomyopathy,
phagosome, fluid shear
stress, atherosclerosis
and regulations of actin
cytoskeleton, with most
of the DEGs correlated
with ROS activity and
apoptosis activity

[59]

[60]

qRT-PCR

Artemia
franciscana
(brine
shrimp)

50 nm
PS-NH,;

1 pg/mL

48 h and Whole
14d organism

Neonates
and adult

Time-dependent 1 clap
and cstb genes and hsp60
and hsp70

[61]

RNA-seq

Ciona robusta
(ascidian)

50 nm
PS-NH,

10 and 15 pg/mL

Whole

22 hpf .
organism

Embryos

1 genes involved in
glutathione metabolism
(glutamate--cysteine ligase

catalytic subunit-like
transcript variant X1 and

X2; glutathione
S-transferase
omega-1-like), immune
defense (integumentary
mucin C.1-like transcript
variant; mucin-5AC
transcript variant;
interferon-induced protein
44-like; plasminogen-like),
nervous system
(acetylcholinesterase-like;
sco-spondin), transport
by aquaporins
(aquaporin-like) and
energy metabolism

(succinate--CoA ligase

[ADP/GDP-forming]
subunit alpha
mitochondrial-like;
6-phosphofructo-2-
kinase/fructose-26-
bisphosphatase 1 transcript
variant; glycoside
hydrolase transcript
variant)

[24]

qRT-PCR

Daphnia
magna
(water flea)

50 nm

0.05,05 ug/L

Whole

21d .
organism

Adult

| cat after exposure of
21dto 0.5 pg/mL

[62]

qRT-PCR

Daphnia
pulex
(water flea)

75 nm

0.1,05,1,2 mg/L

Whole
organism

Adult

Sod, gst, gpx and cat
initially 1 and then
inhibited. 1 hsp in all the
treatment groups
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Table 1. Cont.
AQUATIC INVERTEBRATES
Organism PS MNPs Concentration Time of Organ/Tissue .
Method Used Tested Size Tested Exposure Target Life Stage Effect References
Alterations in oxidative
stress (arachidonic acid
metabolism, glutathione
metabolism, and
porphyrin and
chlorophyll metabolism),
immune response (drug
metabolism—cyp450 and
other enzymes,
metabolism of
xenobiotics by cyp450,
glutathione metabolism,
Daphnia 1mg/L Whol hippo signaling
RNA-seq pulex ~70 nm (5.32 x 108 96 h or arcl)isem Neonates pathway, and adherens [64]
(water flea) particles/mL) 8 junction) and energy
metabolism pathways
(starch and sucrose
metabolism, pentose
and glucuronate
interconversions,
galactose metabolism,
fructose and mannose
metabolism,
carbohydrate digestion
and absorption, and
glycoly-
sis/gluconeogenesis)
Alteration in genes
involved in chitin
metabolism, trehalose
. transport and
Daphnia .
RNA-seq pulex 75 nm 1mg/L 21d Whole Adult n;letall)ohfim, [65]
(water flea) organism growt -re ate: genes,
long-chain fatty acids
metabolism, defense
mechanisms, and sex
differentiation
Litopenaeus 1 Beta-glucan binding
vannamei 200 and protein, LPS/ 3-glucan
qRT-PCR (whiteleg 100 nm 2000 mg/kg 14 and 28 d Hepatopancreas Adult binding protein, and [66]
shrimp) hsp90 genes. T TLR gene
1 energy homeostasis
imbalance (e.g., lipid
metabolism, PPAR
signaling pathway,
protein digestion and
Meretr?x [120 I\I;;[n b absorptli)o?, pyruv;te
B meretrix -NH; igestive metabolism, an
RNA-seq (marine 200 nm 2mg/L 7d gland Adult glycolysis; Impairment (671
clam) PS-COOH of immune system (e.g.,
NLRs, NF-kB signaling
pathway, TLR signaling
pathway, phagosome,
lysosome, and
apoptosis)
Muytilus gallo-
. provincialis 50 nm 24 and Whole
qRT-PCR (Mediterranean ~ PS-NH, 0.150 mg/L 48 hpf organism Embryos } cs, ca, and ep genes [25]
mussel)
Mytilus gallo-
JL o 1 ep, ca, and cs genes;
qRT-PCR p rovz_nczulls 3 um 50-500 24 and thle Embryos 1 mytc and mytb genes; [68]
(Mediterranean particles/mL 48 hpf organism
1 gusb, hex, ctsl genes
mussel)
First
. . exposure
M}/;Z;Z%?; 50 nm 24 b, rest 1 epp, lyso, amps, mytb,
qRT-PCR (f/le ditertanean  PS-NI, 10 pg/L period 72h,  Hemocytes Adult PP, nyw " ﬁfp' Yo, [69]
second !
mussel) exposure

24h
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Table 1. Cont.
AQUATIC INVERTEBRATES
Organism PS MNPs Concentration Time of Organ/Tissue .
Method Used Tested Size Tested Exposure Target Life Stage Effect References
Paracentrotus
L 50 nm 24 and Whole
qRT-PCR (se{alzzcriéﬁm) PS-NH, 3 pug/mL 48 hpf organism Embryos 1 cas8 [19]
Paracentrotus
. P 50 nm 24 and Whole T hsp70, p38 Mapk,
qRT-PCR (segzgf:}iin) PS-NH, 3and 4 pg/mL 48 hpf organism Embryos univin and cas8 [20]
Alteration in energy,
Pinctada stress, and
; margaritifera e immune-related genes.
RNA-seq (black-lip 6 and 10 pm 0.25-2.5-25 ug/L 2 months Mantle Adult 1 cyp2d11, gst1, sultlc [70]
pearl oyster) and abcb1, cel and actin
gene
In hemocytes, T 8 DEGs
involved in gene
transcription and
Pmcclt;?:fkbizms 14 x 101 Hemocytes translation. In
RNA-seq 0.10 pm - 72h and hep- Adult hepatopancreas, [71]
(red swamp particles/L diff ial ion of
crayfish) atopancreas ifferential expression o
only 3 genes (cyp49al
and two unknown
genes)
T antioxidant genes at
1 pg/mL PS-COOH.
. Lsodatl pg/mL
R T il
qRT-PCR ( Antarztic 50 nm land 5 ug/mL 6and 24 h Coelomocytes Adult concentrations tested [30]
sea urchin) PS-NH, PS-NH,. 1 the

immune-related gene
NF-kB and LBP/BPI by
PS-NH,

T increase; |: reduction; qRT-PCR: quantitative real-time polymerase chain reaction; RNA-seq: RNA-sequencing;
hpf: hours post-fertilization; d: days; w: weeks; ppm: parts per million; ppb: part per billion; sod: superoxide
dismutase; cat: catalase; gst: glutathione S-transferase; cyp: cytochrome P450; p53: tumor protein p53; cas: caspase;
bcl-2: B-cell lymphoma 2; bdnf: brain-derived neurotrophic factor; il1f: interleukine 1-f; aco: acyl-CoA oxidase;
fabp6: fatty acid binding protein 6; cpt1: carnitine palmitoyltransferase 1; ppar-a: peroxisome proliferator-activated
receptor-w; accl: acetyl-CoA carboxylase 1; fas: fatty acid synthase; srebpla: sterol regulatory element binding
protein 1a; ppar-y: peroxisome proliferator-activated receptor-y; cox: cyclooxygenase; hsp: heat shock protein;
ache: acetylcholinesterase; gadd45a: growth arrest and dna damage inducible alpha; rad51: rad51 recombinase;
ifn7y: interferon-gamma; s100a: s100 calcium binding protein al; saa: serum amyloid A; RIG-I: retinoic acid-
inducible gene I; TRP: transient receptor potential; bmp4: bone morphogenetic protein 4; hice: high choriolytic
enzyme; Ice: low high choriolytic enzyme; gpx: glutathione peroxidase; NLRs: NOD-like receptor signaling
pathway; cs: chitin synthase; ca: carbonic anhydrase; ep: extrapallial protein; mytc: myticin C; mytb: mytilin B;
gusb: B glucorinidase; hex: hexosaminidase; ctsl: catepsine L; p38 Mapk: mitogen-activated protein kinase;
epp: extrapallial protein precursor; lys: lysozime; amps: antimicrobial peptides; frep: fibrinogen-related
proteins; sultlc4: sulfotransferase 1C4; abcbl: ATP binding cassette subfamily B member 1, cel: bile salt-
activated lipase; mt: metallothioneine; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells;
LBP/BPI: lipopolysaccharide-binding protein and bactericidal/ permeability-increasing protein; LPS: lipopolysac-
charide; TLR: toll like receptor.

In adult fishes, analysis at the transcriptomic level related to the effects of PS MNPs
was mainly conducted on the digestive tract. This is probably due to the fact that the
principal route of accumulation and absorption of plastics is ingestion [15,73]. In particular,
gRT-PCR and transcriptome analysis revealed the effect on genes and pathways related
to immune response and energy metabolism (e.g., glycolipid, carbon, lipid, and amino
acid metabolism) in the liver of D. rerio, assuming that PS MNPs could potentially affect
the behavior and physiology of the organism, potentially decreasing its fitness [52,53].
In rainbow trout (Oncorhiynchus mykiss) exposed to 100400 um PS MPs, no effects were
found for genes involved in cytokines and in the structural integrity of intestinal tissue,
probably because of the capability of the epithelial barrier and the mucosal immune system
of the intestine to cope with stressors [55]. The effects of PS MPs of different sizes were
also investigated on the transcriptome of the gills of the same organism, suggesting an
alteration in the genes involved in inflammatory and acute immune response, thus leading
to potential distruction of the tissue that plays an essential role in immunity [56].



Fishes 2024, 9, 98

9 of 25

2.1.2. Effects of PS MNPs on the Transcriptome of Aquatic Invertebrates

Several studies of PS MNPs and their effects at the transcriptomic level have been per-
formed on aquatic invertebrates (56.25%, see Figure 2), since they offer ethical, cost-effective,
and repeatable testing [74]. One of the most widely used invertebrate for these studies is the
freshwater crustacean Daphnia spp. Species of the genus Daphnia provide an important link
between aquatic primary producers and consumers of higher trophic levels. Furthermore,
the high sensitivity to several pollutants combined with their biological characteristics
(e.g., short life cycles, rapid reproduction, and transparent exoskeleton), make them an
ideal model system for ecotoxicological studies [75]. The chronic exposure of water fleas
D. pulex and D. magna to environmental relevant concentrations of PS NPs (50 and 75 nm)
was shown to alter the expression of stress defense genes and heat shock proteins, resulting
in an impact on the antioxidant system, thus causing damage to the organism [62,63]. The
analysis of the whole transcriptome of D. pulex exposed to 75 nm PS NPs after 21 days
showed the alteration of the genes involved in chitin metabolism, trehalose transport and
metabolism, growth-related genes, long-chain fatty acid metabolism, defense mechanisms,
and sex differentiation, leading to delayed growth and reproduction, aging, and changes
in the reproductive pattern and population sex ratio [65]. The same techniques have been
also applied to quantitatively measure the expression level of transcripts and to identify
the pathways affected in D. pulex neonates after the exposure to 1 mg/L of 70 nm PS
NPs (5.32 x 10® particles/mL). The authors demonstrated that more than 200 transcripts
were differentially expressed, showing alterations in oxidative stress immune response
and energy metabolism pathways, thereby identifying the elements of the oxidative stress
defense system as possible biomarkers for nanoplastic contaminants [64].

In marine invertebrates, most studies have focused on embryo development since
the early developmental stages are known to be the most sensitive to environmental
perturbations [76]. Amino-modified PS NPs (50 nm PS-NH,; 0.150 mg/L) and PS MPs
(3 pum; 50-500 MP/mL) are able to negatively influence the development of Mytilus
galloprovincialis, altering the expression of genes involved in shell formation and im-
munomodulation, and genes coding for lysosomal enzymes [25,68]. In the sea urchin
Paracentrotus lividus, PS-NH; can induce a diverse modulation of genes involved in stress
response, apoptosis, and development during the embryo development [19,20]. More
recently, whole transcriptome analysis of the exposure to PS-NH; during the embryo de-
velopment of the ascidian Ciona robusta revealed the alteration in the expression level of
genes related to glutathione metabolism, immune defense, the nervous system, transport
by aquaporins, and energy metabolism, thus affecting the correct embryonic development,
which is essential to ensure a subsequent proper life cycle [24]. Bivalves and sea urchins
have also been used to investigate the effects of PS MPs on their immune system. As an
example, in mussel M. galloprovincialis hemocytes, the acute exposure to 10 ug/L of 50 nm
PS-NH; caused the upregulation of six genes involved in the immune response [69]. Con-
versely, in the Antarctic sea urchin Sterechinus neumayeri coelomocytes, 40 nm PS-COOH
modulated the expression of genes related to external challenges, antioxidant responses,
and cell protection against stress and apoptosis, while 50 nm PS-NH, induced a low gene
modulation, suggesting a threshold in coelomocytes” defence ability against PS-NHj [30].

In the aquatic environment, zooplankton play an important role in the food chain
as a primary consumer and a major food source for higher trophic organisms [77-79].
Thus, several studies investigated the impact of PS MNPs on zooplankton since they could
represent a threat to the aquatic ecosystem [80]. In the brine shrimp Artemia franciscana,
50 nm PS NH; (1 ng/mL) significantly induced clap and cstb genes, which have a role in
larval growth and molting, and hsp70 and hsp26 genes involved in cytoprotection against
oxidative stress [59,61]. The same model organism was used to evaluate the impact of 5 pm
PS MPs on the whole transcriptome [60]. The reported results demonstrated that chronic
exposure to these PS MPs can alter the pathways of ventricular cardiomyopathy, viral
myocarditis, hypertrophic cardiomyopathy, phagosome, fluid shear stress, atherosclerosis,
and regulation of actin cytoskeleton. Moreover, seven key genes were differentially regu-
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lated, resulting in the impairment of the immune response, oxidative stress, and apoptosis
pathways [60]. In the hepatopancreas of the Pacific white shrimp Litopenaeus vannamei, the
exposure to 100 nm PS NPs induced an upregulation of genes involved in immune response,
and genes involved in the antioxidant response and cellular homeostasis, resulting in the
inhibition of the growth due to the ingestion of plastics [66].

Other marine organisms used to evaluate the impact of PS MPs at the transcriptomic
level were the pearl oyster Pinctada margaritifera, the marine clams Meretrix meretrix, and the
red swamp crayfish Procambarus clarkii. Gardon and colleagues [70] used a genome-wide
transcriptomic approach on the mantle tissue of P. margaritifera to understand the effect of
6 and 10 um PS MPs. Transcriptomic analysis revealed that energy-, stress-, and immune-
related genes appear to be profoundly impacted by PS MPs, indicating that the reduction in
energetic budget could lower Darwinian fitness [70]. Another interesting work evaluated
the effect of 100 nm PS-NH; and 200 nm PS-COOH (2 mg/L) on the digestive gland of
the marine clams M. meretrix. RNA-seq results and the pathway enrichment analyses
showed the impairment of the energy metabolism and immunomodulation, highlighting
the potential risks of PS NPs in the stability and function of marine benthic ecosystems [67].
In the red swamp crayfish, RNA-seq analysis was performed on hemocytes and hepatopan-
creas [71]. Results showed that eight genes involved in gene transcription and translation
were upregulated. Furthermore, two cytoskeleton-associated genes were also identified.
Conversely, in hepatopancreas, only three genes were differentially expressed, namely,
cyp49al and two unknown genes. The overall data revealed the altered expression of a few
genes involved in immune response, oxidative stress, gene transcription and translation,
protein degradation, lipid metabolism, oxygen demand, and reproduction after PS NP
exposure, suggesting that, even at low concentration, PS NPs may induce mild stress in
crayfish with a potential impact also at the population level [71].

2.2. Proteomics

Proteomics is used to analyse translational and post-translational variations in pro-
teins. The main analytical strategies for separation and identification of the proteome
are based on two different approaches: the top-down and the bottom-up approach. Top-
down approaches rely on the use of intact proteins for direct separation and identification,
typically performed by liquid chromatography—tandem mass spectrometry (LC-MS/MS).
These two strategies present different advantages for the complete analysis of proteoforms.
However, challenges regarding solubility, separation, and ionization efficiency still re-
main to be addressed. In contrast, proteomic approaches that use a bottom-up workflow
minimize problems by analyzing peptides prepared by enzymatic proteolysis. In this
strategy, however, greater sample separation power is required [81,82]. The main proteomic
approach that has been established in recent years consists of protein separation in gels
and mass spectrometry analysis. Gel separation of proteins is used for the separation
and global quantification of proteins. It commonly relies on using an older technique of
two-dimensional gel electrophoresis (2D-GE). However, the loss of all membrane proteins,
the appearance of multiple proteins in a single spot, and the presence of a single protein
in multiple spots constitute some important limitations in the use of this technique. As a
result, the most frequently used method for measuring cellular proteins has become liquid
chromatography coupled with mass spectrometry (LC-MS or LC-MS/MS), because of its
sensitivity, selectivity, accuracy, speed, and throughput [83-86]. Hence, proteomics has
recently been applied to study the metabolic pathways” modifications, biodistribution,
and bioaccumulation caused by plastic molecules in aquatic environments, showing huge
potential [87]. A description of the effects of PS MNPs at proteomic level in fishes and
aquatic invertebrates is reported in Table 2.

2.2.1. Effects of PS MNPs on the Proteome of Fishes

At present, there are very few works (8.33%, see Figure 2) related to proteomics applied
to fishes to unveil the impact of PS MNPs on specific proteins, and many of them have used
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traditional biochemical methods, such as Western blot or ELISA. In a recent research study,
a reduction in cytokines and fin regeneration proteins was found in D. rerio larvae exposed
to 50 and 500 nm PS NPs after fin amputation at 72 hpf. Therefore, these data suggest an
inhibitory effect induced by PS MNPs on the regenerative capacity of injured fish, further
supported by the observed alteration in ROS signaling and immune response, both of
which are essential for tissue repair and regeneration [88]. Moreover, an increase in the
protein levels of NF-kB and iNOS, which play an important role in the inflammatory and
immune responses, was also reported in zebrafish D. rerio larvae exposed to 0.01 mg/L PS
MPs for 7 days. These findings, therefore, indicate the induction of a potential inflammatory
response mechanism in larval zebrafish triggered by PS MP exposure [89].

Table 2. Table summarizing the effects of PS MNPs at protein level evaluated by proteomics in fishes
and aquatic invertebrates.

FISHES
Method Used Organism PS MNPs Size Concentration Time of Organ/Tissue Life Stage Effect References
Tested Tested Exposure Target
Slight 1 11-10, Tnf-o and
. . Nf-«kB at the lowest
ELISA (Z gg’fa;f;}’f) 50 and 500 nm 0.1,1,10 mg/L % i“‘; Orv";‘;l;n Larvae dose. | 11-10, Tnf-c, 88]
P 8 FgF20a and Nf-«B at the
higher dose
Danio rerio Whole .
WB (zebrafish) 5 um 50 ng/mL 7d organism Larvae 1 iNOS and Nf-xB [89]
AQUATIC INVERTEBRATES
Brachionus .

WB koreanuis 0.05 and 0.5 10 L 24h Whole N ! ISI}I?SP}&M%&I;&OH Ef 90
(marine .05and 0.5 pm ug/m organism eonates JNK and p. ap [90]
rotifer) related to 1 ROS level

Crassostrea
3 gigas | arginine kinase and
LC-MS/MS (Pacifi; 2 and 6 pm 0.023 mg/L 60 d Oocytes Gamets + severin [18]
oyster
Changes in 41 proteins,
mostly those related to
sulfation, chitin-binding
and cuticle’s structural
integrity. The less
Daphnia Mean particle Whole abundant proteins are
LC-MS/MS magna size 101.6 mg/L 19d organism Adult related to pigment [91]
(water flea) 13.03 +7.75 um 8 binding, response to
stimuli, response to ROS,
response to oxidative
stress, and response to
oxygen-containing
compound
Changes in 89 proteins,
including those
involved in P-body
— . assembly, bed
aphnia nuclear-transcribe
RPLC/MS pulex 500 nm 1mg/L 14d orvvilr?ilsem Adult mRNA catabolic process, [92]
(water flea) & ATP-dependent
chromatin remodeling,
energy metabolism and
unfolded protein
responses
327 proteins |, including
those involved in cell
signaling, immune
LC-MS/MS o Mean particle 05-2 mg/L 21d Whole Addt e (93]
P size 71.18 nm : 8 organism 8y . :

(water flea)

ECM-receptor
interaction pathways,
and glutathione
metabolism
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AQUATIC INVERTEBRATES
Method Used O}‘rganlsm PS MNPs Size Concentration Time of Organ/Tissue Life Stage Effect References
ested Tested Exposure Target
78 proteins | and
18 proteins not
expressed. Effect of
catalytic activity (27%),
Dreissena nucleotide binding,
NLC-MS/MS polymorpha 1 and'10 pm 4 x 106'particles/ L 6d Gills Adult proteins involved in [94]
(Zebra size mixtures structural molecule
mussel) activity (12%) and
protein binding (11%),
proteins related to RNA
(5%) and metal ion (4%)
bindings
47 proteins |, including
those belonging to
extracellular, plasma
Li membrane and
itopenaeus I 1 localizati
; ysosomal localization,
oannanet and related to T cell
LC-MS/MS (Pacific 100-200 um 1mg/L 14 d Haemolymph Adult . . [95]
white receptor s'1gna'lmg
shirmp) pathway, epithelial cell
signaling in Helicobacter
pylori infection, and
phospholipase D
signaling pathway
1 proteins involved in
endosome transport via
Nano HPLC Paracentrotus 10, 50, 10° mgltivesi}clular bocily_
ano L , 50, , sorting pathway and in ,
MS/MS lividus 45 pm 10* particles/L 72h Coelomocytes Adult establig}?ment o?protein (341
(sea urchin) localisati
ocalisation, and
proteins involved in
catabolic processes
Paracyclopina ) Oxﬁdative stress
nana Whole induction (1 ROS level)
WB . 0.05 um 10 pg/mL 24 h . Neonates and 1 phosphorilation of [96]
(marine organism the proteins p38 Mapk,
d) P p pX,
€opepo ERK and Nrf2
1 proteins involved in
several cellular
biosynthesis and
Tigriopus Two | cellular energy storage
LC-MS/MS japonicus 6 023 . Whole in F1 generation. o
. um .23 mg/L generations . Adult . [97]
(marine (F1 and F2) organism Transgenera?tl'onial
copepod) proteome plasticity in F2

generation with elevated
energy metabolism and
stress related defense

Tt increase; |: reduction; ELISA: Enzyme-Linked Immunoassay; WB: Western Blot; LC-MS/MS: Liquid
Chromatography-Tandem Mass Spectrometry; RPLC/MS: Reversed-Phase Liquid Chromatography Tandem
Mass Spectrometry; nLC-MS/MS: nano-Liquid Chromatography Mass Spectrometry; Nano HPLC MS/MS: nano
High-Performance Liquid Chromatography and Mass Spectrometry; hpa: hours post amputation; hpf: hours
post-fertilization; d: days; Il-10: cytokines I1-10; Tnf-a: tumor necrosis factor; Nf-kB: nuclear factor kappa-light-
chain-enhancer of activated B cells; FgF20a: fibroblast growth factor 20a; iNOS: nitric oxide synthase; ROS: reactive
oxygen species; ECM: extracellular matrix; p38 Mapk: mitogen-activated protein kinases; ERK: extracellular
signal-regulated kinases; Nrf2: nuclear factor erythroid 2 related factor 2; JNK: jun n-terminal kinases.

2.2.2. Effects of PS MNPs on the Proteome of Aquatic Invertebrates

The most recent proteomic studies of PS MNPs on aquatic invertebrates (as reported in
Figure 2, 31.25%) have mainly focused on copepods, rotifers, shrimps, bivalves, sea urchins,
and daphnids. In Paracyclopina nana and Brachionus koreanus, 0.05 and 5 pm PS MPs resulted
in an alteration in the signaling pathways involved in cell survival and proliferation in
response to oxidative stress, and in cell death processes. Specifically, increased phosphoryla-
tion of c-Jun N-terminal kinase (p-JNK), extracellular signal-regulated kinase (p-ERK), and
mitogen-activated protein kinases (p38 Mapk) with Nrf2 was found, indicating a positive
correlation with intracellular ROS levels [90,96]. The analysis of the entire proteome of
the haemolymph of the shrimp L. vannamei exposed to PS MPs (100-200 um size; 1 mg/L)
revealed the upregulation and downregulation of 20 and 27 proteins, respectively. Among



Fishes 2024, 9, 98

13 of 25

these, proteins with extracellular, plasma membrane, and lysosomal localization were
found, as well as those related to the “T cell receptor signalling pathway”, “epithelial cell
signaling in Helicobacter pylori infection”, and the “phospholipase D signaling pathway”.
Thus, all these proteins could play an important role in the detoxification process to cope
with the stress induced by PS MPs [95]. Furthermore, the proteomic profile also revealed the
effect of several proteins in the coelomocytes of the sea urchin P. lividus in a dose-response
manner. In fact, at the lowest concentration tested (50 PS MPs/L), there is an enrichment of
proteins related to transport and vacuoles for ubiquitin-dependent catabolic processes, as
well as proteins involved in cell aerobic respiration, while at the highest concentrations (103
and 10* PS MPs/L), an enrichment of proteins involved in cytoskeletal regulation, cadherin
signaling, and the integrin pathway became evident. It is likely that these findings depend
on the fact that, to counteract external factors such as MPs, an immune defense action is
necessary, which involves cellular detoxification processes that have a significant metabolic
cost [34]. PS MPs can also cause reproductive disruption in oysters, with significant im-
pacts on offspring. In fact, the proteome of oocytes from adult Crassostrea gigas exposed
to PS MPs (2 and 6 pm, 0.023 mg/L) for 60 days revealed the alteration in arginine kinase
(downregulated) and severin (upregulated), which are related to ATP metabolism and
cytoskeletal dynamics, suggesting deleterious effects of PS MPs on oocyte maturation, fer-
tilization, and embryo development [18]. Another work related to proteomics and PS MPs
was performed on the marine copepod Tigriopus japonicus. Proteomic analysis, conducted
for the generations F1 and F2 exposed to 0.23 mg/L of 6 um PS MPs, showed an increasing
level of proteins involved in several cellular biosynthesis processes and, in turn, reduced
energy storage (e.g., ribosome, peptide biosynthetic process, GTPase activity, protein trans-
lation, gene expression, galactose oxidase, and c-type lectin-like/link domain) due to the
trade-off, hence compromising survival and reproduction of the treated copepods in F1.
Interestingly, the proteome analysis of the recovery generation F2 showed an increased en-
ergy metabolism and stress-related defense pathway (e.g., structural constituent of cuticle,
carbohydrate metabolic process, lysosome, cell redox homeostasis, proteolysis, antioxidant
activity, and HSP20-like chaperone) to regain the compromised phenotypic traits during
the recovery (the so-called transgenerational proteome plasticity) [97].

Furthermore, the use of more sophisticated proteomics techniques allowed the iden-
tification and quantification of the proteins affected by the chronic exposure of water flea
D. pulex neonates to 1 mg/L of 500 nm PS MPs, showing an activation of DNA repair
and transcription (upregulated proteins: U6 snRNA-associated Sm-like protein LSm3 and
LSm4, helicase SWR1, and DNA excision repair protein ERCC6), and an inhibition of lipid
metabolism and response to unfolded or misfolded proteins (e.g., regulation of glucose
metabolic process, very long-chain fatty acid catabolic process, positive regulation of fatty
acid oxidation, IREl-mediated unfolded protein response, and protein quality control for
misfolded or incompletely synthesized proteins) [92]. The same model organism was
used to investigate the effects of PS NPs (1 mg/L) in the nano-size range (average size
70 nm) after 21 days of exposure. Even in this case, proteomics analysis showed a sig-
nificative differential expression of proteins involved in the pathways mentioned above,
such as energy metabolism (e.g., glycine, serine, threonine, arachidonic acid, d-glutamine,
d-glutamate, butanoate, and nitrogen metabolism), signaling transduction (e.g., mTOR,
FoxO, and Jak-STAT signaling pathways), and oxidative stress (glutathione metabolism)
and extracellular matrix (ECM)-receptor interaction pathways [93]. A recent work on
D. magna daphnids exposed to PS MPs (mean particle size of 13.03 £ 7.75 pm) showed
the alteration in 41 proteins, with an increase in several sulfotransferases involved in basic
biochemical pathways, and GABA transaminase catalyzing the degradation of the neuro-
transmitter GABA and cuticula building proteins, while proteins such as the DNA-directed
RNA polymerase subunit and other proteins connected to biotic and inorganic stress and
reproduction were decreased. This suggests the onset of transcription stress associated with
serious consequences for the entire organism. Furthermore, the reduced abundance of pro-
teins linked to the transport of harmful compounds suggests a disturbed defense mechanism,
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probably caused by the ingestion of PS-MPs [91]. The overall data seem to suggest that PS
MNPs can alter the antioxidant capacity and the energy metabolism, leading to a potential
trade-off among life-history traits to maintain fecundity at the cost of self-maintenance of
the two cladocerans. Interestingly, Magni and collaborators [94] found a similar result in the
proteome profiling of the gills of the freshwater zebra mussel Dreissena polymorpha exposed
to a mixture of PS MPs (1 and 10 um size; 4 x 10° PS MPs/L mixtures). In fact, the altered
proteins belong to pathways involved in catalytic activity (27%), nucleotide binding, proteins
involved in the structural molecule activity (12%) and protein binding (11%), and proteins
related to RNA (5%) and metal ion bindings (4%) [94]. Overall, all these studies indicate the
potential risks for aquatic invertebrates provoked by PS MNP exposure at the protein level.

2.3. Metabolomics

Metabolomics is the most recent discipline among the -omic sciences. It studies the
metabolome, a term coined by Oliver in 1998 [98], indicating the entire set of metabolites
present in a biological system. Metabolomics is a powerful bioanalytical technique that
allows the systematic identification and quantification of all endogenous metabolites with
low molecular weight (<1500 Da), which may vary according to the physiological state,
developmental stage, or pathological condition of cells, tissues, or organs, or of the whole
organism under examination [99]. Therefore, analysis of complex metabolite data along
with uni- and multivariate statistics, as well as mapping of altered pathways, enables the
mechanistic understanding of biological phenotypes and discovery of biomarkers or drug
targets for a variety of conditions [100,101]. To obtain the global metabolic profiling of
a given organism or biological sample in relation to external stimuli, two metabolomic
analytical platforms, namely, nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry (MS), are commonly employed. Although NMR is relatively less sensitive
than MS, it offers numerous benefits to the metabolomics field since it is highly reproducible
and quantitative, non-selective and non-destructive, does not require sample preparation
or separation, and enables the identification of unknown metabolites in complex biolog-
ical mixtures [101]. On the contrary, MS is a highly sensitive technique able to detect
thousands of metabolites, prior to separation using liquid or gas chromatography (LC
or GC, respectively) [102]. Overall, both of the two metabolomics platforms, in com-
bination with powerful chemometric software for multivariate data analysis, which is
necessary to deconvolute the huge amount of data produced following a metabolomic
experiment [100,103], allow the simultaneous determination and comparison of a wide
range of metabolites, offering numerous advantages to clarify the organism-environment
interactions [35,36,43,104-113]. A description of the effects of PS MNPs at metabolomic
level in fishes and aquatic invertebrates is reported in Table 3.

Table 3. Table summarizing the effects of PS MNPs at metabolite level evaluated by metabolomics in
fishes and aquatic invertebrates.

FISHES
PS MNPs Concentration Time of Organ/Tissue .
Method Used Size Tested Exposure Target Life Stage Effect References
Changes in
36 metabolites. 1 proline,
propylene glycol,
alanine, glutamine,
TH NMR 5 um 50 and 500 pg/L 21d Intestine (5 i‘iﬁ‘s) ciﬁﬁe 2;1;2(})‘;‘1‘; [31]

TMAGO; | lysine,
phenylalanine, tyrosine,
linoleic acid, palmitic
acid, triglycerides.
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Table 3. Cont.

FISHES

Method Used

Organism
Tested

PS MNPs
Size

Concentration
Tested

Time of Organ/Tissue

Exposure Target Life Stage

Effect

References

GC-MS

Danio rerio
(zebrafish)

100 nm

250 and
2 x 10* items of PS
MNPs in 50 mL

Whole

. Embryo
organism

72 hpf

Changes in
508 metabolites.
Disorders in
unsaturated fatty acids,
linoleic acid, taurine,
hypotaurine, nicotinate,
nicotinamide, alanine,
aspartate, glutamate.

[22]

GC-MS

Danio rerio
(zebrafish)

5-50 um

100 and 1000 pg/L

7d thle Embryo
organism

Changes in 78 (5 pm)
and 121 (50 um)
metabolites. Disorders
in carbohydrates, fatty
acids, amino acids,
nucleic acids and others.

[114]

LC-MS/MS

Danio rerio
(zebrafish)
Perca
fluviatilis
(perch)

5-12 um

1,50 e 100 mg

Gills and

i Adult
wer

21d

Changes in
33 metabolites.
Zebrafish gills:
| phenylalanine,
carnitine, proline,
salicylic and lactic acid,
choline.
Perch gills:
1 phenylalanine,
salicylic acid;
| acetyl-carnitine,
alanine, glutamic and
pyruvic acid.
Zebrafish liver:
1 adenine, adenosine,
glutamine;
| hypoxanthine, uridine,
deoxyadenosine, valine,
arginine, phenylalanine,
asparagine, proline.
Perch liver: 1 arginine,
succinic acid, adenosine;
| hypoxanthine,
oxoglutaric acid,
citrulline, creatinine,
adenine

[115]

LC-MS

Gobiocypris
rarus
(rare

minnow)

1 pm

200 ug/L

Subadult

4w Liver (3 months)

Changes in
41 metabolites.

T glyceraldehyde;

cytosine, glucose,

fructose, mannose;

| mannitol 1-phosphate,
acetyl-phenylalanine,

mannonate

[116]

UPLC-Q-
TOF-MS

Oreochromis
mossambicus
(tilapia)

100 nm

20 mg/L and
recovery

Whole

. Larvae
organism

7d

Changes in
203 metabolites.
Disorders in fatty acyls,
carboxylic acids and
their derivatives,
organooxygen
compounds, keto acids
and their derivatives.

[117]

LC-MS

Oreochromis
niloticus
(red tilapia)

0.3,5 and
70-90 pm

100 ng/L

14d Liver Adult

Changes in 31 (0.3 pm),
40 (5 pm) and 23
(70-90 pum) metabolites.
Disorders in amino
acids, fatty acids,
glycerophospho-
ethanolamines,
glycerophosphoserines,
glycerophospho-
cholines, purine
nucleosides,
eicosanoids.

[118]
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FISHES
Organism PS MNPs Concentration Time of Organ/Tissue .
Method Used Tested Size Tested Exposure Target Life Stage Effect References
Changes in
9 metabolites. 1 glucose,
Oryzias lactate, alanine,
1 javanicus 100, 500 and glutamate, glucoronate,
HNMR (Javanese 5 pum 1000 pg/L 21d Gut Adult valine, [119]
medaka) anserine,
2-hydroxyvalerate,
creatine.
Changes in
83 metabolites.
Oryzias 1 disaccharides,
melas%igmas 10 and Adult trisaccharides, fatty
GC-MS ¢ 10 mg/L 60 d Liver acids, fatty acid methyl [120]
(marine 200 pm (8 months) d ethyl .
medaka) and ethy! estejrs,
J monosaccharides,
organic acids, amino
acid.
Changes in
345 metabolites.
Disorders in essential
amino acids, omega-3
Sebastes fatty acids, intermediate
LCMS/Ms  Schtegelit 5 pm and 023 mg/L 15d Liver Juvenile products of glucose [121]
(marine 100 nm ’ & metabolism and TCA
jacopever) intermediates.
1} gluconic acid,
cis-aconitate, malic acid,
tyrosine, targinine,
glycerol phospholipid
1x 106 Changes in 37 (B) and
Xiphophorus microspheres /L. (B) 103 (C) metabolites.
LC-MS helleri 1 um ¢ ospa: des 72h Liver Adult 1 3-hydroxyanthranilic [122]
(swordtail 1% 107 (3 months) acid, histidine, citrulline,
fish) . h /L) linoleic acid,
microspheres pantothenate, xanthine.
AQUATIC INVERTEBRATES
Changes in
22 metabolites.
Crassostrea 1 asparagipe,
gigas 6 and 1 . . phenylalanine,
LC-MS/MS (Pacific 50/60 pm 1 x 10* particles/L 14d Gills Adult glutathione, [123]
oyster) M glucose-6-phosphate,
Y carbohydrates, lactose,
mannose; | N-palmitoyl
taurine, fatty acids.
Changes in
15 metabolites.
Tlalanir\e, asFaragi.ne,
glutamate, glutamine,
Daphnia (P?IGE ) Whol isoleucine, leucine,
'HNMR magna 2 32 ug/L 37d o Adult lysine, phenyl alanine, [124]
62 nm organism - f
(water flea) (PS-COOH) tyrosine, valine, lactate,
methionine sulfoxide;
1 glucose, glycogen,
nucleic acids,
isopropanol.
Changes in
119 metabolites. 1 amino
. acids and dipeptides,
Litopenacuis e.g., taurine, aspartic
LC-MS/MS :Viﬁ?:e rln:l 2 pm 0.02to 1 mg/L 72h Hepatopancreas Post-larvae acid and alanine; [125]
shrim )g 1 glyceraldehyde and
p fatty acids, e.g.,

3-methyladipic acid and
leucinic acid.
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AQUATIC INVERTEBRATES
Organism PS MNPs Concentration Time of Organ/Tissue .
Method Used Tested Size Tested Exposure Target Life Stage Effect References
Changes in 10 (in gills)
and 18 (in
hepotopancreas)
metabolites. Gills:
Tacetoacetate,
ATP/ADP, mytilitol,
betaine, taurine,
homarine; | alanine,
Mytilus gallo- glycine, succinate,
provincialis Gills and acetylcholine.
'HNMR . 3 um 50 particles/mL 72h Hepatopancreas: [32,36]
(Mediterranean hepatopancreas isoleucine. letci
mussel) 1 isoleucine, leucine,

valine, alanine,
dimethylglycine,
tyrosine, lactate,
glycogen, glucose,
betaine, taurine,
homarine, glutathione;
1 glycine, acetoacetate,
succinate, malonate,
hypotaurine.

1@ increase; |: reduction; hpf: hours post-fertilization; h: hours; d: days; w: weeks; 1H NMR: proton Nuclear
Magnetic Resonance; GC-MS: Gas Chromatography-Mass Spectrometry; LC-MS/MS: Liquid Chromatography-
Tandem Mass Spectrometry; UPLC-Q-TOF: Ultra-high Performance Liquid Chromatography with Quadrupole
Time-of-Flight; TMAQO: trimethylamine N-oxide; TCA: tricarboxylic acids.

2.3.1. Effects of PS MNPs on the Metabolome of Fishes

As depicted in Figure 2, it is interesting to note that 45.83% of the selected studies
concern the use of metabolomic to evaluate the mechanism of toxicity of PS MNPs in fishes.
Many of these studies have examined metabolite changes following exposure to PS MNPs
using the zebrafish as a model organism due to its small size, high fecundity, and well-
annotated genome [72]. The adult zebrafish Danio rerio experimentally exposed to 50 pg/L
and 500 pg/L of 5 um PS MPs for 21 days exhibited gut damage with important alterations
related to metabolites involved in oxidative stress, inflammation, and lipid metabolism [31].
Kaloyianni and colleagues [115] also observed significant metabolic alterations in the gills
and liver of adult zebrafish D. rerio and perch Perca fluviatilis exposed to PS MPs (5-12 um
in size) for 21 days. The interaction between PS MPs and cellular components caused
changes mainly in amino acid, nitrogen, and energy metabolism, highlighting species-
and tissue-specific toxicity, with the perch more sensitive to PS MPs than D. rerio, and
gills more liable to respond to MP insult than liver [115]. Notably, differential metabolic
pathways seem to be altered by PS MNP challenge more in fish embryo-larval stages
than adult. Duan and collaborators [22] studied the effects of PS MNPs on the chorion
of D. rerio embryos using GC-MS, which was able to identify a total of 508 metabolites. This
study confirmed the high affinity of embryonic chorions to PS particles, which induced
development toxicity via alteration in the metabolic pathways related to the antioxidant
system and to biosynthesis of unsaturated fatty acid, linoleic acid metabolism, and alanine,
as well as aspartate and glutamate metabolism [22]. Thus, it was demonstrated that
although embryonic chorions may efficiently block the entry of MNPs, these can still
affect the early development of aquatic organisms. Similarly, Wan and colleagues [114]
observed the alteration of 121 metabolites involved in differential metabolic pathways
in D. rerio larvae exposed to 100 and 1000 ug/L fluorescent and virgin PS MPs having
diameters of 5 and 50 um [114]. Specifically, it was documented that PS MPs provoked
damage in the main energy-related metabolic processes, resulting in depletion of energy
reserves and locomotor defects, as well as disorders in the metabolism of nucleic acids and
glycolipid metabolism, and induction of oxidative stress and inflammatory and neurotoxic
responses, thus suggesting that the potential risks of PS MNPs to aquatic organisms should
not be ignored.
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A more recent study of rare minnows (Gobiocypris rarus) exposed to 1 um PS MPs at a
concentration of 200 pg/L documented various sublethal effects at hepatic levels after four
weeks of exposure. In particular, metabolomic analyses revealed alterations in pathways
involved in the metabolism of glycolipids, amino acids, and nucleotides, demonstrating
that the exposure to PS MPs can induce immune reaction, oxidative stress, and disorders in
energy and glycolipid metabolism [116].

Besides the evaluation of the effects of PS MNPs, a recent study conducted on the
tilapia Oreochromis niloticus also aimed to assess the recovery ability of fish by application
of metabolomics. In detail, in the study conducted by Pang et al. [117], tilapia larvae
were first exposed to 100 nm PS NPs (20 mg/L) for seven days and then returned to
freshwater without PS NPs for an additional seven days to establish the toxic impact of
PS NPs at the metabolite level. A total of 203 significantly changed metabolites were
identified between the control, PS NP treatment, and recovery groups, indicating that PS
NPs triggered disorders in glycolipid, energy, and amino acid metabolism in tilapia larvae
after short-term exposure. Notably, metabolomic results also revealed a persistent impact
of PS NPs in tilapia that can hardly be eliminated though the recovery period. The adult
red tilapia was selected as a model organism by Ding and colleagues [118] to assess the
hazardous effects of PS MNPs of three sizes (0.3, 5, and 70-90 um) at the hepatic level. After
14 days of exposure, PS MNPs produced 31, 40, and 23 significantly differentially expressed
metabolites, respectively, in which the tyrosine metabolism pathway was significantly
affected by all three sizes [118], therefore revealing that toxicity of PS MNPs may not
exhibit a simply negative correlation with their sizes. Similar effects were also recorded
in the liver of another vertebrate model organism, the swordtail fish Xiphophorus helleri,
after acute exposure to 1 um PS MPs for 72 h. Specifically, using LC-MS metabolomics,
important alterations were observed at the level of beta-alanine metabolism, amino acid
biosynthesis, linoleic acid metabolism, and aminoacyl-tRNA biosynthesis. These findings
revealed disorders in differential metabolic pathways, including oxidative stress, immune
function, energy metabolism, sugar metabolism, lipid metabolism, molecule transport, and
animal growth [122], further highlighting the urgent need to pay attention to the potential
risks of MNPs on aquatic organisms. Similar findings were also reported at the fish hepatic
level by Sun and colleagues following exposure of the marine jacopever to PS MNPs at
0.23 mg/L [121]. Significant changes were found in 345 metabolites by application of
LC-MS/MS, including essential amino acids, omega-3 fatty acids, intermediate products
of glucose metabolism, and the tricarboxylic acid (TCA) cycle, therefore interfering with
liver metabolism of proteins, fatty acids, glycerol phospholipids, and carbohydrates, with
serious implications also for the quality and safety of seafood [121].

Another species commonly used as a model organism is the marine medaka
O. melastigma. The metabolomic approach based on GC/MS was recently applied to this fish
species to evaluate the metabolic disorders triggered in liver by exposure to 10 pm and/or
200 pm PS MPs [120]. Indeed, Ye and collaborators documented that PS MPs provoked
the alteration of 83 metabolites, resulting in the inhibition of monosaccharide metabolism,
TCA cycle, glycolysis, pentose phosphate pathway, and amino acid metabolism, as well
as the accumulation of fatty acids, and fatty acid methyl and ethyl esters. Furthermore,
different effects on the hepatic metabolism were observed depending on the size of MPs,
with the greater impact induced by the smaller PS MP size than 200 um PS MPs [120].
Similar effects were also reported in the gut of the Javanese medaka O. javanicus exposed to
5 um beads of PS MP suspensions at concentrations of 100 nug/L, 500 pug/L, and 1000 ng/L
for a period of 21 days. In fact, the intestinal metabolic profile revealed an upregulation of
nine metabolites related to energy metabolism, via the TCA cycle, creatine pathway, and
urea cycle, therefore highlighting the potential health risks of MP toxicity for animals and,
possibly, humans [119].
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2.3.2. Effects of PS MNPs on the Metabolome of Aquatic Invertebrates

In the field of ecotoxicology, invertebrate organisms such as the bivalve M. galloprovin-
cialis have proven to be the most suitable organisms for biomonitoring of aquatic environ-
ments, becoming good indicators for their natural habitat. In fact, mussels have also been
used as promising model species for the assessment of the risks of a short-term exposure
(up to 72 h) to 3 um red PS MPs (50 particles/mL), owing to their ability to ingest MPs by
filter feeding and to their commercial relevance, using 'H NMR-based metabolomics [32,36].
In two distinct mussel organs, namely the hepatopancreas [32] and gills [36], metabolomic
data highlighted that PS MPs caused fluctuations in metabolites associated with disorders in
amino acid metabolism and disturbances in osmoregulatory processes. Moreover, specific
alterations in the cholinergic nervous system were also observed exclusively in the gills, in
addition to the onset of oxidative stress and alterations in energy metabolism [36]. These
findings therefore highlight the early time- and tissue-dependent mechanisms of toxicity of
PS MPs in mussels, underlining the potential risks for the environment and human health
posed by MP contamination.

The effects of PS MPs were also evaluated on another invertebrate organism, the
shrimp L. vannamei, exposed to a range of microplastics from 0.02 to 1 mg/L, using the
LC-MS/MS metabolomic approach [125]. Exposure to PS MPs caused evident metabolic
alterations in the hepatopancreas of L. vannamei, depending on PS MP concentrations.
Overall, metabolic pathway analysis conducted in this study revelaed that PS MP exposure
interfered with hepatopancreatic metabolism of crustaceans, even at a very low exposure
level, mainly affecting glycolysis, lipolysis, and amino acid metabolism [125]. Furthermore,
evidence was reported about the potential of PS MPs to alter the energy metabolism and
osmotic adjustment pathway in the gills of Pacific oyster C. gigas exposed to 1 x 10*/L
spherical PS MPs of different sizes (small PS MPs 6 um, large PS MPs 0-60 pm) under three
salinity levels (21, 26, and 31 practical salinity units (psu)) for 14 days [123]. In detail, it
was reported that oysters exposed to MPs were not able to effectively counteract oxidative
stress, and overall they exhibited a higher resistance to combined exposure of low salinity
and MPs. Therefore, these findings highlight the necessity to take into consideration the
potential of environmental factors to influence the toxic effects of MPs on aquatic organisms.

To the best of our knowledge, only one study has dealt with the effects of PS MNPs at
the metabolic level in a freshwater invertebrate to date. Kelpsiene and collaborators [124]
applied metabolomics using "H NMR to characterize the metabolic changes in D. magna
following long-term (37 days) chronic exposure to low concentrations of positively (PS-NH;)
and negatively (PS-COOH) charged PS NPs up to concentrations of 3.2 pg/L. Surprisingly,
the positively and negatively charged particles induced similar metabolic changes, which
were also largely independent of particle concentration, resulting mainly in alterations in
amino acids and the isopropanol metabolite [124]. Therefore, these data suggest that surface
charges of PS NPs do not affect the metabolome differently, which is important given that
PS-COOH NPs were shown to be non-toxic after acute exposure [121]. Interestingly, this
study also reported that daphnid metabolism was affected by PS NPs after two days of
exposure, and that the effects remained throughout the entire chronic exposure, an issue
that surely deserves to be addressed for a broader understanding of PS MNP toxicity to
aquatic organisms.

3. Conclusions and Future Perspectives

In recent years, a wide interest has arisen within the scientific community regarding
MNPs and the mechanism of toxicity responsible for their extensively studied sublethal
effects on aquatic organisms. With this aim, -omics approaches have facilitated this work,
providing an important contribution to the aquatic ecotoxicologists to understand the
molecular and biochemical responses of aquatic organisms exposed to MNPs. This re-
view focuses on the recent advances related to the use of transcriptomics, proteomics,
and metabolomics to unveil the mechanisms of toxicity of pristine PS MNPs on aquatic
organisms, both freshwater and marine fishes and invertebrates. All the studies taken
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into consideration revealed that PS MNPs of different sizes can alter similar pathways
related to energy metabolism (e.g., lipid, carbon, and amino acid metabolism), oxidative
stress, immune response, and the nervous system both in fishes and aquatic invertebrates,
and that these can be linked to the alteration in widely studied lethal /sublethal endpoints
(e.g., reproduction, development, growth, mortality, nervous system, and metabolism dis-
orders) at population level. Despite the validity and utility of the -omics techniques, the use
of a single holistic approach to study the effects of PS MNPs can have some limitations since
only one level of the biological organization will be taken into consideration. In particular,
transcriptomics, which is the most widely used, can reveal the pathways that are disturbed
by PS MNPs, but if performed solely, it can be difficult to interpret the meaning of the
obtained results since the change in gene expression may not always reflect a physiological
or morphological effect. Proteomic studies are useful to gain a complete understanding
of the effect on contaminants at the molecular level, but the identification of proteins re-
mains difficult in a species without a sequenced genome. This contrasts with the case of
metabolomics, which gives information about the actual occurrence of a cellular process
since it is the result of transcriptional and translational events. Information from this -omic
technique can therefore report the actual functional status of the organisms, which could
be more easily related to the phenotype. It is necessary to state that, although there are nu-
merous advantages in using these holistic techniques for research purposes, there are also
some limitations that are mainly related to the costs of equipment and to the fact that these
approaches may be considered relatively time consuming in respect to traditional methods.
However, it is evident that high-throughput -omics approaches enable the measurement
of molecular changes at different levels of an organism’s biological organization in a very
comprehensive manner, and thus provide a unique and precious contribution in the field
of ecotoxicology to comprehend globally the impact of stressors on aquatic biota. Overall,
future studies should therefore take into consideration the use of a multi-omics approach,
since only the integration of holistic methods can significantly deepen the understanding
of the mechanisms involved in the toxicity of stressors, including MNPs.
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