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ABSTRACT

In the modern society, plastic has achieved a crucial status in a myriad of applications because of its favourable
properties. Despite the societal benefits, plastic has become a growing global concern due to it is persistence and
bioavailability as microplastics (MPs) to aquatic biota. In order to provide mechanistic insights into the early
toxicity effects of MPs on aquatic invertebrates, a short-term (up to 72 h) exposure to 3 um red polystyrene MPs
(50 particles/mL) was conducted on marine mussels Mytilus galloprovincialis, selected as model organism for their
ability to ingest MPs and their commercial relevance. The use of protonic Nuclear Magnetic Resonance (‘*H
NMR)-based metabolomics, combined with chemometrics, enabled a comprehensive exploration at fixed expo-
sure time-points (T24, T48, T72) of the impact of MPs accumulated in mussel digestive glands, chosen as the
major site for pollutants storage and detoxification processes. In detail, 'H NMR metabolic fingerprints of MP-
treated mussels were clearly separated from control and grouped for experimental time-points by a Principal
Component Analysis (PCA). Numerous metabolites, including amino acids, osmolytes, metabolites involved in
energy metabolism, and antioxidants, participating in various metabolic pathways significantly changed over
time in MP-exposed mussel digestive glands related to control, reflecting also the fluctuations in MPs accumu-
lation and pointing out the occurrence of disorders in amino acid metabolism, osmotic equilibrium, antioxidant
defense system and energy metabolism. Overall, the present work provides the first insights into the early
mechanisms of toxicity of polystyrene MPs in marine invertebrates.

1. Introduction

particularly to indiscriminate feeders at the bottom of food webs (Vroom
et al., 2017). Therefore, the size of MPs makes them bioavailable,

In the modern society, plastic has achieved a crucial status with
extensive use in a myriad of applications because of its favourable
properties (Avio et al., 2017). Whilst the societal advantages of plastics
are undeniable (Kramm and Volker, 2018), it is an emerging environ-
mental issue as plastic debris, subjected to a gradual degradation till
giving rise to microplastics (MPs, < 5 mm), is persistent and ubiqui-
tously present in seas and oceans worldwide (Barnes et al., 2009). It is of
growing scientific concern that MPs pose a serious threat to the aquatic
environments and marine biota. Indeed, since MPs size overlaps with the
size of planktonic organisms and sediments, these microplastic frag-
ments are potentially bioavailable to a wide range of organisms,
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facilitating their entry into the food chain at various trophic levels and
their bioaccumulation (Oliveri Conti et al., 2020; Zuccarello et al.,
2019a, 2019b). Many lower trophic organisms have a reduced ability to
differentiate between plastic particulate matter and food and, therefore,
may capture and ingest anything of proper size. In turn, higher trophic
planktivores could passively ingest MPs through normal feeding
behaviour or mistake plastic fragments for natural prey. As a matter of
fact, MP ingestion has been reported in numerous taxa including
plankton (Vroom et al., 2017), bivalves (Van Cauwenberghe et al.,
2015), crustaceans (Devriese et al., 2015), echinoderms (Courtene--
Jones et al., 2017), fishes (Bellas et al., 2016), elasmobranchs (Alomar
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and Deudero, 2017), and cetaceans (Zhu et al., 2019). Recently, some
studies demonstrated also experimentally the trophic transfer of MPs
between trophic levels following ingestion (Batel et al, 2016;
Gonzalez-Soto et al., 2019), which may result in serious implications for
predators, including humans (Rochman et al., 2015).

Once accumulated into organisms, plastics may exert deleterious
effects depending on their shape/size, in term of physical harm i.e. in-
ternal abrasions, blockage of feeding appendages or intestinal or
digestive tract, or cause false satiation resulting in reduced food intake
(Avio et al., 2017), that may lead to inhibited growth and development
and increased mortality, with negative repercussions on the population
fitness (Avio et al., 2017, 2015; de Sa et al., 2018, 2015). Among filter
feeders, mussels have been extensively used as bioindicator species in
programs of environmental monitoring and studies of ecotoxicology to
evaluate the impact of contaminants (Caricato et al., 2019; Gornati
et al., 2019; Maisano et al., 2017; Wu et al., 2016), including also MPs
(Li et al., 2019). Overall, a range of ecotoxicological effects attributable
to MP exposure has been documented so far in mussels, and includes
altered immune response (Pittura et al., 2018), oxidative stress (Paul--
Pont et al., 2016), neurotransmission dysfunction (Avio et al., 2015),
and increase in granulocytoma formation (Von Moos et al., 2012).
However, mostly of the published papers to date reported the adverse
effects induced by MPs in mussels after one week or longer period of
exposure, whereas the early (within three days) mechanistic pathways
involved in MP toxicity have, to our knowledge, not yet been reported.

Proton nuclear magnetic resonance (1H NMR) metabolomics has
been implemented with success in the field of environmental research
and aquatic ecotoxicology (Cappello, 2020) since it allows in-depth
investigation into the interactions between organisms and the environ-
ment and simultaneous identification of changes in different metabolic
pathways upon exposure to pollutants (Bembenek-Bailey et al., 2019;
Cappello et al., 2016, 2018a; Vignet et al., 2019). To the best of our
knowledge, to date only very few studies used the NMR-based metab-
olomics to unravel the impact of MPs on aquatic biota, and solely on
zebrafish (Lu et al., 2016; Qiao et al., 2019).

Therefore, taking into account the urgency to gain a comprehensive
understanding of the metabolic impact of MPs on marine biota, the
present work was designed to explore the early mechanisms (within
three days) of MP toxicity in the Mediterranean mussels Mytilus gallo-
provincialis, selected as model organisms because of their ability to ingest
MPs and also because of their relevance to the issue of seafood safety,
being commonly included in human diet (Rochman et al., 2015). To this
aim, a "H NMR-based metabolomic approach was herein applied for the
first time in order to comprehensively examine the effects of short-term
(up to 72 h) exposure to polystyrene MPs on a daily basis in marine
mussels at metabolite level, with the further objective to reveal any
potential time-dependent metabolic changes as different response
mechanisms to MPs over time. It was chosen to investigate the digestive
gland because it accumulates contaminants and actively takes part in the
xenobiotic metabolism (Cappello et al., 2018b). Polystyrene is one of the
most commonly used plastic polymers, and it has been often found in
plastic debris in marine ecosystems (Barnes et al., 2009).

2. Material and methods
2.1. Mussel acclimation and experimental design

Adult mussels Mytilus galloprovincialis (mean shell length: 6.6 + 0.4
cm) were obtained in June 2017 from a local aquaculture farm (S.A.Co.
M.) located in Messina, southern Italy, and transferred to laboratory
aquaria filled with filtered artificial seawater (ASW) at a salinity of 35
PSU (Practical Salinity Unit), under continuous aeration. For acclima-
tion, mussels were maintained for two weeks at stable temperature of 18
+ 1 °C, pH 7.8 and with a monitored photoperiod of 12: 12 h light: dark
cycle. Water was renewed daily and, after each water renewal, mussels
were fed with a commercial solution of algal mixture (Liquizell, Hobby),
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dosed according to the product specifications. The same controlled
laboratory conditions were also applied to conduct the experimental
exposures (Giannetto et al., 2015, 2017).

After acclimation, mussels were randomly placed into glass aquaria
filled with 10 L filtered ASW (12 individuals per aquaria), and then two
experimental conditions were set up in triplicates: exposure for 72 h to 3
um red polystyrene MPs (Sigma-Aldrich, Italy) at the concentration of 50
particles/mL, and to ASW with no MPs for the control group. The
experimental design was conducted in triplicates, therefore after accli-
mation mussels were distributed into a total of six aquaria, three for each
experimental condition. The size of the unlabeled polystyrene micro-
spheres was chosen taking into account that the size of MPs plays an
important role in the transport and fate of MPs into mussels, as it was
documented in M. edulis that over 60% of 3 ym MPs were found in
heamolymph than larger MPs (9.6 pm) when exposed at their mixed
concentrations (Browne et al., 2008). Selected concentrations of MPs
were previously used to assess MP uptake and biological effects in
mussels (Browne et al., 2008), and were chosen in order to approach
realistic environmental concentrations in laboratory exposures (Vroom
et al., 2017). During the short-term exposure, MPs were provided to
mussels together with algae, and aeration was used to keep both plastics
and algae in suspension. Water was changed daily in each aquaria and
MP re-dosed. No mortality was observed during the experimental trial,
and organisms did not spawn. Mussels (n = 9 per condition) were
collected immediately before their randomly distribution into aquaria
(TO), and then daily during the 72 h short-term exposure to MPs (T24,
T48, T72). Mussel digestive glands were rapidly excised, flash-frozen in
liquid nitrogen, and then stored at — 80 °C prior to further analysis.

2.2. Characterization of polystyrene MPs and tissue accumulation

The red polystyrene MPs used in this study were purchased from
Sigma-Aldrich (Italy). All MPs were spherical, with the particle size of 3
um and density of 1.05 g/cm®, and no plasticizers have been added
during their production according to the manufacturer indications. The
MPs size of 3 um was further confirmed by optical microscopy (Phase -
Contrast Nikon Eclipse E400) and no aggregation of particles was
observed, neither in the solution media nor into mussel digestive gland
tissues, as showed in Fig. S1 (supported by Ribeiro et al., 2017).

The same optical microscope was also used to assess the number of
MPs within mussel specimens. Quantification of MPs in digestive glands
was achieved by direct MPs counting under the light microscope to ph2
of fresh samples at 20x. Data were then transformed as MPs/mg of
mussel digestive glands for the presentation of results.

2.3. 'H NMR-based metabolomics

2.3.1. Extraction of tissue metabolites

Polar metabolites were extracted from digestive glands of single
mussels (n = 9 per each experimental group, after collection of 3 mussels
per replicate aquarium at each selected time-point) by applying a “two-
step” methanol/chloroform/water protocol, as reported previously
(Cappello et al., 2018b). In brief, 100 mg sub-sample of single mussel
tissue were homogenized in ice-cold solvent (methanol: water = 4: 0.85
mL/g) using a TissueLyser LT bead mill (Qiagen) with stainless steel
beads (3.2 mm), operating at 50 vibrations/s for 10 min. Homogenates
were put into glass vials with 4 mL/g chloroform and 2 mL/g water, and
then vortexed, kept on ice for 10 min for partitioning between polar and
non-polar layers, and then centrifuged at 2000g at 4 °C for 5 min. The
supernatant phase with hydrophilic metabolites (600 pL) was dried in a
centrifugal vacuum concentrator (Eppendorf 5301) and kept at —80 °C.
Before the NMR analysis, the polar fractions were resuspended in a 0.1
M sodium phosphate buffer (600 uL; pH 7.0, 10% D>0O; Armar AG,
Dottingen, Switzerland) with 1 mM 2,2-dimethyl-2-silapentane-5-sulfo-
nate (DSS) (Sigma-Aldrich Co) as internal reference, and transferred into
a 5 mm diameter NMR tube.
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2.3.2. 'H NMR metabolomics and spectral pre-processing

Polar extracts of mussel digestive glands were examined using a
Varian-500 NMR spectrometer working at a spectral frequency of
499.74 MHz at 298 K. To obtain one-dimensional (1-D) 'H NMR spectra,
a PRESAT pulse sequence was applied to suppress the resonance of
water, with a 6 kHz spectral width and a 2.0 s relaxation delay. Tran-
sients (n = 128) were collected into 16,384 data points and all data sets
were zero filled to 32,768 data points, with application of 0.5 Hz
exponential line-broadenings prior to Fourier transformation. Phasing,
baseline-correction, and calibration (DSS at 0.0 ppm) of all 1H NMR
spectra were performed manually by Chenomx Processor (Chenomx
NMR Suite version 5.1; Chenomx Inc., Edmonton, Canada) software. The
metabolite resonances were identified according to known chemical
shifts and peak multiplicities, using public databases and in conjunction
with the Chenomx 500-MHz library database. The latter was also uti-
lized to quantify the metabolites as it uses the concentration of a known
DSS signal to define the levels of individual metabolites (Cappello et al.,
2019, 2017c; Maisano et al., 2017).

After converting all 1-D 'H NMR spectra to a data matrix by Che-
nomx Profiler, also included into the Chenomx NMR Suite software,
each spectrum was subdivided into chemical shift buckets of 0.005 ppm
width within 0.8 and 8.8 ppm, from which the regions between 4.5 and
5.1 ppm were removed to prevent any spurious interference of the re-
sidual water resonances in the subsequent multivariate statistical anal-
ysis. Moreover, in order to facilitate spectra comparison, the integrated
spectral area of the remaining bins was normalized to the total inte-
grated area of spectra. Data were mean-centered prior to carry out
multivariable analyses.

2.4. Data statistical analysis

Data from accumulation of MPs in mussel digestive glands were
subjected to one-way analysis of variance (ANOVA) followed by Tukey’s
multiple post-hoc comparisons to test for significance amongst different
exposure groups or between single exposure and control conditions, by
using the Graph Pad software (Instat, La Jolla, CA, US). The Principal
Components Analysis (PCA), an unsupervised chemometric technique,
was applied by MATLAB to reduce the dimensionality of metabolomic
data and to distinguish among control and MP-exposed mussel groups
on the exposure time-points. PCA allows multivariate NMR data to be
visualized in a score plot, clustering together the samples with a similar
metabolic profile. Metabolites responsible for group separation were
identified using the corresponding loading plot. Metabolite changes
were then calculated via the peak area ratio between the averages of the
exposure and control groups. Univariate statistical analysis was also
performed by using the Graph Pad software. All NMR data were statis-
tically analysed by ANOVA, applying the Dunnett’s post-test to deter-
mine the effects on time of single treatment groups compared to
controls. The threshold for significance was p < 0.05, recognized as the
criterion of statistical significance. No statistically significant differences
were found among the control metabolite sets over time.

3. Results
3.1. MPs accumulation in mussel digestive glands

The amount of 3 um polystyrene MPs accumulated into mussel
digestive glands at the selected time-points is reported in Fig. 1. The
highest number of MPs was observed in mussels after 24 h of exposure. A
drastic reduction in the amount of MPs was found in mussels exposed for
48 h, whereas at T72 the number of MPs accumulated in mussel diges-
tive glands increased in respect to that observed at T48. As expected, no
MPs were detected in the digestive glands of mussels from control
groups. Also, the median values of MPs accumulated in exposed mussels
were all significantly (p < 0.05) higher that those of controls.
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Fig. 1. Accumulation of MPs in mussel digestive glands (MPs/g, expressed as
means +SD; n = 6) at the selected time-points. Asterisks indicate statistically
significant differences relative to control and among groups (Tukey’s
test; *p < 0.05).

3.2. 'H NMR metabolic profile of mussel digestive gland extracts

A representative 1-D 'H NMR spectrum of digestive gland tissue
extracts of mussels from the control group is depicted in Fig. S2.
Numerous metabolites were identified, but all spectra were found to be
dominated by taurine (3.25 and 3.41 ppm) and betaine (3.25 and
3.89 ppm), which were ca. 76 and 72 times higher in intensity than
other metabolites, respectively. Other major classes of compounds
included amino acids (e.g. glycine, alanine), osmolytes (e.g. hypo-
taurine), metabolites involved in the energy metabolism (e.g. glucose,
glycogen), and tricarboxylic acid cycle intermediates (e.g. malonate).

3.3. Pattern recognition analysis of 'H NMR spectra

With the aim to assess group-wise differences among control and
experimental MP-exposed mussel groups at each selected time-point, the
multivariate statistics PCA was applied to all digestive gland samples,
each represented by its whole NMR metabolite profile. The PCA scores
plot of the 'H NMR metabolic fingerprints of mussel digestive glands,
depicted in Fig. 2, displays a clear clustering between mussels from the
control groups and those exposed to polystyrene MPs along the PC2 axis
(explaining 16% of variance), therefore indicating a distinct metab-
olome among the two experimental conditions. It is worthy to note that
the metabolic profiles of mussels from control were comparable to each
other over time since they overlapped at all the experimental time-
points, thus suggesting that all control samples shared a very similar
metabolome. Conversely, a distinct time-dependent metabolome was
observed for MP-exposed mussel groups, which demonstrated a clear
separation from each other, besides from controls.

The corresponding PC2 loading plot, shown in Fig. 3, was therefore
analyzed in order to identify all the metabolites responsible for the
observed grouping, which were then referred to as “metabolite bio-
markers” because found to change following MP-exposure in respect to
control group. Moreover, the direction of the changes of these metabo-
lites was also detected. In detail, peaks with negative loadings represent
metabolites with higher concentrations in MP-exposed mussels in
respect to control, while positive loadings correspond to metabolites
whose level is reduced in mussels treated with MPs than control. The
analysis of the PC2 loading plot, combined with univariate statistics
applied to one metabolite at a time, revealed that overall the metabolic
profiles of the digestive glands of mussels exposed to MPs were mainly
characterized by significantly elevated concentrations of branched-
chain amino acids (BCAAs: isoleucine, leucine, valine), alanine, tyro-
sine, lactate, glycogen, glucose, betaine, taurine, homarine and gluta-
thione, together with significantly decreased levels of dimethylglycine,
glycine, acetoacetate, succinate, malonate, and hypotaurine.
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Fig. 2. Principal Components Analysis (PCA) of H NMR spectra of digestive gland extracts (n = 9 per each group) showing separation (PC1 vs. PC2) between
mussels from control group (circle) and exposed to MPs (triangle), at TO (white), T24 (light grey), T48 (dark grey), and T72 (black) time-points.

3.4. Changing trend for key metabolites with time

From the PCA sore plot shown in Fig. 2, it is evident that the MP-
exposed mussels, besides being all clearly separated from controls
along the PC2, were also clearly grouped according to their time of
exposure, therefore demonstrating to have distinct time-dependent
metabolic profiles. In order to unravel the differences in the metab-
olome among mussel digestive glands collected at TO, T24, T48 and T72,
a quantitative analysis of the identified metabolite biomarkers was also
performed. The recorded levels of all metabolites were therefore plotted
against time and grouped into four major classes, namely amino acids
(Fig. 4), metabolites involved in the energy metabolism (Fig. 5), osmo-
lytes and antioxidants (Fig. 6). As the short-term exposure time
increased, the majority of the key metabolites (Figs. 4, 5 and 6)
increased steadily throughout TO to T48, and then slightly decreased at
T72, however showing values almost always higher than those recorded
at T24. Only dimethylglycine (Fig. 4), after a sharp increase from TO to
T48 exhibited a drastic reduction in its concentration at T72, whereas
glycine (Fig. 4) was the solely compound that decreased steadily over
time. In contrast, some other metabolites including acetoacetate, suc-
cinate, malonate (Fig. 5), and hypotaurine (Fig. 6), showed an overall
depletion in their level with a rapid rise detected only at T48. Overall,
the percent change values of the key metabolites measured in the
digestive gland of MP-exposed mussels at all time-points and their
associated p-values are summarized in Table 1, together with their
proton NMR chemical shift and peak shape..

4. Discussion

The aim of the present study was to characterize comprehensively
the early time-dependent metabolic disturbances induced in marine
mussels M. galloprovincialis after short-term (72 h) exposure to 3 pym
polystyrene MPs by using the 'H NMR-based environmental metab-
olomics. This approach has been largely used in ecotoxicological studies
for exploring changes in metabolite abundance and metabolic pathways
in organisms upon exposure to environmental stressors (Cappello,
2020), as well as unravelling the time-dependent relationships between
metabolite changes and physiological perturbations, including con-
taminants exposure (Lin et al., 2006).

After conducting the 72 h experimental trial with mussels challenged
with MPs, the presence of 3 um polystyrene MPs in the digestive gland
tissues of exposed mussels was confirmed at all selected time-points
(T24, T48, T72) in respect to control mussels where no MPs were
found. The uptake and tissue distribution of MPs in filter-feeder bivalves
may occur by two different pathways: at the gill surface, mediated by
microvilli that actively transport MPs by endocytosis, or via ciliae
movement, which transfer MPs to the stomach, intestine and digestive
tubules (Von Moos et al., 2012). Therefore, it is reasonable to hypoth-
esize that in this study polystyrene MPs were taken up by mussels via
mouth, transported to the gastrointestinal tract and internalized by
endocytosis into cells of the digestive system. Worthy of interest, simi-
larly to the data on MPs accumulation herein reported, it was docu-
mented that MPs were quickly taken up and accumulated in mussel
digestive tubules as early as from 3 h from the exposure to nearly 24 h,
to then remain steadily high over 96 h exposure (Von Moos et al., 2012).
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Moreover, in regard to ingestion and translocation of 3 um polystyrene
MPs in mussels, these microspheres may translocate from the gut cavity
to the haemolymph in as little as 3 days (Browne et al., 2008), as sup-
ported by the presence of MPs herein observed in mussel haemolymph
already at T24 (Cappello and Maisano, 2018).

An integrated description of the perturbations induced by 3 pm
polystyrene MPs in the metabolome of mussel digestive glands over a
72 h exposure time was herein successfully delivered by NMR-based
metabolomics. In detail, PCA indicated that mussels challenged with
MPs clustered separately from control, indicating a clear distinction
between their metabolic profiles. Metabolomics highlighted that MPs

caused metabolite fluctuations that were associated with disorders in
amino acids metabolism, disturbances in the osmoregulatory processes,
onset of oxidative stress, and alterations in energy metabolism. Note-
worthy, in regard to MP-exposed mussels it was found a clear grouping
among the different experimental time-points (T24, T48, T72), indi-
cating differences in their metabolome over the exposure time, not in
metabolite composition but in their concentration, with the same
metabolite changes observed as functions of time. Overall, dynamic
variation in the metabolic responses to MPs were highlighted
throughout the exposure period, during which T48 was distinguished as
a turning point since all the metabolites from different classes exhibited
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opposite changes at T72 relative to the initial 48 h of MP-exposure.
The most relevant metabolite alterations observed between MP-
exposed and control groups were those related to amino acids, which
increased steadily from TO to T48, reaching their highest concentrations,
and then slightly decreased at T72, except for dimethylglycine and
glycine that showed a different trend over time. In marine bivalves, free
amino acids constitute a large portion of the metabolome (Henry et al.,

1980), are essential substrates of body proteins and play a crucial role in
regulating protein turnover process. The initial elevated levels of amino
acids, including BCAAs that are essential proteinogenic amino acids,
might result in an enhancement of protein catabolism as an early toxic
response to the MP insult, which may induce the formation of reactive
oxygen species (ROS) provoking protein damage (Prinz and Korez,
2020), or suggest a remarkable increase in the demand for BCAAs to be
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Table 1
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Percent changes in concentrations of metabolites between polystyrene MPs-exposed and control mussels (n = 9) at the selected time-points (Dunnett’s test, *p < 0.05;

s: singlet; d: doublet; t: triplet; dd: doublet of doublets; q: quartet; m: multiplet).

Chemical shift and peak shape, ppm T24 T48 T72
Amino acids
Isoleucine 0.92 (1), 1.00 (d), 1.26 (m), 1.44 (m), 1.96 (m), 3.66 (d) 1 54%* 1 179%* 1 74%*
Leucine 0.94 (d), 0.96 (d), 1.66 (m), 3.71 (t) 1 52% 1 192%* 1 65%*
Valine 0.98 (d), 1.03 (d), 2.25 (m), 3.59 (d) 1 40% 1 187%* 1 96%*
Alanine 1.46 (d), 3.76 (m) 1 128%* 1 249%* 1 135%*
Dimethylglycine 2.92 (s), 3.70 (s) 1121% 1 394%* 1 28%*
Glycine 3.54 (s) 1 14%* 1 31%* 1 42%*
Tyrosine 6.89 (d), 7.19 (d) 1 60% 1 208%* 1 112%*
Energy metabolites
Lactate 1.33 (d), 4.12 (@) 1 56%* 1 189%* 1 119%*
Acetoacetate 2.22 (s), 3.41 (m) 112% 1 16%* 1 21%*
Succinate 2.41 (s) 1 13%* 1 4%* 1 12%*
Malonate 3.13 (s) 1 27% 1 17%* 1 25%*
Glycogen 3.40 (m), 3.60 (m), 3.80 (m), 3.96 (s), 5.40 (s) 1 38%* 1 147%* 1 106%*
Glucose 3.23 (m), 3.40 (m), 3.45 (m), 3.52 (dd), 3.73 (m), 3.82 (m), 3.88 (dd), 4.63 (d), 5.22 (d) 112% 1 118%* 1 50%*
Osmolytes
Hypotaurine 2.64 (1), 3.36 (1) 1 19%* 1 23%* 111%
Betaine 3.25 (s), 3.89 (s) 1 44%* 1 95%* 1 41%*
Taurine 3.25 (s), 3.41 (1) 1 5% 1 73%* 1 30%*
Homarine 4.35 (s), 7.95 (dd), 8.02 (d), 8.53 (dd), 8.71 (d) 1 33% 1 137%* 1 70%*
Antioxidant
Glutathione 2.13 (m), 2.54 (m), 2.97 (dd), 3.75 (m), 4.53 (m) 1 251%* 1 241%* 1 215%*

used as protein substrates. Subsequently, the overall reduction in amino
acid levels observed at T72 may conversely indicate the onset of oppo-
site mechanisms, such as the induction of protein synthesis in order to
repair or replace MP-damaged proteins, as well as to activate cytopro-
tective and defensive responses to counteract MP toxicity. Taking into
consideration the tendency of MPs to accumulate quickly in the diges-
tive tissues at the initial exposure phases to then remain steadily high
over time (Von Moos et al., 2012), the differential toxic mechanisms of
MPs herein hypothesized to occur in mussels as functions of time gain
plausibility. Unfortunately, no studies have addressed the issue of
short-term (72 h) time-dependent effects in mussels in the context of MP
ecotoxicity up to now, as the biological impact due to MPs has been
documented starting from one week of the experimental exposures (Avio
et al., 2015; Gonzalez-Soto et al., 2019; Paul-Pont et al., 2016; Pittura
et al., 2018). Nevertheless, evidences of early signs (after 6 h from
exposure) of altered health status in mussels due to MPs were reported in
digestive tissues with the formation of granulocytomas as an inflam-
matory cellular response (Von Moos et al., 2012). A significant increase
in intracellular ROS level was also described in marine copepods treated
with nano- and micro-sized polystyrene microbeads after 24 h exposure
(Jeong et al., 2017).

In marine molluscs, free amino acids and their catabolites may also
serve as osmolytes to regulate and maintain the intracellular osmotic
balance (Yancey et al., 1982). Surprisingly, the concentration patterns of
amino acids over the exposure time overlapped with those of osmolytes,
except for hypotaurine. Therefore, the noticeably increased levels of
amino acids and osmolytes up to T48, together with their successive
slight depletion recorded at T72, are consistent with perturbations in the
osmoregulatory processes triggered in mussel digestive glands as
adaptive mechanisms to MPs. Alteration in osmotic regulation induced
by other pollutants such as metals, petrochemical compounds or phar-
maceuticals has been previously reported in mussels (Cappello et al.,
2017a, 2017b; Wu et al., 2016). However, to the best of our knowledge,
no studies have so far explored the impact of MPs on osmoregulatory
mechanisms in aquatic biota.

Glycine was the only compound that decreased steadily over time in
MP-exposed mussels relative to control. Glycine is a constituent of
glutathione (GSH), and the plots depicting their concentrations against
time showed an opposite trend of change. The level of GSH, which plays
a prominent role in protective processes against oxidative insult (Lush-
chak, 2011), rose of 250% after 24 h exposure in respect to control, and

then remained constantly high throughout the 72 h experimental trial.
The toxicity of MPs mainly arises from oxidative stress via the genera-
tion of ROS (Prinz and Korez, 2020), whose accumulation subsequently
elicits different biological responses, including the activation of anti-
oxidant defense system. Overall, the time of MP exposure, as well as the
size, amount and type of MPs under examination, play a significant role
in the toxicity mechanisms of MPs. In the present study, the sharp in-
crease in GSH content in response to MPs over the short-term (72 h)
exposure implies that its induction is likely to be an important defense
mechanism against MP-induced oxidative stress in marine mussels.

In digestive glands, which serve also as a site for carbohydrate
storage (Cappello et al., 2018b), alterations over time in the energy
metabolism were also herein highlighted by NMR-based metabolomics
in mussels challenged with MPs relative to control. The augmented
levels of glucose and glycogen, both reaching their highest concentra-
tion at T48, may indicate a gluconeogenesis process occurring within the
first 48 h of MP exposure as a sign that mussels may need more energy to
cope with MP toxicity. Indeed, as the MP-related stress increased, an
opposite change in their levels was recorded at T72 in response to the
implementation of anti-oxidant and detoxification strategies. Evidences
of consumption of energy resources for the activation of defensive
mechanisms towards MP toxicity have been previously documented in
mussels (Avio et al., 2015; Paul-Pont et al., 2016; Van Cauwenberghe
et al., 2015). Additionally, alteration in the levels of lactate, succinate
and malonate, the latter two known to be intermediates of the Krebs
cycle, were also herein detected over the 72 h exposure period, thus
further supporting the dynamic disturbance of energy metabolism in the
digestive glands of mussels challenged with MPs.

5. Conclusions

Overall, the present work provides the first insight into the early
mechanisms of toxicity of 3 pm polystyrene MPs in marine mussels
M. galloprovincialis explored at metabolite level. The results presented
herein confirmed that polystyrene particles of 3 um size can accumulate
in mussel digestive glands after 24 h exposure. Additionally, the NMR-
based environmental metabolomics enabled to characterize compre-
hensively the time-dependent metabolic effects induced by MPs accu-
mulation in mussel digestive glands over a 72 h exposure period. In
detail, dynamic variations in the metabolic responses to MPs were
highlighted throughout the exposure period since a different toxic
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response to the MP-induced stress was revealed at T72 relative to the
initial 48 h of MP-exposure. The metabolic pathways altered by MPs in
mussel digestive glands may be summarized with disorders in amino
acids metabolism, disturbances in the osmoregulatory processes, onset
of oxidative stress, and alterations in energy metabolism. The variations
observed at metabolite levels over the exposure time are adaptive and
defense responses elicited by mussels challenged by the MPs insult that
reflect the fluctuations recorded in the accumulation of MPs within
mussel digestive glands over the short-time exposure. It may be sup-
posed that by haemolymph, MPs can easily reach out the digestive tis-
sues, where MPs accumulate as recorded at T24. The high presence of
MPs induces in mussels processes for detoxification and/or elimination
of MPs. Due to the very small size of the selected MPs (3 um), the
digestive gland is able to counteract very efficiently the presence of MPs
by different adaptive and defense responses, as discussed in detail
above, and in fact a reduced number of MPs was recorded at T48.
Conversely, at T72 the number of MPs slightly increased again because,
even if the digestive gland proceeds to excreting MPs, the amount of MPs
reaching out the digestive tissue is high and constant over time, and
therefore MPs tend to accumulate again in the tissue, inducing different
metabolic responses in mussels, as herein observed. It is therefore
evident a serious perturbation of the physiological functions of mussel
digestive glands upon a short-term exposure to 3 pm polystyrene MPs.
The findings of this study therefore provide novel insights into the early
mechanisms of MPs ecotoxicity in aquatic invertebrates, highlighting
the potential health risk of MPs exposure to aquatic biota.
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