Journal Pre-proof

environmental

The adverse outcomes induced by temperature overcome the effects of pollutants
Will temperature rise change the biochemical alterations induced in Mytilus
galloprovincialis by Cerium oxide nanoparticles and Mercury?

Bianca Morosetti, Rosa Freitas, Eduarda Pereira, Hady Hamza, Madalena Andrade,
Francesca Coppola, Daniela Maggioni, Camilla Della Torre

PILI: S0013-9351(20)30671-X
DOI: https://doi.org/10.1016/j.envres.2020.109778
Reference: YENRS 109778

To appear in:  Environmental Research

Received Date: 22 March 2020
Revised Date: 6 May 2020
Accepted Date: 2 June 2020

Please cite this article as: Morosetti, B., Freitas, R., Pereira, E., Hamza, H., Andrade, M., Coppola, F.,
Maggioni, D., Della Torre, C., The adverse outcomes induced by temperature overcome the effects of
pollutants Will temperature rise change the biochemical alterations induced in Mytilus galloprovincialis
by Cerium oxide nanoparticles and Mercury? Environmental Research, https://doi.org/10.1016/
j-envres.2020.109778.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Elsevier Inc. All rights reserved.



Will temperature rise change the biochemical alterations induced in Mytilus

galloprovincialis by Cerium oxide nanoparticles and Mercury?

Bianca Morosetti*‘, Rosa Freitasa*, Eduarda Pereirab, Hady Hamzad, Madalena Andrade *, Francesca
Coppola®, Daniela Maggioni’, Camilla Della Torre®"

“Departamento de Biologia & CESAM, Universidade de Aveiro, 3810-193 Aveiro, Portugal
bDepartamento de Quimica & REQUIMTE, Universidade de Aveiro, 3810-193 Aveiro, Portugal

¢ Department of Biosciences, University of Milan, Via Celoria 26 20133 Milan, Italy
¢ Department of Chemistry, University of Milan, Via Venezian 20133 Milan, Italy

*corresponding authors:
Camilla Della Torre
Department of Biosciences, University of Milan, Via Celoria 26 20133 Milan, Italy

email: Camilla.dellatorre @unimi.it

Rosa Freitas

Departamento de Biologia & CESAM, Universidade de Aveiro, 3810-193 Aveiro, Portugal

email: rosafreitas @ua.pt




Abstract

It is known that, for marine coastal ecosystems, pollution and global warming are among the most
threatening factors. Among emerging pollutants, nanoparticles (NPs) deserve particular attention as their
possible adverse effects are significantly influenced by environmental factors such as salinity, pH and
temperature, as well as by their ability to interact with other contaminants. In this framework, the present
study aimed to evaluate the potential interactions between CeO, NPs and the toxic classic metal mercury
(Hg), under current and warming conditions. The marine bivalve Mytilus galloprovincialis was used as
biological model and exposed to CeO, NPs and Hg, either alone or in combination, for twenty-eight days at
17 °C and 22 °C. A suite of biomarkers related to energetic metabolism, oxidative stress/damage, redox
balance, and neurotoxicity was applied in exposed and non-exposed (control) mussels. The Hg and CeO,
NPs accumulation was also assessed. Results showed that the exposure to CeO, NPs alone did not induce
toxic effects in M. galloprovincialis. On the contrary, Hg exposure determined a significant loss of energetic
metabolism and a general decrease in biochemical performances. Hg accumulation in mussels was not
modified by the presence of CeO, NPs, while the biochemical alterations induced by Hg alone were partially
canceled upon co-exposure with CeO, NPs. The temperature increase induced loss of metabolic and
biochemical functions and the effects of temperature prevailed on mussels exposed to pollutants acting alone

or combined.
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1. INTRODUCTION

Nanotechnology is one of the most rapidly developing research fields of the 21% century (Aithal et al., 2015).
It involves the study, production, and manipulation of structures, devices, materials or particles with at least
one dimension that falls within the range of 1-100 nm length. The unique physicochemical properties of
nanoparticles (NPs), substantially different from those of the same bulk materials, made them attractive for a
broad range of technological applications and consumer goods(Kotagiri et al., 2015; Shehada et al., 2015).
The massive use of NPs resulted in their release into the environment generating an urgent need to predict
their impacts on natural ecosystems. In particular, the marine ecosystem represents the final sink of the
released NPs in soils and waterways; moreover, it suffers also for the direct release of NPs developed for

marine applications (Corsi et al., 2014).

As a consequence of their high surface-area-to-volume ratio, NPs can adsorb other pollutants, which might
affect their transport and bioavailability in natural systems and, ultimately, their ecotoxicity (Navarro et al.,
2008). The sorption of pollutants onto nano-sized particles was already explored in various studies and
attempts to investigate this interaction recently increased (Canesi et al., 2015; Liu et al., 2018; Naasz et al.,
2018 and citations therein). The joint effects of contaminants and NPs on organisms can be categorized as
synergistic, antagonistic or independent, depending on the type of NPs and the associated contaminant
(Canesi, et al., 2015). Most of the studies investigating the combined effects of NPs and pollutants dealt with
carbon-based NPs (nanotubes, fullerenes) and n-TiO,, whilst fewer studies focused on other metal-based NPs
(Canesi et al., 2015; De Marchi et al., 2019). Notwithstanding, assessing this topic is essential to properly
predict the risk related to the presence of NPs in the environment, since organisms are exposed to complex

mixtures of contaminants in natural conditions.

Among NPs, cerium oxide nanoparticles (CeO, NPs) are largely employed in many industrial applications,
being used as catalysts in diesel fuel oil production, glass polishers, antioxidant agents in biomedicine or as
ultraviolet absorbent (Sun et al., 2012; Truffault et al., 2012). The environmental concentration of CeO, NPs
is expected to be in the range of ng L in surface water, pg L in seawater and pg L' in hotspots as
wastewater treatment plants (Giese et al., 2018; Gottschalk et al., 2015; Keller & Lazareva, 2013). The toxic
effects of CeO, NPs were reported on different marine taxa such as bacteria, algae, bivalves, echinoderms
and fish (Sendra et al., 2018; Canesi et al., 2014; Garcia et al., 2012; Fairbairn et al., 2011; Rodea-Palomares
et al., 2011; Van Hoecke et al., 2009). It was demonstrated that CeO, NPs may target the organism at
different biological scales, inducing oxidative stress and immunomodulation, altering organisms behavior,
reducing growth or development, and increasing lethality (Auguste et al., 2019; Bour et al., 2015; Conway et
al., 2014; Garaud et al., 2015; Koehlé-Divo et al., 2018).

Cerium-based oxides and their composites were also reported to be reliable adsorbents for metal traces
(Duncan & Owens, 2019). Indeed, CeO, NPs have been employed for sorption from water media of many
different cations, such as As’*, As’*, Cr**, Pb**, Cd**, F, Hg", Hg** and U® (Olivera et al., 2018). Although
the potential use of these NPs can be a promising solution for water decontamination, several crucial issues
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should be addressed regarding this application, such as the possible occurrence of unexpected effects due to

the interactions between NPs, including CeO, NPs, and metals.

Among metals, mercury (Hg) ranks in the third position in the priority list of substances that can potentially
threat to human health by ATSRD (2017) due to its persistence in the environment and its propensity to bio-
accumulate in the organism (Jiang et al., 2006). Mercury has been found in coastal ecosystems since decades
ago, derived from many activities, including chloro-alkali industry (among others, Nunes et al., 2008).
Although along recent years some of these activities have been limited, Hg has been used in novel
applications, including fluorescent lamps, together with rare earth elements as Ce (among others, Tunsu et
al., 2014, 2016). In coastal waters, Hg was detected in concentrations up to pg L' (Gworek et al., 2016),
whereas in open sea Hg concentrations was estimated to be in the range of 0.5-3.0 ng L' (Faganeli et al.,
2012). The capacity of Hg to affect biological processes, including biochemical mechanisms involved in
organisms’ oxidative stress status, was assessed by several authors (Chen et al., 2014; Coppola et al., 2018;
Velez et al., 2016). The negative impacts that Hg has on energy metabolism, physiological mechanisms and

reproduction was also ascertained (Pytharopoulou et al., 2013; Velez et al., 2016).

Besides pollution, coastal ecosystems are affected by the ever-increasing threat posed by the changing
climate. Indeed, the adverse effects of contaminants could be further amplified if combined with other
environmental stressors such as global warming (Sokolova & Lanning, 2008). Several studies highlighted
that an increase of water temperature is able to affect the bioaccumulation of pollutants, including metals, but
also to modify organism’ susceptibility to contaminants (Guinot et al., 2012; Banni et al., 2014; Coppola et
al., 2017; Nardi et al., 2017). However, the effect of increasing temperature on NPs is still barely
investigated (Andrade et al., 2019a), and less is known on the influence of temperature rise on the combined

effects between NPs and metals (Freitas et al., 2018).

In this view, the aim of this study was to assess the potential interaction of CeO, NPs with the toxic metal
Hg”* under the temperature representative of current conditions at the sampling area, and the temperature
increase forecasted to occur at the end of the 21 century (IPCC, 2014). The marine bivalve Mytilus
galloprovincialis was used in the present study since it has been widely used as bioindicator species for a
vast variety of pollutants, including metals as Hg and nanoparticles (Canesi et al., 2015; Coppola et al., 2018;
Barranger et al., 2019; Freitas et al., 2019; Pinto et al., 2019). Mussels were exposed to CeO, NPs and Hg**
individually and in combination at 17 and 22 °C, for twenty-eight days. Several biochemical endpoints were
evaluated such as glycogen (GLY) content, protein (PROT) content and electron transport system (ETS)
activity, as markers of energy alteration and metabolism; catalase (CAT), glutathione peroxidase (GPx),
glutathione reductase (GR) and glutathione-s-transferases (GSTs) activities, as markers of oxidative stress;
lipid peroxidation (LPO) and protein carbonyl (PC) levels, as markers of oxidative damage. Moreover,
reduced glutathione (GSH) content was evaluated to measure mussel’s redox balance, while

acetylcholinesterase (AChE) activity was used as a neurotoxicity endpoint.
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2. MATERIALS AND METHODS

2.1. Nanoparticles synthesis and characterization

CeO, NPs were prepared following Plakhova et al. (2016) procedure, with modifications fully described by
Villa et al. (2020). The hydrodynamic size and C-potential of NPs were characterized through Dynammic
Light Scattering (DLS) using a Zetasizer nano ZS instrument (Malvern) equipped with a 633 nm solid state
He—Ne laser at a scattering angle of 173°, operating at 25 °C. The size and charge analyses were averaged

from at least three repeated measurements.
2.2. Experimental conditions

Specimens of the Mediterranean mussel Mytilus galloprovincialis (9.09 + 3.3g without shell) were collected
from the Mira channel at the Ria de Aveiro lagoon (northwest coast of Portugal), considered a non-
contaminated area, namely in terms of metals (among others, Freitas et al., 2014). After sampling, mussels
were acclimated and depurated for one week in the laboratory, under the following controlled conditions:
temperature 17.0 = 1.0 °C; pH 8.0 + 0.1, photoperiod 12 h light and 12 h dark in continuous aeration and
artificial seawater (salinity 30 + 1). Artificial seawater was prepared by mixing a commercially available salt
mixture (Tropic Marin Pro Reef salt; Tropic Marine, Germany) with freshwater obtained by reverse osmosis.
A temperature of 17 °C and a pH value of 8.0 were selected as representative of mean values measured at the

sampling site during mussels field sampling.

After the acclimation period, organisms were exposed in triplicates (three mussels per aquarium, three
aquaria per treatment, nine individuals per treatment), in 3 L aquaria, considering the following treatments:
A) CTL-17, seawater at 17 °C; B) CeO, NPs-17, 1 ug/L of CeO, NPs at 17 °C; C) Hg-17, 10 pug/L. of HgZJr at
17 °C; D) Hg+Ce NPs-17, 10 ug/L of Hg** and 1ug/L of CeO, NPs at 17 °C; E) CTL-22, seawater at 22 °C;
F) CeO, NPs-22, 1 ug/L of CeO, NPs at 22 °C; G) Hg-22, 10 ug/L of Hg2+ at 22 °C; H) Hg+Ce NPs-22, 10
ug/L of Hg** and 1 pg/L of CeO, NPs at 22 °C. The temperature of 22 °C was selected as representative of
the predicted global mean surface temperature increase by the end of the 21* century (2.6 °C to 4.8 °C under
RCP8.59) (IPCC, 2014). Different temperatures (17+1 and 22+1 °C) were achieved by maintaining each
group of aquaria in different climatic rooms. The water temperature of 22 °C was gradually obtained before
the experiment beginning. The temperature in each aquarium was daily monitored with a thermometer and

adjusted if necessary.

Mussels were exposed to the above-mentioned conditions for twenty-eight days, during which water was
changed weekly and exposure conditions re-established immediately. Every week, after spiking, a sample of
water was collected from each aquarium to evaluate the real concentration of pollutants. Every two days
animals were fed with Algamac protein Plus. Also, during the entire experimental period, aquarium seawater

pH, temperature, and salinity were monitored to avoid any changes that could influence the obtained results.



At the end of the exposure period, animals were collected, individually frozen, and stored at -80 °C until
both biochemical analyses and pollutant measurements were carried out. Whole soft tissues of each mussel
(three animals per replicate, nine individuals per treatment) were individually and manually homogenized
with a mortar and a pestle in liquid nitrogen. Each homogenized sample was divided in different aliquots of

0.5 g fresh weight (FW) each for biochemical assays and quantification of pollutants concentrations.

2.3 Mercury and Cerium quantification in seawater and mussels’ soft tissues

The quantification of Hg in seawater aliquots was performed by cold vapour atomic fluorescence
spectroscopy, while total Hg in biological material was quantified through Atomic Absorption Spectroscopy.
In what regards to Ce, concentrations were quantified in seawater and in mussel’s samples using inductively
coupled plasma - mass spectrometry. Analytical procedures are fully described in the Supplementary

Material (SM).

2 4 Biochemical parameters

Mussels soft tissues were used to carry out the biomarkers analyses following the procedures described in
Pirone et al. (2019). For each experimental condition, a suite of biomarkers was analyzed including:
metabolic capacity (electron transport system activity, ETS), energy reserves (glycogen content, GLY;
protein content, PROT), oxidative stress (catalase activity, CAT; glutathione peroxidase activity, GPx,
glutathione S-transferases activity, GSTs; glutathione reductase, GR), oxidative damage and redox status
(lipid peroxidation levels, LPO; protein carbonylation levels, PC; reduced glutathione content, GSH) and
neurotoxicity (Acetylcholinesterase activity, ACHE). A detailed description of each method is reported in

the SM.

2.5 Statistical analysis

All data obtained from the biochemical analysis and pollutants quantification were analyzed employing the
PERMANOVA+ add-on in PRIMER v6 (Anderson et al. 2008). The permutation method used was the
unrestricted permutation of raw data, testing the maximum number of permutations (9999), while the Monte
Carlo test was selected to obtain numerical results for each pair of comparisons. Values lower than 0.05 (p <
0.05) were considered as significantly different and are reported in Table S2. Degrees of freedom = 4. The
null hypothesis tested was: for Hg accumulation and each biomarker response, no significant differences

existed among different exposure treatments.



3. RESULTS

3.1. CeO;nanoparticles characterization

Ad hoc synthesized CeO, NPs were homogeneous in size, with a mean diameter centered at~5 nm
(transmission electron microscopy micrograph SI1). DLS measurements were carried out in MilliQ water,
and the fitting of the correlation function by a bi-exponential function showed the presence of two
populations centered at 146 + 152 and 400 + 75, the latter being the most relevant, as stated by the number-
weighted size distribution graph (Fig. S1). The (-potential in MilliQ water indicated a strongly positive
surface charge (+36.7 = 2.3 mV). In seawater higher aggregation occurred, leading to the formation of larger
CeO, NPs aggregates (1760 + 270 nm). In this medium the measurement of {-potential was hampered by the

too high value of the ionic strength.

3.2. Mercury and Cerium quantification in seawater and mussels’ soft tissues

Concerning the Hg concentration in water, no differences were observed between Hg levels measured in the
aquaria contaminated with the metal alone (4.12 £ 0.51 ug L' ) with respect to Hg + Ce (295 + 138 ug L
" at 17 °C. Similarly, no differences were observed at 22 °C (2.1 + 0.4 ug L for Hgvs4.6 + 1.4 ug L'
for Hg + Ce) (Table S1). The measurement of Ce levels in water confirmed a fast sedimentation of the NPs
since no differences were observed between the concentration of the CTL and the NP contaminated waters at
both temperatures (Table S1). However, given the low concentration of NPs used in this study, this data

should be considered with caution.

The amount of Hg** in soft tissue confirmed the uptake and bioaccumulation of the metal by mussels (Table
1). The concentration of Hg** was significantly higher in the group exposed to Hg** alone and combined
with CeO, NPs than to CTL, both at 17 and 22 °C. The co-exposure to Hg** and NPs did not affect metal
accumulation at 17 °C, while a slight increase of metal content was observed in mussels exposed to Hg + Ce
NPs at 22 °C compared to the exposure to the metal alone as well as to the metal NP combination at 17 °C.

The tissue level of CeO, NPs did not show any significant differences among exposure conditions.
3.3 Biochemical assays
3.3.1 Metabolic capacity and energy reserves

At 17 °C the exposure to CeO, NPs did not affect ETS activity compared to the CTL. On the contrary, a
significantly lower ETS activity was observed in mussels exposed to Hg** alone and combined with NPs
with respect to the CTL and CeO, NPs. At 22 °C no significant differences in ETS activity were observed
among all treatments. Comparing the ETS activity measured at 17 °C and 22 °C it was possible to observe
significantly lower values at higher temperature in CTL and in Ce groups, and an opposite pattern at Hg**

treatment (Fig 1A).



At 17 °C, the GLY level was significantly lower in all exposed groups in comparison to CTL. On the
contrary, at 22 °C a significant increase of GLY was observed in mussels exposed to CeO, NPs and Hg**
alone compared to the CTL. Comparing the data at the two different temperatures, significant differences

were observed in non-contaminated mussels, with higher values at 17 °C (Fig. 1B).

Concerning the PROT content, at 17 °C significantly lower values were found in Hg** and Hg+Ce exposed
mussels in comparison to CTL and Ce treatments. At 22 °C no significant differences were observed among
treatments. Between both temperatures, significant differences were observed at CTL and CeO, NPs exposed

mussels, with significantly higher PROT content at 17 °C (Fig 1.C).

3.3.2 Antioxidant and biotransformation defenses

At 17 °C mussels exposed to Hg** and Hg+Ce NPs showed a significant decrease in CAT activity in
comparison to the CTL, while no significant differences were observed among treatments at 22 °C.
Significant differences between temperatures were observed in the CTL groups, with higher CAT activity at

17 °C (Fig 2A).

The activity of GPx showed no significant differences among treatments, at both 17 °C and 22 °C.
Significantly higher values were measured at 22 °C in comparison to 17 °C when organisms were exposed to

Hg’* and Hg+Ce (Fig 2B).

Concerning the GR, at 17 °C significantly lower activity was observed in mussels exposed to Hg** and
Hg+Ce in comparison to the CTL and CeO, NPs alone. At 22 °C no significant differences were observed
among treatments. On the contrary, significant differences between temperatures were observed at the CTL

and CeO, NPs exposed mussels, with higher GR activity at 17 °C (Fig. 2C).

At 17°C the GSTs activity decreased significantly in mussels exposed to Hg** and Hg+Ce NPs in
comparison to CTL, while was significantly increased in mussels exposed to Hg+Ce NPs compared to Hg**
alone. At 22 °C no significant differences were found among treatments. Between temperatures, the GSTs
activity significantly decreased in CTL, CeO, NPs and Hg+Ce NPs mussels at 22 °C in comparison with the
same groups at 17°C (Fig. 2D).

3.3.3 Oxidative damage

At 17 °C LPO levels were significantly lower in mussels exposed to Hg** and Hg+Ce NPs compared to the
CTL and CeO, NPs. At 22 °C LPO showed significant differences between Hg+Ce and CeO, NPs mussels,
as well as between Hg+Ce and Hg™* mussels, with lower values in mussels exposed to Hg+Ce NPs.
Significant differences between temperatures were observed at CTL, with higher LPO levels at 17 °C (Fig.
3A).



The PC levels were significantly lower only in Hg** exposed mussels in comparison to CTL and CeO, NPs
treatments at 17 °C. At 22 °C no significant differences were observed among treatments. Between

temperatures no significant difference was observed at each of the tested conditions (Fig. 3B).
3.3.4 Redox balance

At 17 °C, GSH showed significantly lower levels at Hg** and Hg+Ce NPs mussels in comparison to the CTL
ones. At 22 °C no significant differences were observed among conditions. Significant differences between
temperatures were observed for the CTL, Hg** and Hg+Ce NPs groups, with higher values at 17 °C for the
CTL mussels and an opposite trend for Hg** and Hg+Ce NPs mussels (Fig. 4).

3.3.5 Neurotoxicity

At 17 °C, significantly lower values of AChE activity were observed for Hg** exposed mussels compared to
the CTL and CeO, NPs exposed mussels, resulting in 56 % inhibition of AChE activity. The mussels
exposed to the combination of Hg** and CeO, NPs groups showed a 50 % of inhibition higher than controls.
In this group, a significant increase in AChE activity was also observed in comparison to the group exposed
to Hg™* alone. At 22 °C higher AChE activity was observed for mussels exposed to Hg* and Hg+Ce NPs
compared to the CTL (60% enhancement in both groups). The increased temperature at 22 °C led to
significant inhibition of AChE up to 53% in the CTL and 38% for CeO, NPs exposed mussels, compared to
17 °C. An opposite response was observed for Hg”* and Hg+Ce NPs contaminated mussels, where an

increase of 75% and 63% activity, respectively, was measured (Fig. 5).
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4. DISCUSSION

This study aimed to evaluate the potential effects arising from the interactions between CeO, NPs and the
toxic metal Hg** on the bivalve M. galloprovincialis. The combined effects of NPs and pollutants represent a
very important but still controversial aspect of NPs ecotoxicity, as several research studies pointed out that
not only the intrinsic properties of NPs, but also their ability to interact and often behave as pollutant
carriers, could amplify the adverse impacts of NPs for aquatic ecosystems. Although the interactions of CeO,
NPs with metals in the aquatic environment are likely to occur, studies on their combined effects on
organisms are lacking. Therefore, our first aim was to fill this gap of knowledge. The influence of sea
warming on this interaction was also evaluated. Indeed, several studies highlighted that the increase in
temperature amplifies the toxicity of different classes of environmental pollutants (Sokolova & Lannig,
2008; Coppola et al., 2018; Andrade et al., 2019a). It is well known that changes in seawater parameters such
as temperature would affect significantly NP fate and, as a consequence, the bioavailability and toxicity to
organisms (Corsi et al., 2014). Nevertheless, very few studies investigated the consequences of seawater
warming on NP ecotoxicity and none on ceria NPs. Moreover, up to now no studies assessed the influence of
warming on the ecotoxicity of NPs combined with metals. Therefore, a further novelty in our study is

represented by the attempt to show the effects resulting from the exposure to such combination of stressors.

4.1 Effects of CeO, NPs and Hg"*

Bivalve mollusks are identified as ideal sentinel species for the assessment of ecotoxicological impacts of
NPs due to their eco-physiological features (Canesi et al., 2012). Among them, the high filter-feeding
capacity shown by M. galloprovincialis (about 50 mL of seawater per min (Famme et al., 1986)) makes this
species an efficient accumulator of pollutants from the environment, leading to the opportunity to evaluate
the concentration and bioavailability of toxic agents in situ. Moreover, M. galloprovincialis constitutes a
source of food and habitat for many other marine species (Beyer et al., 2017; Swiacka, et al., 2019), therefore
contributing to trophic transfer of pollutants (Farrell and Nelson 2013; Larsen et al., 2016). Focusing on
CeO, NPs, a previous study on M. galloprovincialis reported that most of the CeO, NPs filtered from the
water column were ejected through pseudo-feces, but a non-negligible fraction could also bioaccumulate in
tissues upon long-term exposure to CeO, NPs in the mg L' range (Conway et al., 2014). In agreement with
this observation, the study by Montes and co-authors (2012) showed that in mussels exposed for four days to
increasing doses of CeO, NPs (1-10 mg L"), a significant bioaccumulation was measured only at the highest
concentration. Some studies showed also the ability of CeO, NPs to induce toxic effects in M.
galloprovincialis either in vitro (Sendra et al., 2017) and in vivo (Auguste et al., 2019). In this latter study,
the exposure for 96 h at 100 pg L' triggered oxidative stress and modulated these genes involved in

detoxification, immune response and neuroendocrine signaling.
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Conversely to these findings, in the present study a negligible accumulation of Ce was measured in mussels
exposed to the CeO, NPs acting individually as well as in combination with Hg**. The low accumulation
levels were also reflected in the absence of biological effects observed upon exposure to NPs alone. This
result is likely due to the low concentration of NPs tested in this study (which are approaching the
environmental ones), combined with the fast aggregation and sedimentation of the NPs occurring in the

exposure media, which reduced further the NP bioavailability for mussels.

On the contrary, the present study revealed that Hg®* was able to affect significantly the majority of the
investigated biomarkers. Overall, the present results pointed out that Hg** tends to inhibit the metabolic
capacity of the organisms, as the activity of electron transport chain was decreased. Lower PROT and GLY
concentrations observed in contaminated mussels suggested a decrease of energy supplies. Previous studies
reported a down-regulation of protein synthesis in mussels exposed to metals such as Cr, Cu and Mn
(Pytharopoulou et al., 2008; Kalpaxis et al., 2004). Besides, the observed lowering of LPO might suggest a
potential decrease of the total lipid content, but may also result from the decrease of the ETS activity

associated with lower reactive oxygen (ROS) generation.

Concerning the effects on the antioxidant machinery, almost all enzymes were inhibited in organisms
exposed to Hg** and to the combination of Hg”* and CeO, NPs, regardless the temperature tested. Singaram
and co-authors (2013) reported similar results in the crab Scylla serrata exposed to 1 and 10 ug L™ of Hg for
14 days, showing inhibition of CAT and GPx enzymes and detecting a lower content of GSH, but unlike the
present study authors reported a parallel increase of GSTs activity and LPO levels. Similarly, Coppola and
co-workers (2017) reported an increase of GSTs, CAT and SOD activities in M. galloprovincialis exposed to

0.25 mg L' Hg”+ for twenty-eight days.

The observed reduced antioxidant activity could be associated with an imbalance of the antioxidant enzymes
due to ROS overproduction, a mechanism already suggested for metals, including Hg”* (Franco et al., 2009;
Pytharopoulou et al., 2011). Nevertheless, since higher ETS activity was observed at control organisms (i.e.,
uncontaminated mussels at control temperature - 17 °C) this could result into higher ROS content at this
condition and higher antioxidant enzymes activity. On the other end, lower ETS activity observed in

contaminated organisms resulted into less ROS generation with no need for antioxidant defenses activation.

As far as the redox balance is concerned, the GSH is a key molecule involved in the excretion/detoxification
of inorganic Hg, through the conjugation mediated by GSTs (Long et al., 2011). Therefore, the decrease of
GSH could be due to its binding with the metal followed by excretion of the GSH-Hg complex, in agreement
with the hypothesis already suggested by Franco and coauthors (2009) for this metal. The present findings
further revealed that such depletion could also have resulted from the lack of GR activation that decreased its

activity.
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The decreased activity of ETS, one of the cellular sources of ROS, and the absence of protein damage
suggested that the organisms exposed to Hg** were not undergoing an overproduction of ROS, but rather a
decrease of filtrating rate due to valve closure, still using energy reserves. Indeed, the closure of valves is a
protective strategy that mussel activates to cope with stressful conditions and avoid accumulation of
pollutants, some evidence indeed demonstrated that lower ETS activity resulted in a lower accumulation in
bivalves (Gosling, 2003; Coppola et al., 2018; Freitas et al., 2018). Nevertheless, this last hypothesis should

be further confirmed.

Concerning AChE activity, the present findings are in line with results from other studies in which Hg**
determined an inhibition of this enzyme in different species, as in the freshwater fish Cyprinus carpio
(Suresh et al., 1992) and in the crab Carcinus maenas (Elumalai et al., 2007), suggesting an interference of

this metal with the cholinergic neurotransmission.

A different pattern of biomarker modulation was observed upon the co-exposure of Hg** and CeO, NPs. The
combination of both contaminants seems to partially recover the toxic effect induced by Hg** alone on GSTs,
GR and AChE activities. The same was observed for GSH content that increased in Hg + Ce NPs group with
respect to the group exposed to Hg** alone. Thus, these results seem to suggest an antagonistic interaction
between the two contaminants, even though the biological effect is given mostly by the chemical pollutant,
which always prevails on the physical one. A similar antagonistic behavior was reported from Anjum and
co-workers (2014) between iron oxide NPs functionalized with dithiocarbamate (Fe;O,@SiO,/SiDTC also
called IONP) and Hg** in the brain of the European eel Anguilla anguilla. Authors showed that the extent of
LPO and the activity of GR and GSTs decreased with increasing exposure time to the two contaminants,
suggesting a recovery against the negative effects triggered by the exposure to Hg** alone upon co-exposure
conditions. On the other hand, a study conducted with A. anguilla blood cells highlighted the occurrence of
this antagonism only at the initial period, whereas at late hours of exposure, IONP were unable to mitigate
the negative effects triggered by Hg”* (Mohmood et al., 2015). Another study showed also that Hg** can bind
to the surface of Ag NPs (Katok et al., 2012) decreasing its bioavailability for the organism.

The observed decrease of Hg** toxicity in the presence of CeO, NPs could be due to the adsorption of the
metal on NPs that undergoing fast agglomeration and sedimentation might reduce the bioavailability for the
organisms. Some studies in fact reported the ability of Cerium-based nanomaterials to adsorb and sequester
other metals such as As and Cr (Recillas et al., 2010; Dados et al., 2014; Olivera et al., 2018). As an example
of successful use for the removal of Hg** from water medium we can cite a work employing a nano ceria-
impregnated silica—iron oxide material (Dados et al., 2014) and a composite of ceria—zirconia—titania for the
removal of metallic Hg” exploiting a catalytic oxidation method (Li et al., 2016). With the aim to test this
hypothesis, the influence of nano ceria on Hg™* bioavailability and bioaccumulation was assessed. Results
showed that the Hg™" levels were only slightly reduced in water in the presence of CeO, NPs and the

bioaccumulation was similar in the organisms exposed to the metal alone and in combination with NPs.
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Therefore, a physico-chemical interaction in water medium is unlikely to occur, but rather an antagonistic
effect could take place on biological target inside the organism, potentially affecting the metabolism of the
metal. In support to this hypothesis, the most marked differences between Hg®* alone and Hg+NPs were
observed on GSH and enzymes involved in its pathway, such as GR and GSTs. Due to the crucial role of
GSH in Hg detoxification, it is possible that the combination with CeO, NPs allows Hg to bypass the GSH
response mechanism. Nevertheless, this hypothesis needs further confirmations. The presence of the NPs
could also alter the biodistribution of the metal in the organism. In particular, biodistribution is essential for
determining the adverse effects triggered by pollutants, as different compartments in the organism could
show different sensitivity to contaminants. For instance, nTiO, not only adsorbed and enhanced the
accumulation of As in Artemia salina, but also modified the subcellular allocation of As in the organism (Liu

et al., 2018).

4.2 Effects of temperature increase

Due to global warming occurring in coastal marine areas, it is important to understand how the increase in
temperature can influence the effects of contaminants for benthic marine species. Several studies highlighted
that thermal stress induces a broad range of adverse effects in bivalve mussels such as imbalance of
oxidative status, cellular damages, impairment of physiological functions and reduced survival (Munari et
al., 2011; Matozzo et al., 2013; Velez et al., 2017). Besides direct impacts on organisms, the rise in
temperature could influence the susceptibility of organisms to contaminants including trace metals as Hg,
either modifying the bioaccumulation or affecting the organism biochemical performances (Sokolova &
Lannig, 2008). For instance, Verlecar and coauthors (2007) showed that the increase of temperature induced
oxidative stress in Perna viridis and was also able to amplify the oxidative damage triggered by Hg,
measured as level of thiobarbituric acid reactive substances. Concerning the effects of the rise in temperature
on NPs, Chen and co-authors (2012) demonstrated an enhanced aggregation of CeO, NPs in KCl and CaCl,
solutions at increased temperatures. This effect is probably due to the lower solution viscosity and interfacial
energy barrier at higher temperature. These findings are also supported by Yung and co-workers (2017),
which detected a higher aggregation and sedimentation of Zn NPs at higher temperature and salinity.
Therefore, an increased temperature could affect the bioavailability of the NPs that become less mobile in

the water column and tend to easily settle down (Petosa et al., 2010).

On the contrary, in the present study, the effects caused by temperature increase override those caused by
pollutants (both acting individually or in combination). In fact, control organisms showed a significant loss
of metabolic performance, shifting from 17 °C to 22 °C. As a consequence of this metabolic depression also
the activity of antioxidant capacity was lowered. Similarly to the present study, Coppola and co-workers
(2018) exposed M. galloprovincialis to Hg** under warming conditions (21°C) and detected a limited
capacity to activate the antioxidant defenses due to the reduced metabolic capacity. Also, the study by

Coppola et al. (2017) showed that the rise of temperature from 17 °C to 22 °C reduced the ETS activity
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preventing the bioaccumulation of Hg in M. galloprovincialis. In line with the present results, those authors
pointed out that the adverse outcomes induced by temperature overcame the metal effects. Moreover,
Andrade et al. (2019b) evidenced that the exposure of M. galloprovincialis to tidal regime and to an
increased temperature (21°C) resulted in lower metabolic capacity. This may be due to a closure of the
valves and metabolic depression put in place as the organism defense response under heat stress. An increase
of the frequency and duration of valve closure in response to thermal stress was already documented in the
freshwater mussel Unio tumidus (Lurman et al., 2014). A similar behavior was observed also in M.
galloprovincialis, which under heat stress exhibited valve closure and metabolic depression (Anestis et al.,

2007).

Finally, neurotoxicity was observed in non-contaminated organisms exposed to increased temperature, with a
decrease in AChE activity. Similarly, Kumar et al., (2020) reported a significant inhibition of AChE activity
after exposing the fish Pangasianodon hypophthalmus to Zn-NPs alone and with concurrent increased
temperature. The enzyme has, indeed, a thermo- modulatory function and thermal stress can lead to AChE
inhibition (Kim et al., 2019). Notwithstanding, a clear correlation between cholinesterase loss and increasing
temperature was poorly described in bivalve species (Kamel et al., 2014). AChE is crucial for cell
proliferation, migration and differentiation through signaling process (Layer et al., 2013; Falugi and Aluigi,
2012). Therefore, the loss of AChE activity might lead to neurological disorders and ultimately might affect

organism survival (Shinotoh et al., 2000).

S. CONCLUSIONS

The present study represents the first attempt to assess the combined effects of CeO, NPs and Hg** using as
biological model an economically and ecologically valuable marine species such as M. galloprovincialis.
Furthermore, the potential influence of sea warming on this interaction was evaluated. The CeO, NPs did not
affect significantly the mussel metabolic metabolism and oxidative status. On the contrary, Hg** induced a
general metabolic depression and inhibition of antioxidant enzymes in organisms. A slight antagonistic effect
of the two pollutants was observed, even if the effects of the metal prevailed on the NPs. The present results
highlighted also that warming conditions do affect metabolic performance and reduce neurological functions
of mussels. These effects might impact on the resilience of organisms towards chemical stress and lead to
negative repercussion on key physiological functions such as feeding, growth and reproduction, ultimately

affecting mussel population health.

Acknowledgments
Bianca Morosetti stay at the Departamento de Biologia & CESAM, Universidade de Aveiro was funded

under the Erasmus+ traineeship Program.

15



Rosa Freitas was funded by national funds (OE), through FCT — Fundagdo para a Ciéncia e a Tecnologia,
I.P., in the scope of the framework contract foreseen in the numbers 4, 5 and 6 of the article 23, of the
Decree-Law 57/2016, of August 29, changed by Law 57/2017, of July 19. Thanks are due for the financial
support to CESAM (UIDB/50017/2020+UIDP/50017/2020). This work was also financially supported by
the project BISPECIAI: BlvalveS under Polluted Environment and Cllmate chAnge PTDC/CTA-
AMB/28425/2017 (POCI-01-0145-FEDER-028425) funded by FEDER, through COMPETE2020 -
Programa Operacional Competitividade e Internacionaliza¢do (POCI), and by national funds (OE), through
FCT/MCTES.

References

Aithal, P.S., Aithal, P.S., 2015. A review on Anticipated Breakthrough Technologies of 21st Century. Int. J.
Res. Dev. Tech. Man. Sci. 21(6), 112-133.

Anderson, M.J., Gorley, R.N., Clarke, K.R., 2008. PERMANOV A+ for PRIMER: Guide to Software and
Statistical Methods. PRIMER[E, Plymouth, UK.

Andrade, M., De Marchi, L., Pretti, C., Chiellini, F., Morelli, A., Figueira, E., ... Freitas, R., 2019a. The
impacts of warming on the toxicity of carbon nanotubes in mussels. Mar. Env. Res. 145(December

2018), 11-21.

Andrade, M., De Marchi, L., Soares, A.M.V.M., Rocha, R.J.M., Figueira, E., Freitas, R., 2019b. Are the
effects induced by increased temperature enhanced in Mytilus galloprovincialis submitted to air

exposure? Sci. Tot. Envir., 647, 431-440. https://doi.org/10.1016/j.scitotenv.2018.07.293

Anestis, A., Lazou, A., Portner, H.O., Michaelidis, B., 2007. Behavioral, metabolic, and molecular stress
responses of marine bivalve Mytilus galloprovincialis during long-term acclimation at increasing

ambient temperature. Am. J. Physiol. Regul. Integr. Comp. Physiol. 293, R911-R921.

Anjum, N.A., Srikanth, K., Mohmood, I., Sayeed, 1., Trindade, T., Duarte, A. C., ... Ahmad, 1., 2014. Brain
glutathione redox system significance for the control of silica-coated magnetite nanoparticles with or
without mercury co-exposures mediated oxidative stress in European eel (Anguilla anguilla L.). Env.

Sci. Pollut. Res. 21(12), 7746—7756. https://doi.org/10.1007/s11356-014-2673-6

ATSDR, 2017. The ATSDR 2017 substance priority list, agency for toxic substances and registry D.

Auguste, M., Balbi, T., Montagna, M., Fabbri, R., Sendra, M., Blasco, J., Canesi, L., 2019. In vivo
immunomodulatory and antioxidant properties of nanoceria (nCeO 2 ) in the marine mussel Mytilus
galloprovincialis. Comp. Biochem. Phys. C. 219(February), 95-102.

https://doi.org/10.1016/j.cbpc.2019.02.006
16



Banni, M., Attig, H., Sforzini, S., Franzelli, S., Oliveri, C., Boussetta, H., Viarengo, A., 2014.
Transcriptional expression levels and biochemical markers of oxidative stress in Mytilus

galloprovincialis exposed to nickel and heat stress. Comp. Biochem. Phys. C., 160, 23-29.

Barranger, A., Rance, G.A., Aminot, Y., Dallas, L.J., Sforzini, S., Weston, N.J., ... Jha, A.N., 2019. An
integrated approach to determine interactive genotoxic and global gene expression effects of
multiwalled carbon nanotubes (MWCNTs) and benzo[a]pyrene (BaP) on marine mussels: evidence of

reverse ‘Trojan Horse’ effects. Nanotoxicology, 13(10), 1324—1343.

Beyer, J., Green, N.W., Brooks, S., Allan, I.J., Ruus, A., Gomes, T., Schgyen, M., 2017. Blue mussels
(Mytilus edulis spp.) as sentinel organisms in coastal pollution monitoring: A review. Mar. Environ.

Res. 130, 338-365. https://doi.org/10.1016/j.marenvres.2017.07.024

Bour, A., Mouchet, F., Verneuil, L., Evariste, L., Silvestre, J., Pinelli, E., Gauthier, L., 2015. Toxicity of
CeO2 nanoparticles at different trophic levels - Effects on diatoms, chironomids and amphibians.

Chemosphere, 120, 230-236. https://doi.org/10.1016/j.chemosphere.2014.07.012

Canesi, L., Ciacci, C., Balbi, T., 2015. Interactive effects of nanoparticles with other contaminants in aquatic
organisms: Friend or foe? Mar. Environ. Res., 111, 128—134.

https://doi.org/10.1016/j.marenvres.2015.03.010

Canesi, L., Frenzilli, G., Balbi, T., Bernardeschi, M., Ciacci, C., Corsolini, S., ... Corsi, I., 2014. Interactive
effects of n-TiO2 and 2,3,7,8-TCDD on the marine bivalve Mytilus galloprovincialis. Aquat. Toxicol.,
153, 53-65

Canesi, L., Ciacci, C., Fabbri, R., Marcomini, A., Pojana, G., Gallo, G., 2012. Bivalve molluscs as a unique
target group for nanoparticle toxicity. Mar. Environ. Res., 76, 16-21.

https://doi.org/10.1016/j.marenvres.2011.06.005

Chen, Y., Huang, Y., Li, K., 2012. Temperature effect on the aggregation kinetics of CeO2 nanoparticles in

monovalent and divalent electrolytes. J. Environ. Anal. Toxicol. 2, 158.

Chen, X., Zhang, R., Li, C., Bao, Y., 2014. Mercury exposure modulates antioxidant enzymes in gill tissue
and hemocytes of Venerupis philippinarum Abstract Mercury ( Hg ), one of the most hazardous and
persistent contaminants , is widespread in the aquatic environment . To establish an effective Hg. Isj-

Invert. Surviv.J. 11, 298-308.

Conway, J. R., Hanna, S. K., Lenihan, H. S., Keller, A. A., 2014. Effects and implications of trophic transfer
and accumulation of CeO 2 nanoparticles in a marine mussel. Env. Sci. Tec., 48(3), 1517-1524.

https://doi.org/10.1021/es404549u

17



Coppola, F., Almeida, A., Henriques, B., Soares, A. M. V. M., Figueira, E., Pereira, E., & Freitas, R.,2017.
Biochemical impacts of Hg in Mytilus galloprovincialis under present and predicted warming
scenarios. Sci. Total. Environ., 601-602(December), 1129-1138.
https://doi.org/10.1016/j.ecoenv.2017.09.051

Coppola, F., Almeida, A., Henriques, B., Soares, A. M. V. M., Figueira, E., Pereira, E., Freitas, R., 2018.
Biochemical responses and accumulation patterns of Mytilus galloprovincialis exposed to thermal

stress and Arsenic contamination. Ecotox. Environ. Safe. 147(September 2017), 954-962.

Coppola, F., Henriques, B., Soares, A. M. V. M., Figueira, E., Pereira, E., Freitas, R., 2018. Influence of
temperature rise on the recovery capacity of Mytilus galloprovincialis exposed to mercury pollution.

Ecol. Indic., 93(April), 1060-1069.

Corsi, L., Cherr, G.N., Lenihan, H.S., Labille, J., Hassellov, M., Canesi, L., Matranga, V., 2014. Common
strategies and technologies for the ecosafety assessment and design of nanomaterials entering the

marine environment. ACS Nano, 8(10), 9694-9709. https://doi.org/10.1021/nn504684k

Costley, C.T., Mossop, K.F., Dean, J.R., Garden, L.M., Marshall, J., Carroll, J., 2000. Determination of
mercury in environmental and biological samples using pyrolysis atomic absorption spectrometry with

gold amalgamation. Anal. Chim. Acta 405, 179-183.

Dados, A., Paparizou, E., Eleftheriou, P., 2014. Nanometer-sized ceria-coated silica—iron oxide for the
reagentless microextraction/preconcentration of heavy metals in environmental and biological samples

followed by slurry introduction to ICP-OES. Talanta 121:127-135.

De Marchi, L., Coppola, F., Soares, A. M. V. M., Pretti, C., Monserrat, J. M., Della Torre, C., Freitas, R.,
2019. Engineered nanomaterials: From their properties and applications, to their toxicity towards
marine bivalves in a changing environment. Enviro.l Res., 178(May).

https://doi.org/10.1016/j.envres.2019.108683

Duncan, E., Owens, G., 2019. Metal oxide nanomaterials used to remediate heavy metal contaminated soils
have strong effects on nutrient and trace element phytoavailability. Sci. Total. Environ., 678, 430-437.

https://doi.org/10.1016/j.scitotenv.2019.04.442

Elumalai, M., Antunes, C., Guilhermino, L. 2007. Enzymatic biomarkers in the crab Carcinus maenas from
the Minho River estuary (NW Portugal) exposed to zinc and mercury. Chemosphere, 66(7), 1249—
1255. https://doi.org/10.1016/j.chemosphere.2006.07.030

Faganeli, J., Hines, M.E., Covelli, S., Emili, A., Giani, M., 2012. Mercury in lagoons: An overview of the
importance of the link between geochemistry and biology. Estuar. Coast. Shelf. S., 113, 126-132.
https://doi.org/10.1016/j.ecss.2012.08.021

18



Fairbairn, E.A., Keller, A.A., Midler, L., Zhou, D., Pokhrel, S., Cherr, G.N., 2011. Metal oxide
nanomaterials in seawater: Linking physicochemical characteristics with biological response in sea
urchin development. J. Hazard. Mater., 192(3), 1565-1571.
https://doi.org/10.1016/j.jhazmat.2011.06.080

Falugi, C., Aluigi, M.G., 2012. Early appearance and possible functions of non-neuromuscular cholinesterase

activities. Front. Mol. Neurosci. 5, 1-12.

Famme, P., Riisgard, H.U., Jgrgensen, C.B., 1986. On direct measurement of pumping rates in the mussel

Mytilus edulis. Int. J. Life Oceans Coast. Waters, 92(3), 323-327. https://doi.org/10.1007/BF00392672

Farrell, P., Nelson, K., 2013. Trophic level transfer of microplastic: Mytilus edulis (L.) to Carcinus maenas

(L.). Environ. Pollut., 177, 1-3. https://doi.org/10.1016/j.envpol.2013.01.046

Franco, R., Sdnchez-Olea, R., Reyes-Reyes, E.M., 2009. Environmental toxicity, oxidative stress and

apoptosis: menage a trois. Mutat. Res. 674:3-22.

Freitas, R., Coppola, F., De Marchi, L., Codella, V., Pretti, C., Chiellini, F., ... Figueira, E., 2018. The
influence of Arsenic on the toxicity of carbon nanoparticles in bivalves. J. Hazard. Mater., 358(May),

484-493.

Freitas, R., Martins, R., Campino, B., Figueira, E., Soares, A. M. V. M., Montaudouin, X., 2014. Trematode
communities in cockles (Cerastoderma edule) of the Ria de Aveiro (Portugal): Influence of inorganic

contamination. Mar. Pollut. Bull., 82(1-2), 117-126.

Freitas, Rosa, Leite, C., Pinto, J., Costa, M., Monteiro, R., Henriques, B., ... Pereira, E., 2019. The influence
of temperature and salinity on the impacts of lead in Mytilus galloprovincialis. Chemosphere, 235,

403-412.

Garaud, M., Trapp, J., Devin, S., Cossu-Leguille, C., Pain-Devin, S., Felten, V., Giamberini, L., 2015.
Multibiomarker assessment of cerium dioxide nanoparticle (nCeO2) sublethal effects on two freshwater
invertebrates, Dreissena polymorpha and Gammarus roeseli. Aquat. Toxicol., 158, 63-74.

https://doi.org/10.1016/j.aquatox.2014.11.004

Garcia, A., Delgado, L., Tora, J. A., Casals, E., Gonzdlez, E., Puntes, V., ... Sdnchez, A., 2012. Effect of
cerium dioxide, titanium dioxide, silver, and gold nanoparticles on the activity of microbial
communities intended in wastewater treatment. J. Hazard. Mater., 199-200(July 2018), 64-72.
https://doi.org/10.1016/j.jhazmat.2011.10.057

Giese, B., Klaessig, F., Park, B., Kaegi, R., Steinfeldt, M., Wigger, H., ... Gottschalk, F., 2018. Risks,
Release and Concentrations of Engineered Nanomaterial in the Environment. SCI REP-UK, 8(1), 1-18.

19



https://doi.org/10.1038/s41598-018-19275-4

Gottschalk, F., Lassen, C., Kjoelholt, J., Christensen, F., Nowack, B., 2015. Modeling flows and
concentrations of nine engineered nanomaterials in the Danish environment. Int. J. Env. Res. Pub. He.,

12(5), 5581-5602. https://doi.org/10.3390/ijerph 120505581

Guinot, D., Urefia, R., Pastor, A., Var6, 1., Ramo, J.D., Torreblanca, A., 2012. Long-term effect of
temperature on bioaccumulation of dietary metals and metallothionein induction in Sparus aurata.

Chemosphere 87, 1215-1221.

Gworek, B., Bemowska-Katabun, O., Kijenska, M., Wrzosek-Jakubowska, J., 2016. Mercury in Marine and
Oceanic Waters—a Review. Water Air Soil Poll., 227(10). https://doi.org/10.1007/s11270-016-3060-3

Hirrlinger, J. Dringen, R., 2010. The cytosolic redox state of astrocytes: maintenance, regulation and

functional implications for metabolite trafficking. Brain Res Rev 63:177-188.

IPCC, 2014: Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, R.K.
Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland, 151 pp.

Jiang, G.B., Shi, J.B., Feng, X.B., 2006. Mercury pollution in China. Environ. Sci. Technol. 40: 3672-3678.

Kalpaxis, D.L., Theos, C., Xaplanteri, M.A., Dinos, G.P., Catsiki, A.V., Leotsinidis, M., 2004.
Biomonitoring of Gulf of Patras, N. Peloponnesus Greece. Application of a biomarker suite including

evaluation of translation efficiency in Mytillus galloprovincialis cells. Environ. Res. 94,211-220

Kamel N, Burgeot T, Banni M, et al., 2014. Effects of increasing temperatures on biomarker responses and
accumulation of hazardous substances in rope mussels (Mytilus galloprovincialis) from Bizerte lagoon.

Environ. Sci. Pollut. Res. Int., 2014;21:6108-6123.

Katok, K.V., Whitby, R.L.., Fukuda, T., Maekawa, T., Bezverkhyy, 1., Mikhalovsky, S.V., ... 2012.
Hyperstoichiometric interaction between silver and mercury at the nanoscale. Angew Chem Int Ed

Engl; 51: 2632-5.

Keller, A. A., Lazareva, A., 2013. Predicted Releases of Engineered Nanomaterials: From Global to
Regional to Local. Env. Sci. Tec. Letters, 1(1), 65-70. https://doi.org/10.1021/ez400106t

Kim, J.H., Kim, S K., Hur, Y.B., 2019. Temperature-mediated changes in stress responses,
acetylcholinesterase, and immune responses of juvenile olive flounder Paralichthys olivaceus in a bio-
floc environment. Aquaculture, 506(January), 453-458.
https://doi.org/10.1016/j.aquaculture.2019.03.045

20



Koehlé-Divo, V., Cossu-Leguille, C., Pain-Devin, S., Simonin, C., Bertrand, C., Sohm, B., ... Giambérini,
L., 2018. Genotoxicity and physiological effects of CeO2 NPs on a freshwater bivalve (Corbicula
fluminea). Aquat. Toxicol., 198(February), 141-148. https://doi.org/10.1016/j.aquatox.2018.02.020

Kotagiri, N., Sudlow, G.P., Akers, W.J., Achilefu, S., 2015. Breaking the depth dependency of phototherapy
with Cerenkov radiation and low-radiance-responsive nanophotosensitizers. Nat. Nanotechnol., 10(4),

370-379. https://doi.org/10.1038/nnano.2015.17

Kumar, N., Chandan, N K., Wakchaure, G.C., Singh, N.P., 2020. Synergistic effect of zinc nanoparticles and
temperature on acute toxicity with response to biochemical markers and histopathological attributes in

fish. Comp. Biochem. Phys. C., 229(July 2019), 108678. https://doi.org/10.1016/j.cbpc.2019.108678

Larsen, L.H., Sagerup, K., Ramsvatn, S., 2016. The mussel path - Using the contaminant tracer, Ecotracer, in
Ecopath to model the spread of pollutants in an Arctic marine food web. Ecol. Model., 331, 77-85.
https://doi.org/10.1016/j.ecolmodel.2015.10.011

Layer, P.G., Klaczinski, J., Salfelder, A., Sperling, L.E., Thangaraj, G., Tuschl, C., Vogel-Hopker, A., 2013.
Cholinesterases in development: AChE as a firewall to inhibit cell proliferation and support

differentiation. Chem-Biol. Interact., 203(1), 269-276. https://doi.org/10.1016/j.cbi.2012.09.014

LiZ,Shen Y, Li X et al., 2016. Synergetic catalytic removal of HgO and NO over CeO2(Zr02)/TiO2. Catal
Commun 82:55-60.

Liu, Y., Nie, Y., Wang, J., Wang, J., Wang, X., Chen, S., ... Xu, A.,2018. Mechanisms involved in the
impact of engineered nanomaterials on the joint toxicity with environmental pollutants. Ecotox.

Environ. Safe., 162(May), 92—-102. https://doi.org/10.1016/j.ecoenv.2018.06.079

Long,Y., Li, Q., Wang, Y., ,Cui, Z. 2011. MRP protein is as potential mediators of heavy metal resistance in
zebrafish cells, Comp.Biochem. Physiol.C. 153,310-317.

Lurman. GJ., Walter, J., Hoppeler, H.H., 2014. The effect of seasonal temperature variation on behaviour

and metabolism in the freshwater mussel (Unio tumidus). J. Therm. Biol. 43, 13-23.

Matozzo, V., Chinellato, A., Munari, M., Bressan, M., Marin, M.G., 2013. Can the combination of decreased
pH and increased temperature values induce oxidative stress in the clam Chamelea gallina and the

mussel Mytilus galloprovincialis? Mar. Pollut. Bull. 72, 34-40.

Mohmood, I., Ahmad, I., Asim, M., Costa, L., Lopes, C.B., Trindade, T, ... Pereira, E., 2015. Interference
of the co-exposure of mercury with silica-coated iron oxide nanoparticles can modulate genotoxicity

induced by their individual exposures—a paradox depicted in fish under in vitro conditions. Environ.

Sci. Pollut. Res., 22(5), 3687-3696. https://doi.org/10.1007/s11356-014-3591-3

21



Montes, M.O., Hanna, S K., Lenihan, H.S., Keller, A.A., 2012. Uptake, accumulation, and biotransformation

of metal oxide nanoparticles by a marine suspension-feeder. J. Hazard. Mater., 225, 139-145.

Munari, M., Matozzo, V., Marin, M.G., 2011. Combined effects of temperature and salinity on functional
responses of haemocytes and survival in air of the clam Ruditapes philippinarum. Fish Shellfish

Immunol. 30, 1024-1030.

Naasz, S., Altenburger, R., Kiihnel, D., 2018. Environmental mixtures of nanomaterials and chemicals: The
Trojan-horse phenomenon and its relevance for ecotoxicity. Sci. Total. Environ., 635, 1170-1181.

https://doi.org/10.1016/j.scitotenv.2018.04.180

Nardi, A., Mincarelli, L.F., Benedetti, M., Fattorini, D., d'Errico, G., Regoli, F., 2017. Indirect effects of
climate changes on cadmium bioavailability and biological effects in the mediterranean mussel Mytilus

galloprovincialis. Chemosphere 169, 493-502.

Navarro, E., Baun, A., Behra, R., Hartmann, N. B, Filser, J., Miao, A.J., ... Sigg, L., 2008. Environmental
behavior and ecotoxicity of engineered nanoparticles to algae, plants, and fungi. Ecotox., 17(5), 372—

386. https://doi.org/10.1007/s10646-008-0214-0

Nunes, M., Coelho, J.P., Cardoso, P.G., Pereira, M .E., Duarte, A.C., Pardal, M.A., 2008. The macrobenthic
community along a mercury contamination in a temperate estuarine system (Ria de Aveiro, Portugal).

Sci. Total. Environ., 405(1-3), 186—194. https://doi.org/10.1016/j.scitotenv.2008.07.009

Olivera, S., Chaitra, K., Venkatesh, K., Muralidhara, H.B., Inamuddin, Asiri, A.M., Ahamed, M 1., 2018.
Cerium dioxide and composites for the removal of toxic metal ions. Environ. Chem. Lett., 16(4), 1233—

1246. https://doi.org/10.1007/s10311-018-0747-2

Petosa, A.R., Jaisi, D.P., Quevedo, L.R., Elimelech, M., Tufenkji, N., 2010. Aggregation and deposition of
engineered nanomaterials in aquatic environments: role of physicochemical interactions. Environ. Sci.

Technol. 44, 6532-6549.

Pinto, J., Costa, M., Leite, C., Borges, C., Coppola, F., Henriques, B., ... Freitas, R., 2019. Ecotoxicological
effects of lanthanum in Mytilus galloprovincialis: Biochemical and histopathological impacts. Aquat.

Toxicol., 211(October), 181-192. https://doi.org/10.1016/j.aquatox.2019.03.017

Pirone, G., Coppola, F., Pretti, C., Soares, A.M.V.M., Sole, M., Freitas, R., 2019. The effect of temperature
on Triclosan and Lead exposed mussels. Comp. Biochem. Physiol. C. 232, 42-50.

Plakhova, T.V., Romanchuk, A.Y., Yakunin, S.N., Dumas, T., Demir, S., Wang, S., ... Kalmykov, S.N.,
2016. Solubility of nanocrystalline cerium dioxide: Experimental data and thermodynamic modeling. J.

Phys. Chem. C, 120(39), 22615-22626. https://doi.org/10.1021/acs.jpcc.6b05650
22



Pytharopoulou, S., Grintzalis, K., Sazakli, E., Leotsinidis, M., Georgiou, C.D., Kalpaxis, D.L., 2011.
Translational responses and oxidative stress of mussels experimentally exposed to Hg, Cu and Cd: One
pattern does not fit at all. Aquat. Toxicol., 105(1-2), 157-165.
https://doi.org/10.1016/j.aquatox.2011.06.007

Pytharopoulou, S., Kournoutou, G.G., Leotsinidis, M., Georgiou, C.D., Kalpaxis, D.L., 2013. Dysfunctions
of the translational machinery in digestive glands of mussels exposed to mercury ions. Aquat. Toxicol.

134-135,23-33

Pytharopoulou, S., Sazakli, E., Grintzalis, K., Georgiou, C.D., Leotsinidis, M., Kalpaxis, D.L., 2008.
Translational responses of Mytilus galloprovincialis to environmental pollution: Integrating the
responses to oxidative stress and other biomarker responses into a general stress index. Aquat. Toxicol.,

89(1), 18-27. https://doi.org/10.1016/j.aquatox.2008.05.013

Recillas, S., Colon, J., Casals, E., Gonzailez, E., Puntes, V., Sanchez, A., Font, X.,2010. Chromium VI
adsorption on cerium oxide nanoparticles and morphology changes during the process. J. Hazard.

Mater., 184(1-3),425-431. https://doi.org/10.1016/j.jhazmat.2010.08.052

Rodea-Palomares, I., Boltes, K., Ferndndez-Pifias, F., Leganés, F., Garcia-Calvo, E., Santiago, J., Rosal, R.,
2011. Physicochemical characterization and ecotoxicological assessment of CeO2 nanoparticles using

two aquatic microorganisms. Toxicol. Sci., 119(1), 135-145. https://doi.org/10.1093/toxsci/kfq311

Sendra, M., Yeste, P.M., Moreno-Garrido, I., Gatica, J.M., Blasco, J., 2017. CeO2 NPs, toxic or protective to
phytoplankton? Charge of nanoparticles and cell wall as factors which cause changes in cell

complexity. Sci. Total. Environ., 590-591, 304-315. https://doi.org/10.1016/j.scitotenv.2017.03.007

Sendra, M., Volland, M., Balbi, T., Fabbri, R., Yeste, M.P., Gatica, J M., Canesi, L., Blasco, J., 2018.
Cytotoxicity of CeO, nanoparticles using in vitro assay with Mytilus galloprovincialis hemocytes:

Relevance of zeta potential, shape and biocorona formation. Aquat. Toxicol. 200, 13-20.

Shehada, N., Bronstrup, G., Funka, K., Christiansen, S., Leja, M., Haick, H., 2015. Ultrasensitive silicon
nanowire for real-world gas sensing: noninvasive diagnosis of cancer from breath volatolome. Nano

Lett. 15 (2), 1288-1295

Shinotoh, H., Namba, H., Fukushi, K., Nagatsuka, S.I., Tanaka, N., Aotsuka, A., Ota, T., Tanada, S. Irie, T,
2000, Progressive loss of cortical acetylcholinesterase activity in association with cognitive decline in

Alzheimer's disease: A positron emission tomography study. Ann. Neurol., 48: 194-200.

Singaram, G., Harikrishnan, T., Chen, F.Y., Bo, J., Giesy, J.P., 2013. Modulation of immune-associated
parameters and antioxidant responses in the crab (Scylla serrata) exposed to mercury. Chemosphere,

90(3), 917-928. https://doi.org/10.1016/j.chemosphere.2012.06.031
23




Sokolova, .M., Lannig, G., 2008. Interactive effects of metal pollution and temperature on metabolism in
aquatic ectotherms: Implications of global climate change. Clim. Res., 37(2-3), 181-201.
https://doi.org/10.3354/cr00764

Sokolova, .M., Frederich, M., Bagwe, R., Lannig, G., Sukhotin, A.A., 2012. Energy homeostasis as an
integrative tool for assessing limits of environmental stress tolerance in aquatic invertebrates. Mar.

Environ. Res., 79, 1-15.

Spada, L., Annicchiarico, C., Cardellicchio, N., Giandomenico, S., Di Leo, A., 2012. Mercury and
methylmercury concentrations in Mediterranean seafood and surface sediments, intake evaluation and
risk for consumers. Int. J. Hyg. Envir. Heal., 215(3), 418-426.
https://doi.org/10.1016/j.ijheh.2011.09.003

Sun, C., Li, H., Chen, L., 2012. Nanostructured ceria-based materials: Synthesis, properties, and

applications. Energ. Environ. Sci., 5(9), 8475-8505. https://doi.org/10.1039/c2ee22310d

Suresh, A., Sivaramakrishna, B., Victoriamma, P.C., Radhakrishnaiah, K., 1992. Comparative study on the
inhibition of acetylcholinesterase activity in the freshwater fish Cyprinus carpio by mercury and zinc.

Biochem. Int. Feb;26(2):367-375.

Swiacka, K., Maculewicz, J., Smolarz, K., Szaniawska, A., Caban, M., 2019. Mpytilidae as model organisms
in the marine ecotoxicology of pharmaceuticals - A review. Environ. Pollut., 254.

https://doi.org/10.1016/j.envpol.2019.113082

Truffault, L., Winton, B.R., Choquenet, B., Andreazza, C., Simmonard, C., Devers, T., Konstantinov, K.,
Couteau, C., Coiffard, L.J.M., 2012. Cerium oxide based particles as possible alternative to ZnO in

sunscreens: effect of the synthesis method on the photoprotection results. Mater. Lett. 68, 357-360.

Tunsu, C., Ekberg, C., Foreman, M., Retegan, T., 2016. Targeting fluorescent lamp waste for the recovery of
cerium, lanthanum, europium, gadolinium, terbium and yttrium. Trans. Inst. Mining Metall. C 125(4),

199-203. https://doi.org/10.1080/03719553.2016.1181398

Tunsu, C., Ekberg, C., Retegan, T., 2014. Characterization and leaching of real fluorescent lamp waste for
the recovery of rare earth metals and mercury. Hydrometallurgy, 144-145, 91-98.
https://doi.org/10.1016/j.hydromet.2014.01.019

Velez, C., Figueira, E., Soares, A.M.V.M., Freitas, R., 2017. Effects of seawater temperature increase on

economically relevant native and introduced clam species. Mar. Environ. Res. 123, 62-70.

Velez, C., Freitas, R., Antunes, S.C., Soares, A.M.V.M., Figueira, E., 2016. Clams sensitivity towards As

and Hg: A comprehensive assessment of native and exotic species. Ecotox. Environ. Safe., 125, 43-54.

24



https://doi.org/10.1016/j.ecoenv.2015.11.030

Villa, S., Maggioni, D., Hamza, H., Di, V., Magni, S., Morosetti, B., et al., 2020. Natural molecule coatings
modify the fate of cerium dioxide nanoparticles in water and their ecotoxicity to Daphnia magna .

Environ. Pollut., 113597. https://doi.org/10.1016/j.envpol.2019.113597

Yung, M.M.N., Kwok, K.W.H., Djuri$i¢, A.B., Giesy, J.P., Leung, K.M.Y ., 2017. Influences of temperature
and salinity on physicochemical properties and toxicity of zinc oxide nanoparticles to the marine

diatom Thalassiosira pseudonana. Sci. Rep., 7(1), 1-9. https://doi.org/10.1038/541598-017-03889-1

Figure legends

Fig. 1. A: Electron transport system (ETS) activity; B: Glycogen (GLY) content; C: Protein (PROT) content
(mean + standard deviation) (n=9), in M. galloprovincialis exposed to CTL, as well as CeO, NPs and Hg**
individually and in combination. Significant differences (p < 0.05) among exposure conditions were
represented with different lowercase letters for groups exposed at 17°C and upper case letters for groups
exposed at 22°C. In addition, an asterisk represents significant differences between groups exposed to

different temperatures (17°C and 22°C).

Fig. 2. A: Catalase (CAT) activity; B: Glutathione peroxidase (GPx) activity; C: Glutathione reductase (GR)
activity; D Glutathione S-transferases (GSTs) activity (mean + standard deviation) (n=9), in M.
galloprovincialis exposed to CTL, as well as CeO, NPs and Hg** individually and in combination.
Significant differences (p < 0.05) among exposure conditions were represented with different lowercase
letters for groups exposed at 17°C and upper case letters for groups exposed at 22°C. In addition, an asterisk

represents significant differences between groups exposed to different temperatures (17°C and 22°C).

Fig. 3. A: Lipid peroxidation (LPO) level; B: Protein carbonylation (PC) level (mean + standard deviation)
(n=9), in M. galloprovincialis exposed to CTL, as well as CeO, NPs and Hg2+ individually and in
combination. Significant differences (p < 0.05) among exposure conditions were represented with different
lowercase letters for groups exposed at 17°C and upper case letters for groups exposed at 22°C. In addition,
an asterisk represents significant differences between groups exposed to different temperatures (17°C and

22°C).
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Fig. 4: Glutathione (GSH) content (mean + standard deviation) (n=9), in M. galloprovincialis exposed to
CTL, as well as CeO, NPs and Hg** individually and in combination. Significant differences (p < 0.05)
among exposure conditions were represented with different lowercase letters for groups exposed at 17°C and
upper case letters for groups exposed at 22°C. In addition, an asterisk represents significant differences

between groups exposed to different temperatures (17°C and 22°C).

Fig. 5. Acetylcholinesterase (AChE) activity (mean + standard deviation) (n=9), in M. galloprovincialis
exposed to CTL, as well as CeO, NPs and Hg** individually and in combination. Significant differences (p <
0.05) among exposure conditions were represented with different lowercase letters for groups exposed at
17°C and upper case letters for groups exposed at 22°C. In addition, an asterisk represents significant

differences between groups exposed to different temperatures (17°C and 22°C).
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Table 1. Hg** and CeO, NPs concentrations (ug g”') in M. galloprovincialis exposed to CTL, Hg and CeO, NPs

individually and in combination (mean + standard deviation). Different letter means statistically difference p<

0.05.

- H Ce
Condition 17 °C " °C 17 °C 22°C
CTL 0.15+001"  0.13+001° | 028009 | 032x0.12
CeO, NPs - - 043+0.12 | 024003
Hg 493+1.11" | 444+095 £ -
Hg+Ce NPs 498+139° | 7.66+137° | 030+0.18 | 034%0.15
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Highlights

Hg determined reduction of energetic metabolism and antioxidant activities in mussels
CeO, NPs did not affect Hg bioavailability and accumulation in mussels

Co-exposure with CeO, NPs partially recovered the Hg inhibition of GR, GSTs and AChE
At 22 °C metabolic functions and biochemical activities were lowered

The adverse outcomes induced by temperature overcome the effects of pollutants
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