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Abstract

It is known that, for marine coastal ecosystemdjupjon and global warming are among the most
threatening factors. Among emerging pollutants,opanticles (NPs) deserve particular attention & th
possible adverse effects are significantly infllehdy environmental factors such as salinity, pld an
temperature, as well as by their ability to intératth other contaminants. In this framework, thegent
study aimed to evaluate the potential interactioesveen Ce@NPs and the toxic classic metal mercury
(Hg), under current and warming conditions. The insbivalve Mytilus galloprovincialiswas used as
biological model and exposed to CalPs and Hg, either alone or in combination, forrityesight days at
17 °C and 22 °C. A suite of biomarkers related iergetic metabolism, oxidative stress/damage, redox
balance, and neurotoxicity was applied in exposed rson-exposed (control) mussels. The Hg and,CeO
NPs accumulation was also assessed. Results shbatethe exposure to Ce®IPs alone did not induce
toxic effects inM. galloprovincialis On the contrary, Hg exposure determined a sicamti loss of energetic
metabolism and a general decrease in biochemiadbrpences. Hg accumulation in mussels was not
modified by the presence of CeRPs, while the biochemical alterations induced lgyatbne were partially
canceled upon co-exposure with GeRPs. The temperature increase induced loss of bolktaand
biochemical functions and the effects of tempegfrevailed on mussels exposed to pollutants aatimge

or combined.
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1. INTRODUCTION

Nanotechnology is one of the most rapidly develgpsearch fields of the 2tentury (Aithal et al., 2015).

It involves the study, production, and manipulatajrstructures, devices, materials or particle$ sit least
one dimension that falls within the range of 1-108 length. The unique physicochemical properties of
nanoparticles (NPs), substantially different frdrode of the same bulk materials, made them atteafdr a
broad range of technological applications and comsugoods(Kotagiri et al., 2015; Shehada et atl520
The massive use of NPs resulted in their releasetie environment generating an urgent need tdigire
their impacts on natural ecosystems. In particulae, marine ecosystem represents the final sinthef
released NPs in soils and waterways; moreoveufiers also for the direct release of NPs develdioed

marine applicationgCorsi et al., 2014).

As a consequence of their high surface-area-torveltatio, NPs can adsorb other pollutants, whichhini
affect their transport and bioavailability in nalsystems and, ultimately, their ecotoxicitMavarro et al.,
2008). The sorption of pollutants onto nano-sizegtipdes was already explored in various studied an
attempts to investigate this interaction recenityréased(Canesi et al., 2015; Liu et al., 2018; Naasz ¢t al
2018 and citations therein). The joint effects ofitaminants and NPs on organisms can be catega&ed
synergistic, antagonistic or independent, dependingthe type of NPs and the associated contaminant
(Canesi, et al., 2015). Most of the studies ingasiing the combined effects of NPs and pollutastdtdvith
carbon-based NPs (nanotubes, fullerenes) and n-Widist fewer studies focused on other metal-basied
(Canesi et al., 2015; De Marchi et al., 2019). Nivtstanding, assessing this topic is essentialropgyly
predict the risk related to the presence of NPHénenvironment, since organisms are exposed t@leam

mixtures of contaminants in natural conditions.

Among NPs, cerium oxide nanopatrticles (G&Ps) are largely employed in many industrial aggilons,
being used as catalysts in diesel fuel oil productglass polishers, antioxidant agents in bioniedior as
ultraviolet absorbent (Sun et al., 2012; Truffaailal., 2012). The environmental concentration ®OCNPs
is expected to be in the range of ng in surface water, pgtin seawater angig L™ in hotspots as
wastewater treatment plants (Giese et al., 2018&sGwlk et al., 2015; Keller & Lazareva, 2013)eThxic
effects of Ce@ NPs were reported on different marine taxa suchaaseria, algae, bivalves, echinoderms
and fish (Sendra et al., 2018; Canesi et al., 2GHcia et al., 2012; Fairbairn et al., 2011; Redakbmares
et al., 2011; Van Hoecke et al., 2009). It was destrated that CeONPs may target the organism at
different biological scales, inducing oxidativeests and immunomodulation, altering organisms behavi
reducing growth or development, and increasingaléth(Auguste et al., 2019; Bour et al., 2015; Gay et
al., 2014; Garaud et al., 2015; Koehlé-Divo et2018).
Cerium-based oxides and their composites were ra@gorted to be reliable adsorbents for metal traces
(Duncan & Owens, 2019). Indeed, Gel@Ps have been employed for sorption fraater media of many
different cations, such as ZsAs™, C*, P, Cd*, F, H¢, Hg"" and U* (Olivera et al., 2018). Although
the potential use of these NPs can be a promisihgien for water decontamination, several crusalies
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should be addressed regarding this applicatiorl) asahe possible occurrence of unexpected efflecdo

the interactions between NPs, including C&P's, and metals.

Among metals, mercury (Hg) ranks in the third gositin the priority list of substances that caneodially
threat to human health by ATSRD (2017) due to éssistence in the environment and its propensityide
accumulate in the organism (Jiang et al., 2006ychty has been found in coastal ecosystems sirzlds
ago, derived from many activities, including chla&ali industry (among others, Nunes et al., 2008).
Although along recent years some of these activiieave been limited, Hg has been used in novel
applications, including fluorescent lamps, togetivéh rare earth elements as Ce (among others,urens
al., 2014, 2016). In coastal waters, Hg was dedeitteconcentrations up tog L™ (Gworek et al., 2016),
whereas in open sea Hg concentrations was estirbated in the range of 0.5-3.0 ng (Faganeli et al.,
2012). The capacity of Hg to affect biological peses, including biochemical mechanisms involved in
organisms’ oxidative stress status, was assessedvayal authors (Chen et al., 2014; Coppola £2a138;
Velez et al., 2016). The negative impacts that g ¢tn energy metabolism, physiological mechanisms a
reproduction was also ascertained (Pytharopoulaii,€2013; Velez et al., 2016).

Besides pollution, coastal ecosystems are affebtedhe ever-increasing threat posed by the changing
climate. Indeed, the adverse effects of contamsaould be further amplified if combined with other
environmental stressors such as global warmingq®e& & Lanning, 2008). Several studies highlighted
that an increase of water temperature is ableféatathe bioaccumulation of pollutants, includingtals, but
also to modify organism’ susceptibility to contamms (Guinot et al., 2012; Banni et al., 2014; Goppet

al.,, 2017; Nardi et al., 2017). However, the effeftincreasing temperature on NPs is still barely
investigated (Andrade et al., 2019a), and less@vk on the influence of temperature rise on thelioed

effects between NPs and metals (Freitas et al8)201

In this view, the aim of this study was to asségspotential interaction of Ce@Ps with the toxic metal
Hg®* under the temperature representative of currendliions at the sampling area, and the temperature
increase forecasted to occur at the end of thé c&htury (IPCC, 2014). The marine bivaliytilus
galloprovincialiswas used in the present study since it has beeelyvicsed as bioindicator species for a
vast variety of pollutants, including metals asatgl nanoparticles (Canesi et al., 2015; Coppadh ,€2018;
Barranger et al., 2019; Freitas et al., 2019; Pattal., 2019). Mussels were exposed to C&Ps and HY
individually and in combination at 17 and 22 °Q; fwenty-eight days. Several biochemical endpoivese
evaluated such as glycogen (GLY) content, protBRQT) content and electron transport system (ETS)
activity, as markers of energy alteration and maiain; catalase (CAT), glutathione peroxidase (GPx)
glutathione reductase (GR) and glutathione-s-texasts (GSTs) activities, as markers of oxidatikess;
lipid peroxidation (LPO) and protein carbonyl (Pleyels, as markers of oxidative damage. Moreover,
reduced glutathione (GSH) content was evaluated nteasure mussel's redox balance, while

acetylcholinesterase (AChE) activity was used asuaotoxicity endpoint.
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2. MATERIALSAND METHODS

2.1. Nanopatrticles synthesis and characterization

CeQ NPs were prepared following Plakhova et al. (20d®cedure, with modifications fully described by
Villa et al. (2020). The hydrodynamic size afygotential of NPs were characterized through Dyn&amm
Light Scattering (DLS) using a Zetasizer nano Z8rimrment (Malvern) equipped with a 633 nm solidesta
He—Ne laser at a scattering angle of 173°, opeayatir25 °C. The size and charge analyses weregagtra

from at least three repeated measurements.
2.2. Experimental conditions

Specimens of the Mediterranean muddgtilus galloprovincialis(9.09 + 3.3g without shell) were collected
from the Mira channel at the Ria de Aveiro lagoomorthwest coast of Portugal), considered a non-
contaminated area, namely in terms of metals (anobhners, Freitas et al., 2014). After sampling, sels
were acclimated and depurated for one week indheratory, under the following controlled condison
temperature 17.0 + 1.0 °C; pH 8.0 + 0.1, photomkdd h light and 12 h dark in continuous aeratiod a
artificial seawater (salinity 30 + 1). Artificiakawater was prepared by mixing a commercially aléel salt
mixture (Tropic Marin Pro Reef salt; Tropic Marin@ermany) with freshwater obtained by reverse osnos
A temperature of 17 °C and a pH value of 8.0 welected as representative of mean values measuiieel a

sampling site during mussels field sampling.

After the acclimation period, organisms were exgose triplicates (three mussels per aquarium, three
aquaria per treatment, nine individuals per treatinen 3 L aquaria, considering the following tireants:

A) CTL-17, seawater at 17 °C; B) Ce@Ps-17, 1 pg/L of Ce{NPs at 17 °C; C) Hg-17, 10 ug/L of Agt

17 °C; D) Hg+Ce NPs-17, 10 ug/L of Hgand 1pg/L of Ce@NPs at 17 °C; E) CTL-22, seawater at 22 °C;
F) CeQ NPs-22, 1 pg/L of CeONPs at 22 °C; G) Hg-22, 10 ug/L of Hat 22 °C; H) Hg+Ce NPs-22, 10
ng/L of HE" and 1 pg/L of Ce©NPs at 22 °C. The temperature of 22 °C was selexdaepresentative of
the predicted global mean surface temperatureaserby the end of the 2tentury (2.6 °C to 4.8 °C under
RCP8.59) (IPCC, 2014). Different temperatures (1&htl 22+1 °C) were achieved by maintaining each
group of aquaria in different climatic rooms. Thatar temperature of 22 °C was gradually obtaindédrée
the experiment beginning. The temperature in egciagum was daily monitored with a thermometer and

adjusted if necessary.

Mussels were exposed to the above-mentioned condifior twenty-eight days, during which water was
changed weekly and exposure conditions re-estadlishmediately. Every week, after spiking, a sangble
water was collected from each aquarium to evaltlaereal concentration of pollutants. Every two Slay
animals were fed with Algamac protein Plus. Alsarilg the entire experimental period, aquarium sgaw

pH, temperature, and salinity were monitored tadany changes that could influence the obtainedit®



At the end of the exposure period, animals weréectad, individually frozen, and stored at -80 °@tilu
both biochemical analyses and pollutant measureameete carried out. Whole soft tissues of each atuss
(three animals per replicate, nine individuals freatment) were individually and manually homogediz
with a mortar and a pestle in liquid nitrogen. E&ddmogenized sample was divided in different aliquaj

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

2.3 Mercury and Cerium quantification in seawater andssels’ soft tissues

The quantification of Hg in seawater aliquots wasrf@rmed by cold vapour atomic fluorescence
spectroscopy, while total Hg in biological matemals quantified through Atomic Absorption Spectoysc

In what regards to Ce, concentrations were quadtifi seawater and in mussel’s samples using iivelct
coupled plasma - mass spectrometry. Analytical gatapes are fully described in the Supplementary
Material (SM).

2.4 Biochemical parameters

Mussels soft tissues were used to carry out thmdnikers analyses following the procedures desciibbed
Pirone et al. (2019). For each experimental comwlitia suite of biomarkers was analyzed including:
metabolic capacity (electron transport system #agthNETS), energy reserves (glycogen content, GLY;
protein content, PROT), oxidative stress (catalastvity, CAT; glutathione peroxidase activity, GPx
glutathione S-transferases activity, GSTs; glutatbi reductase, GR), oxidative damage and redomsstat
(lipid peroxidation levels, LPO; protein carbonjdek levels, PC; reduced glutathione content, GSh) a
neurotoxicity (Acetylcholinesterase activity, ACHE) detailed description of each method is repoited
the SM.

2.5 Statistical analysis

All data obtained from the biochemical analysis aplutants quantification were analyzed employihg
PERMANOVA+ add-on in PRIMER v6 (Anderson et al. 8D0The permutation method used was the
unrestricted permutation of raw data, testing tleimum number of permutations (9999), while the kéon
Carlo test was selected to obtain numerical regoiiteach pair of comparisons. Values lower th&b @p<
0.05) were considered as significantly differend ame reported in Table S2. Degrees of freedom ¥he
null hypothesis tested was: for Hg accumulation eadh biomarker response, no significant difference

existed among different exposure treatments.



3. RESULTS

3.1. CeQ nanoparticles characterization

Ad hoc synthesized CeONPs were homogeneous in size, with a mean diantwgetered at5 nm
(transmission electron microscopy micrograph S)S measurements were carried out in MilliQ water,
and the fitting of the correlation function by a-ébiponential function showed the presence of two
populations centered at 146 + 152 and 400 + 75later being the most relevant, as stated by tmeber-
weighted size distribution graph (Fig. S1). Tpotential in MilliQ water indicated a strongly pibge
surface charge (+36.7 = 2.3 mV). In seawater higlggregation occurred, leading to the formatiotaager
CeQ NPs aggregates (1760 £ 270 nm). In this mediummtbasurement d@fpotential was hampered by the

too high value of the ionic strength.

3.2. Mercury and Cerium guantification in seawater andssels’ soft tissues

Concerning the Hg concentration in water, no diffexes were observed between Hg levels measured in t
aquaria contaminated with the metal alone (4.15% g L'l) with respect to Hg + Ce (2.95+ 1.8 L

1) at 17 °C. Similarly, no differences were obserae@2 °C 2.1 + 0.4 pg L[* for Hg vs4.6 + 1.4ug L*

for Hg + Ce) (Table S1). The measurement of Celdevewater confirmed a fast sedimentation of thesN
since no differences were observed between thesotration of the CTL and the NP contaminated wadéers
both temperatures (Table S1). However, given the doncentration of NPs used in this study, thisadat

should be considered with caution.

The amount of H in soft tissue confirmed the uptake and bioaccation of the metal by mussels (Table
1). The concentration of Hgwas significantly higher in the group exposed igf'Halone and combined
with CeQ NPs than to CTL, both at 17 and 22 °C. The co-sMpoto H§" and NPs did not affect metal
accumulation at 17 °C, while a slight increase etahcontent was observed in mussels exposed to Elg
NPs at 22 °C compared to the exposure to the raktak as well as to the metal NP combination atCL7

The tissue level of CeNPs did not show any significant differences amexygosure conditions.
3.3 Biochemical assays
3.3.1 Metabolic capacity and energy reserves

At 17 °C the exposure to Ce®IPs did not affect ETS activity compared to theLCDn the contrary, a
significantly lower ETS activity was observed in seals exposed to Figalone and combined with NPs
with respect to the CTL and Ce®Ps. At 22 °C no significant differences in ETS3iaty were observed
among all treatments. Comparing the ETS activitysoeed at 17 °C and 22 °C it was possible to observ
significantly lower values at higher temperatureQfL and in Ce groups, and an opposite patterngat H
treatment (Fig 1A).



At 17 °C, the GLY level was significantly lower @l exposed groups in comparison to CTL. On the
contrary, at 22 °C a significant increase of GLYswabserved in mussels exposed to CBB®s and HE
alone compared to the CTL. Comparing the data et different temperatures, significant differesic

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

Concerning the PROT content, at 17 °C significatdlyer values were found in Aigand Hg+Ce exposed
mussels in comparison to CTL and Ce treatment22AIC no significant differences were observed agnon
treatments. Between both temperatures, signifiddigrences were observed at CTL and ¢&Bs exposed
mussels, with significantly higher PROT content arC (Fig 1.C).

3.3.2 Antioxidant and biotransformation defenses

At 17 °C mussels exposed to #igand Hg+Ce NPs showed a significant decrease in @ity in
comparison to the CTL, while no significant diffeces were observed among treatments at 22 °C.
Significant differences between temperatures weeeived in the CTL groups, with higher CAT activéty

17 °C (Fig 2A).

The activity of GPx showed no significant differescamong treatments, at both 17 °C and 22 °C.
Significantly higher values were measured at 2th°mparison to 17 °C when organisms were exptused
Hg?* and Hg+Ce (Fig 2B).

Concerning the GR, at 17 °C significantly loweridty was observed in mussels exposed tdHind
Hg+Ce in comparison to the CTL and GedPs alone. At 22 °C no significant differencesavebserved
among treatments. On the contrary, significantedgiices between temperatures were observed aflthe C
and CeQ@ NPs exposed mussels, with higher GR activity at@A {Fig. 2C).

At 17°C the GSTs activity decreased significantly mussels exposed to Higand Hg+Ce NPs in
comparison to CTL, while was significantly incredse mussels exposed to Hg+Ce NPs compared 6 Hg
alone. At 22 °C no significant differences wereridilamong treatments. Between temperatures, the GSTs
activity significantly decreased in CTL, Ce®@Ps and Hg+Ce NPs mussels at 22 °C in comparigbritve
same groups at 17°C (Fig. 2D).

3.3.3 Oxidative damage

At 17 °C LPO levels were significantly lower in nseds exposed to Hgand Hg+Ce NPs compared to the
CTL and Ce@NPs. At 22 °C LPO showed significant differencesneen Hg+Ce and Ce®IPs mussels,
as well as between Hg+Ce and ?Hgnussels, with lower values in mussels exposed gaG¢ NPs.
Significant differences between temperatures weseived at CTL, with higher LPO levels at 17 °Qy(Fi
3A).



The PC levels were significantly lower only in #i@xposed mussels in comparison to CTL and &%
treatments at 17 °C. At 22 °C no significant deéfeces were observed among treatments. Between

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

At 17 °C, GSH showed significantly lower levelsHif™" and Hg+Ce NPs mussels in comparison to the CTL
ones. At 22 °C no significant differences were obsg among conditions. Significant differences lestw
temperatures were observed for the CTL#*Hmd Hg+Ce NPs groups, with higher values at 17o?Ghe
CTL mussels and an opposite trend fof Hand Hg+Ce NPs mussels (Fig. 4).

3.3.5 Neurotoxicity

At 17 °C, significantly lower values of AChE actiyiwere observed for Hfjexposed mussels compared to
the CTL and Ce®NPs exposed mussels, resulting in 56 % inhibitdrAChE activity. The mussels
exposed to the combination of Higind Ce@NPs groups showed a 50 % of inhibition higher tbantrols.

In this group, a significant increase in AChE aityiwas also observed in comparison to the groymsead

to Hg" alone. At 22 °C higher AChE activity was obserfedmussels exposed to Hgand Hg+Ce NPs
compared to the CTL (60% enhancement in both gloufise increased temperature at 22 °C led to
significant inhibition of AChE up to 53% in the CTdnd 38% for Ce@NPs exposed mussels, compared to
17 °C. An opposite response was observed fof' tdgd Hg+Ce NPs contaminated mussels, where an

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

This study aimed to evaluate the potential effactsing from the interactions between Gd@Ps and the
toxic metal Hg" on the bivalveM. galloprovincialis The combined effects of NPs and pollutants repres
very important but still controversial aspect of Nétotoxicity, as several research studies poiotg¢dhat
not only the intrinsic properties of NPs, but atbeir ability to interact and often behave as palh
carriers, could amplify the adverse impacts of Psquatic ecosystems. Although the interactidnSe,
NPs with metals in the aquatic environment arelyik® occur, studies on their combined effects on
organisms are lacking. Therefore, our first aim wadill this gap of knowledgeThe influence of sea
warming on this interaction was also evaluatedeédj several studies highlighted that the increéase
temperature amplifies the toxicity of different st@s of environmental pollutants (Sokolova & Lannig
2008; Coppola et al., 2018; Andrade et al., 2019#&.well known that changes in seawater pararaesech

as temperature would affect significantly NP fatel,aas a consequence, the bioavailability and ityxio
organisms (Corsi et al., 2014). Nevertheless, Vew studies investigated the consequences of seawat
warming on NP ecotoxicity and none on ceria NPstédwer, up to now no studies assessed the influeince
warming on the ecotoxicity of NPs combined with atet Therefore, a further novelty in our study is

represented by the attempt to show the effectdtirggdrom the exposure to such combination ofsgoes.

4.1 Effects of CefNPs and H§

Bivalve mollusks are identified as ideal sentingéa@es for the assessment of ecotoxicological itspat
NPs due to their eco-physiological features (Camésal., 2012). Among them, the high filter-feeding
capacity shown bi. galloprovincialis(about 50 mL of seawater per min (Famme et aBg)9makes this
species an efficient accumulator of pollutants fritv@ environment, leading to the opportunity toleste
the concentration and bioavailability of toxic atgeim situ Moreover,M. galloprovincialis constitutes a
source of food and habitat for many other marirexigs (Beyer et al., 2018wiacka, et al., 2019), therefore
contributing to trophic transfer of pollutants (Fedr and Nelson 2013; Larsen et al., 2016). Foausin
CeQ NPs, a previous study dvl. galloprovincialisreported that most of the Ce@®@Ps filtered from the
water column were ejected through pseudo-fecesa Imain-negligible fraction could also bioaccumuiate
tissues upon long-term exposure to G&Ps in the mg L range (Conway et al., 2014). In agreement with
this observation, the study by Montes and co-ast(2012) showed that in mussels exposed for foys tia
increasing doses of Ce®Ps (1-10 mg L), a significant bioaccumulation was measured anlhe highest
concentration. Some studies showed also the abidftyCeQ NPs to induce toxic effects i.
galloprovincialis eitherin vitro (Sendra et al., 2017) ama vivo (Auguste et al., 2019). In this latter study,
the exposure for 96 h at 1Q@y L™ triggered oxidative stress and modulated thesegémvolved in

detoxification, immune response and neuroendocigmakéng.
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Conversely to these findings, in the present sdggligible accumulation of Ce was measured insglas
exposed to the CeONPs acting individually as well as in combinatiaith Hg**. The low accumulation
levels were also reflected in the absence of bickbgeffects observed upon exposure to NPs alohes T
result is likely due to the low concentration of NiRested in this study (which are approaching the
environmental ones), combined with the fast aggregeaand sedimentation of the NPs occurring in the

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

On the contrary, the present study revealed that igs able to affect significantly the majority dfet
investigated biomarkers. Overall, the present tesubinted out that Hg tends to inhibit the metabolic
capacity of the organisms, as the activity of e@ctransport chain was decreased. Lower PROT dand G
concentrations observed in contaminated musselgestep a decrease of energy supplies. Previougstud
reported a down-regulation of protein synthesigminssels exposed to metals such as Cr, Cu and Mn
(Pytharopoulou et al., 2008; Kalpaxis et al., 20@Bsides, the observed lowering of LPO might sagge
potential decrease of the total lipid content, m&ty also result from the decrease of the ETS agtivi

associated with lower reactive oxygen (ROS) geimrat

Concerning the effects on the antioxidant machinaiynost all enzymes were inhibited in organisms
exposed to Hg and to the combination of igand Ce®@ NPs, regardless the temperature tested. Singaram
and co-authors (2013) reported similar resulthédrabScylla serrataexposed to 1 and 10 ug' lof Hg for

14 days, showing inhibition of CAT and GPx enzyraad detecting a lower content of GSH, but unlile th
present study authors reported a parallel increa$&STs activity and LPO levels. Similarly, Coppealad
co-workers (2017) reported an increase of GSTs, @Ad SOD activities iM. galloprovincialisexposed to
0.25 mg L' Hg’+ for twenty-eight days.

The observed reduced antioxidant activity couléddsociated with an imbalance of the antioxidanyees
due to ROS overproduction, a mechanism alreadyesiigd for metals, including Fig(Franco et al., 2009;
Pytharopoulou et al., 2011). Nevertheless, singhdri ETS activity was observed at control organifires
uncontaminated mussels at control temperature ®C)this could result into higher ROS content a$ th
condition and higher antioxidant enzymes activiBn the other end, lower ETS activity observed in

contaminated organisms resulted into less ROS ggoemwith no need for antioxidant defenses aativat

As far as the redox balance is concerned, the GStkey molecule involved in the excretion/detasfion
of inorganic Hg, through the conjugation mediatgddSTs (Long et al., 2011). Therefore, the decredse
GSH could be due to its binding with the metaldaléd by excretion of the GSH-Hg complex, in agreeme
with the hypothesis already suggested by Francocaadthors (2009) for this metal. The present figdi
further revealed that such depletion could alsehagulted from the lack of GR activation that éased its

activity.
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The decreased activity of ETS, one of the cellglamrces of ROS, and the absence of protein damage
suggested that the organisms exposed t3 tigre not undergoing an overproduction of ROS, rhtiter a
decrease of filtrating rate due to valve closuti, ssing energy reserves. Indeed, the closureabies is a
protective strategy that mussel activates to cofté wtressful conditions and avoid accumulation of
pollutants, some evidence indeed demonstrateddhar ETS activity resulted in a lower accumulatian
bivalves (Gosling, 2003; Coppola et al., 2018; taeet al., 2018). Nevertheless, this last hypatrs®uld

be further confirmed.

Concerning AChE activity, the present findings ardine with results from other studies in which g
determined an inhibition of this enzyme in differespecies, as in the freshwater fi€lyprinus carpio
(Suresh et al., 1992) and in the c@ércinus maenaéElumalai et al., 2007), suggesting an interfereofce

this metal with the cholinergic neurotransmission.

A different pattern of biomarker modulation was etved upon the co-exposure of#ignd Ce@NPs. The
combination of both contaminants seems to partiaibpver the toxic effect induced by #iglone on GSTs,
GR and AChE activities. The same was observed 8 Gontent that increased in Hg + Ce NPs group with
respect to the group exposed to’Halone. Thus, these results seem to suggest agoaigtc interaction
between the two contaminants, even though the dicab effect is given mostly by the chemical padlot,
which always prevails on the physical one. A simdatagonistic behavior was reported from Anjum and
co-workers (2014) between iron oxide NPs functimeal with dithiocarbamate (E@,@SiQ/SIiDTC also
called IONP) and H{ in the brain of the European ehguilla anguilla Authors showed that the extent of
LPO and the activity of GR and GSTs decreased imitheasing exposure time to the two contaminants,
suggesting a recovery against the negative effégtgered by the exposure to figlone upon co-exposure
conditions. On the other hand, a study conducted Aui anguillablood cells highlighted the occurrence of
this antagonism only at the initial period, wheraasate hours of exposure, IONP were unable tayete

the negative effects triggered by ¥igMohmood et al., 2015). Another study showed afstd Hg* can bind

to the surface of Ag NPs (Katok et al., 2012) dasiay its bioavailability for the organism.

The observed decrease of ‘Htpxicity in the presence of Ce®IPs could be due to the adsorption of the
metal on NPs that undergoing fast agglomerationsaaiimentation might reduce the bioavailability floe
organisms. Some studies in fact reported the plmfitCerium-based nanomaterials to adsorb and sesue
other metals such as As and Cr (Recillas et al02Dados et al., 2014; Olivera et al., 2018). A®rample

of successful use for the removal of?Hirom water medium we can cite a work employingaaa ceria-
impregnated silica—iron oxide material (Dados gt2014) and a composite of ceria—zirconia—titdaiethe
removal of metallic HYexploiting a catalytic oxidation method (Li et,&016). With the aim to test this
hypothesis, the influence of nano ceria orf'Hgjoavailability and bioaccumulation was asses&abults
showed that the Hg levels were only slightly reduced in water in theesence of CeONPs and the

bioaccumulation was similar in the organisms exdasethe metal alone and in combination with NPs.
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Therefore, a physico-chemical interaction in watexdium is unlikely to occur, but rather an antagtoi
effect could take place on biological target inside organism, potentially affecting the metabolisithe
metal. In support to this hypothesis, the most mr#ifferences between Haglone and Hg+NPs were
observed on GSH and enzymes involved in its pathaagh as GR and GSTs. Due to the crucial role of
GSH in Hg detoxification, it is possible that thentbination with Ce@NPs allows Hg to bypass the GSH
response mechanism. Nevertheless, this hypothesdsnfurther confirmations. The presence of the NPs
could also alter the biodistribution of the metakhe organism. In particular, biodistribution ssential for
determining the adverse effects triggered by pafitd, as different compartments in the organisnmdcou
show different sensitivity to contaminantSor instance, nTi® not only adsorbed and enhanced the
accumulation of As iArtemia salinabut also modified the subcellular allocation & ik the organism (Liu

et al., 2018).

4.2 Effects of temperature increase

Due to global warming occurring in coastal marineas, it is important to understand how the inaeas
temperature can influence the effects of contantéim benthic marine species. Several studieslighyled

that thermal stress induces a broad range of aelveffects in bivalve mussels such as imbalance of
oxidative status, cellular damages, impairment lofsplogical functions and reduced survival (Munetri

al., 2011; Matozzo et al., 2013; Velez et al., d0Besides direct impacts on organisms, the rise in
temperature could influence the susceptibility ofamisms to contaminants including trace metalsigs
either modifying the bioaccumulation or affectirfie torganism biochemical performances (Sokolova &
Lannig, 2008). For instance, Verlecar and coautf@087) showed that the increase of temperatunecied
oxidative stress irPerna viridis and was also able to amplify the oxidative damtigered by Hg,
measured as level of thiobarbituric acid reactiviessances. Concerning the effects of the risempézature

on NPs, Chen and co-authors (2012) demonstratetiznced aggregation of CePs in KCl and CaGl
solutions at increased temperatures. This effqutabably due to the lower solution viscosity antifacial
energy barrier at higher temperature. These firddiuge also supported by Yung and co-workers (2017),
which detected a higher aggregation and sedimentaif Zn NPs at higher temperature and salinity.
Therefore, an increased temperature could affecbtbavailability of the NPs that become less neinl

the water column and tend to easily settle dowtodzeet al., 2010).

On the contrary, in the present study, the effeatssed by temperature increase override those ddnyse
pollutants (both acting individually or in combiiat). In fact, control organisms showed a significkpss

of metabolic performance, shifting from 17 °C to°22 As a consequence of this metabolic depresdsm
the activity of antioxidant capacity was loweredmitarly to the present study, Coppola and co-waske
(2018) exposedVl. galloprovincialis to Hg* under warming conditions (21°C) and detected dtditn
capacity to activate the antioxidant defenses duéhé¢ reduced metabolic capacity. Also, the stugy b
Coppola et al. (2017) showed that the rise of teatpee from 17 °C to 22 °C reduced the ETS activity
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preventing the bioaccumulation of Hghh galloprovincialis In line with the present results, those authors
pointed out that the adverse outcomes induced mpeeature overcame the metal effects. Moreover,
Andrade et al. (2019b) evidenced that the exposfir®l. galloprovincialis to tidal regime and to an
increased temperature (21°C) resulted in lower bwdia capacity. This may be due to a closure of the
valves and metabolic depression put in place aertjemnism defense response under heat stresscreage

of the frequency and duration of valve closuredgponse to thermal stress was already documentéé in
freshwater musseUnio tumidus(Lurman et al., 2014) A similar behavior was observed also lh
galloprovincialis which under heat stress exhibited valve closuk raetabolic depression (Anestis et al.,
2007).

Finally, neurotoxicity was observed in non-contaaéd organisms exposed to increased temperatureawi
decrease in AChE activity. Similarly, Kumar et §2020) reported a significant inhibition of AChEtiaity
after exposing the fisliPangasianodon hypophthalmas Zn-NPs alone and with concurrent increased
temperature. The enzyme has, indeed, a thermo- latody function and thermal stress can lead to AChE
inhibition (Kim et al., 2019). Notwithstanding, kear correlation between cholinesterase loss argasing
temperature was poorly described in bivalve specig&mel et al.,, 2014). AChE is crucial for cell
proliferation, migration and differentiation thrdugignaling process (Layer et al., 2013; Falugi Ahdgi,
2012). Therefore, the loss of AChE activity migead to neurological disorders and ultimately migffect

organism survival (Shinotoh et al., 2000).

5. CONCLUSIONS

The present study represents the first attempssess the combined effects of G&P's and HY using as
biological model an economically and ecologicalBluable marine species such Ms galloprovincialis
Furthermore, the potential influence of sea warnanghis interaction was evaluated. The g8&®s did not
affect significantly the mussel metabolic metabroliand oxidative status. On the contrary?Hgduced a
general metabolic depression and inhibition ofatiant enzymes in organisms. A slight antagonisftiect
of the two pollutants was observed, even if thea# of the metal prevailed on the NPs. The prassaits
highlighted also that warming conditions do affextabolic performance and reduce neurological fonst
of mussels. These effects might impact on theieasié of organisms towards chemical stress andttead
negative repercussion on key physiological funatieach as feeding, growth and reproduction, ultgat

affecting mussel population health.
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Figurelegends

Fig. 1. A: Electron transport system (ETS) activity; By&bgen (GLY) content; C: Protein (PROT) content
(mean + standard deviation) (n=9),Nh galloprovincialisexposed to CTL, as well as CeRPs and Hg
individually and in combination. Significant diffsnces (p< 0.05) among exposure conditions were
represented with different lowercase letters faugs exposed at 17°C and upper case letters fopgro
exposed at 22°C. In addition, an asterisk repressigmificant differences between groups exposed to
different temperatures (17°C and 22°C).

Fig. 2. A: Catalase (CAT) activity; B: Glutathione peroas (GPX) activity; C: Glutathione reductase (GR)
activity; D Glutathione S-transferases (GSTs) dgtiyimean + standard deviation) (n=9), M.
galloprovincialis exposed to CTL, as well as Ce®Ps and Hg individually and in combination.
Significant differences (g 0.05) among exposure conditions were representdd different lowercase
letters for groups exposed at 17°C and upper edtsrd for groups exposed at 22°C. In additiomasterisk

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

Fig. 3. A: Lipid peroxidation (LPO) level; B: Protein canbylation (PC) level (mean + standard deviation)
(n=9), in M. galloprovincialis exposed to CTL, as well as Ce®Ps and HY individually and in
combination. Significant differences {p0.05) among exposure conditions were represenittddiiferent
lowercase letters for groups exposed at 17°C apérugase letters for groups exposed at 22°C. litiadd
an asterisk represents significant differences éetwgroups exposed to different temperatures (B
22°C).
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Fig. 4. Glutathione (GSH) content (mean + standard deriat{n=9), inM. galloprovincialisexposed to
CTL, as well as CeONPs and Hg individually and in combination. Significant diffences (p< 0.05)
among exposure conditions were represented witérdift lowercase letters for groups exposed at BHritC
upper case letters for groups exposed at 22°Cdtitian, an asterisk represents significant diffiees

between groups exposed to different temperatur&(and 22°C).

Fig. 5. Acetylcholinesterase (AChE) activity (mean + stmoddeviation) (n=9), irM. galloprovincialis
exposed to CTL, as well as Ce®Ps and H individually and in combination. Significant difnces (<
0.05) among exposure conditions were representdd different lowercase letters for groups exposed a
17°C and upper case letters for groups expose®df.2Iin addition, an asterisk represents signitican

differences between groups exposed to differenpégatures (17°C and 22°C).
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Table 1. H§" and Ce@NPs concentrations (ug-gin M. galloprovincialis exposed to CTL, Hg and Ce®Ps

individually and in combination (mean + standardidgon). Different letter means statistically difence p<

0.05.

Condition 17 °C " 22°C 17 °C = 22 °C
CTL 0.15+0.0f 0.13+0.0% @ 0.28+0.09  0.32+0.12

CeO, NPs - - 0.43+0.12 | 0.24+0.03
Hg 493+1.1% 44410098 - -

Hg+Ce NPs 498+139 | 7.66+1.37 | 0.30+£0.18| 0.34+0.15
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Highlights

Hg determined reduction of energetic metabolismamttbxidant activities in mussels
Ce(Q NPs did not affect Hg bioavailability and accuntigla in mussels

Co-exposure with Ce{NPs partially recovered the Hg inhibition of GRS and AChE
At 22 °C metabolic functions and biochemical atiegd were lowered

The adverse outcomes induced by temperature overtwreffects of pollutants
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