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ABSTRACT

The wide range of applications of rare earth eldmdREE) is leading to their
occurrence in worldwide aquatic environments. Amdhg most popular REE is
Neodymium (Nd), being widely used in permanent neggjnlasers, and glass additives.
Neodymium—iron—boron (NdFeB) magnets is the mapliegtion of Nd since they are
used in electric motors, hard disk drives, speakeis generators for wind turbines.
Recent studies have already evaluated the toxiengat of different REE, but no
information is available on the effects of Nd todeumarine bivalves. Thus, the present
study evaluated the biochemical alterations causgdNd in the musseMytilus
galloprovincialis exposed to this element for 28 days. The resuitsimed clearly
demonstrated that Nd was accumulated by musseldjnig to mussel’'s metabolic
capacity increase and GLY expenditure, in an attemfuel up defense mechanisms.
Antioxidant and biotransformation defenses werefiigent in the elimination of ROS
excess, resulting from the presence of Nd and a&sew@ electron transport system
activity, which caused cellular damages (measunedipgid peroxidation) and loss of
redox balance (assessed by the ratio between mbdunmk oxidized glutathione). The
results obtained clearly highlight the potentiadiedty of REESs, and in particular of Nd,
with impacts at cellular level, which may have asences in mussel's survival,

growth and reproduction, affecting mussel’s poparat

Keywords: Rare earth elements, mussels, oxidative stressabwiee capacity,

bioconcentration.
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1. INTRODUCTION

The extensive use of neodymium (Nd, Z = 60) by itidustries has drawn
attention from the scientific community in the lgstrs. This light rare earth element is
classified as one of the five most critical raretle@lements (REEs) until 2025 (U.S.
Departament of Energy, 2011) due to its high ecoaamportance and supply risk
(Batinic et al., 2017; Critical Raw Materials - Bpean Commission Report, 2018).
Currently, Nd main application is related to pere@mmagnets (PMs) based on NdFeB,
whose amount is increasing every year. Neodymiumgneis are the strongest type of
permanent magnet commercially available. It wasoanoed that the annual use of
these magnets increased from 20 thousand tonsOé @0almost 55 thousand tons in
2017 (Liu et al., 2019), with three electric andatonic components containing PMs:
hard disk drives, small electric motors and speaK€he results show that the weight
percentage of the PMs varies from 4 to 6% in theakers, 2.5 to 2.8% in the hard
disks, and between 0.8 and 2% in some electric mmdtom hybrid electric vehicles
(Menad and Seron, 2017). Despite these low reptabe:n numbers, there were
generated, in 2018, 50 million tons of electric atettronic waste (UNEP et al., 2019).
These numbers are concerning the governments andtiy analysts regarding future
prices and availabilities (Rabe et al., 2017) bsb @oncerning environmental impact of
this element in aquatic systems. Permanent magmetsalso used in wind turbines,
missiles, tanks, warplanes and submarines (Padhaln 2017). An advantage of using
these magnets over alternative technologies in wumdines is that they reduce the
turbine’s size and decreases the overall weighbgRa al., 2017). Even so, typically
wind turbines contain about 150-200 kg of Nd pegaveatt of generating capacity
(Hatch, 2012), which means that most offshore winines may require two tons of

this REE (Turra, 2018).
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The increase application of Nd in high-tech proessand products leads to the
release of this element into the environment, nyaimlthe rivers and coastal areas not
only due to the disposal of e-waste (50 millionst@m 2018) but also from the mining
activities which is the primary source of REEs Hege into water systems (Adeel et
al., 2019; UNEP et al., 2019). The concentratiorNdfin waters depends on several
factors such as climate, geology and vegetationitandost common oxidation state is
Nd(lll). A wide range of REEs concentrations hasrbdetected in agricultural soils (<
15.9-249.19/g) and in groundwater (< 3.1-146 @/L) at various sites worldwide
(Adeel et al., 2019), with Nd being the third elemmost abundant (after Ce and La).
The concentration of REEs in soils and sedimehigber than in water resources due
to pH and cationic exchange capacity. This occexsabse most REEs may adsorb to
soils and sediments through their dissolution amfiase complexation reactions with
inorganic and organic ligands (Gwenzi et al., 20I8)e concentration of Nd in the
environment is in the order of ng/L: 2.8 ng/L iregater (Tai et al., 2010), 0.76 — 15
ng/L in rain water, 16.9 ng/L in throughfall, 58/bgn aqueous phase of the soil and
84.9 ng/L in stream water (Kabata-Pendias and Mugébge 2007). Despite that, its
concentration in surface waters is about a few pghthile in contaminated
environments it increases until hundreds of pg/he Tferengganu River Basin, in
Malaysia, is an example of a surface water whene@atrations of Nd between 0.0071
and 6.68 pg/L were detected (Sultan and Shazil@9R0As for the contaminated
environments, it was detected 771 pg/L in streamasthg from acid sulphate soils
during high-water flow events in autumn, in Finla@istrom, 2001). In an alluvial
aquifer affected by acid mine drainage (Guadiar8gain) it was detected < 0.01 —
52.67 pg/L (Olias et al., 2005). It was also foendoncentration of Nd of 10,89/L

(Khan et al., 2017) and 31@/L (Migaszewski et al., 2016) in the surface watkthe
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ex-mining pit lake (Malaysia) and in a mining pitWisniowka (Poland), respectively.
In coastal areas the concentration of Nd foundhan doast of Havaii (Kona) and the
coast of Australia (Labrador beach), revealed cotnagons of Nd in seawater of 24-32
ug/L (Adeel et al., 2019).

The increase concentration of Nd in aquatic systerag have significant impacts
in the organisms inhabiting these systems. Asiamiment, namely in China, shows the
most critical risk of REEs pollution level followedy Europe, Africa, USA and
Australia (Adeel et al., 2019). However, there anéy few papers published regarding
this thematic. Wang et al. (2011) evaluated thesctffof Nd on a freshwater
cyanobacteriaMicrocystis aeruginosa, specifically on its growth and biochemical
changes. The results showed that Nd(lll) concdntratl mg/L can stimulate the
growth of M. aeruginosa; also, the content of chlorophyll a (Chl-a), sdéuprotein and
the activity of antioxidant defences increased whmmmpared with the control.
However, with high concentration of Nd(lll) (5.08-00 mg/L), the growth oM.
aeruginosa was inhibited while increasing the content of maiadehyde (MDA) and
decreased the activity of the enzyme catalase (CAWas also studied the Nd effects
on rat (liver), and the results showed an accunmiain hepatocyte nuclei and
mitochondria, a decrease of superoxide dismuta®®)j&nd CAT, and an increase of
the activity of glutathione peroxidase (GPx) amudiperoxidation levels (Adeel et al.,
2019; Rim et al., 2013). Regardless of the increpgiresence of Nd in oceans and
consequently bioaccumulation in aquatic organidimer,e are only a few toxicological
studies on organisms published in the literatutso Athose studies evaluate the effects
on freshwater organisms, but Nd discharged byrtiestries will reach the oceans.

Therefore, the present study aimed to evaluatéithiegical effects induced by

Nd in the mussel speciellytilus galloprovincialis, through the exposure of the
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organisms to five different concentrations (2.516, 20 and 40 pg/L of Nd), during
twenty-eight days. For this, biomarkers relatechvaixidative stress, redox balance and
metabolic status were measuredNh galloprovincialis, trying to identify potential

impacts of Nd on this species.
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2. MATERIALSAND METHODS

2.1 Experimental conditions

The Mediterranean mussBlytilus galloprovincialis was selected as biological
model for the present study. Mussels with similae £5.7+0.7 cm length; 3.0£0.4 cm
width) were collected in September 2018, at thedeigAveiro lagoon (Portugal). After
sampling mussels were placed in aquaria for dejpurand acclimation to laboratory
conditions for 2 weeks, during which animals werantained under constant aeration
in different tanks with in artificial seawater (medy reverse osmosis water and
artificial salt - Tropic Marin® SEA SALT) at tempsure, pH and salinity values
resembling the sampling site conditions (18.0 £°C08.0 = 0.1, 30 + 1, respectively).
Seawater was renewed daily during the first week then every three days until the
end of the acclimation period. After the threetfdays of acclimation, mussels were fed
with Algamac protein plus (150,000 cells/animatgaktach water renewal.

After acclimation organisms were distributed infelént aquaria, with four
aquaria (containing 3L of artificial seawater eaphj treatment: control (CTL, O pg/L
of Nd), 2.5, 5.0, 10, 20 and 40 pg/L of Nd (6 treants). A total of 20 mussels were
used per tested concentration, with 5 mussels @glicate/aquarium (total of 120
mussels in total). Concentrations of Nd identified low to highly contaminated
environments (see references above) were consittesalect test treatments.

To guarantee the presence of Nd in the water medinenstability of Nd in the
seawater was evaluated running a preliminary exypaari in the absence of mussels. For
this, glass containers with 500 mL of artificialaseater were spiked with 2.5 and 40
png/L of Nd (10 containers per concentration) andjmd) seven days (corresponding to
the period between water renewals along the tweifiyt days experimental assay),

aliquots of 5 mL were daily collected to assessceatrations of Nd in the water.
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Results concerning the stability of Nd in seawatedium showed that, in the absence
of mussels, concentrations were maintained alongrselays’ exposure period, with
results showing that the values after exposure .80 @hd 40 pg/L of Nd were,
respectively, 3.5+0.2 and 54+4.4 pg/L of Dy. Thessults clearly demonstrate the
stability of Nd during the seven days’ exposureqekrthe interval used between water
renewal along the experimental assay, allowingetdgom a twenty-eight days exposure

period with water renewal ever week.

During the experimental period (twenty-eight daysater medium was renewed
weekly and exposure conditions re-established,udioc Nd concentrations and
seawater characteristics (temperature 17 £ 1 °G3.pH 0.1 and salinity 30 = 1). Every
week, immediately after seawater renewal, waterpgesnwere collected from each
aquarium for Nd quantification, to compare nomiaat real exposure concentrations.
During the exposure period, organisms were fed witamac protein plus (150,000
cells/animal) three times per week. Mortality wasoadaily checked, with 100% of
survival recorded during the experimental periodribg the exposure period water
medium in each aquarium was continuously aeratéd avphotoperiod of 12h light:12h
dark.

At the end of the exposure period, organisms weazeh individually with liquid
nitrogen and stored at -80°C, until homogenizatibaach individual soft tissue using a
mortar and a pestle under liquid nitrogen. Each dganized organism was divided into
aliquots (each with 0.5 g fresh weight, FW) for roerkers analyses and Nd

guantification.

2.2 Neodymium quantification in water and tissuegizs
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To guarantee that nominal and real concentraticere wimilar, Nd concentrations
in water samples, collected every week from eadhaidg immediately after water
contamination, were quantified using inductivelyupled plasma mass spectrometry
(ICP-MS), on a Thermo ICP-MS X Series equipped vatBurgener nebulizer after
adequate sample dilution and acification to pH Water samples collected daily to
evaluate the stability of Nd in seawater (in theadze of mussels), along seven days
experimental period, were analysed following theasgrocedure.

Total Nd concentrations iN. galloprovincialis whole soft tissues (2 individuals
per replicate, 8 individuals per condition) werecoalquantified by ICP-MS, after
microwave assisted acid digestion. After freezardyymussel samples with 100-200
mg were digested in a CEM MARS 5 microwave, firstligh 2 mL of HNG (70%) at
170 °C for 15 min, followed by a second identicatmowave cycle with 0.5 mL of
H.O, (30%). After addition of KO, the mixture was allowed to stand for 15 min so
that the microwave reaction was not as violent. ®h&ined digests were transferred

into 25 mL polyethylene vessels and the volume magieith ultrapure water.

2.3 Biochemical markers

The whole tissue of mussels was used for biomar#letsrmination. For each
parameter, 0.5 g FW of tissue per organism was, wa#id 2 individuals per replicate (8
individuals per condition). For each condition, aimilic capacity (electron transport
system activity, ETS), energy reserves (glycogemert, GLY; total protein content,
PROT), antioxidant and biotransformation defeneesi\(ities of superoxide dismutase,
SOD; catalase, CAT,; glutathione peroxidase, GPutatjione S-transferases, GSTSs),

cellular damage (lipid peroxidation levels, LPO)daredox balance (ratio between
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reduced glutathione and oxidized glutathione, GS$8G) markers were assessed.
Each sample was performed at least in duplicae,from each 0.5 g samples two sub-
samples were measured for each biomarker to gesrahe quality of the data. All
measurements were done using a microplate readeTdB Synergy HT). The
extraction for each biomarker was performed witbcHic buffers: phosphate buffer for
SOD, CAT, GSTs, PROT and GLY; magnesium sulphatdfebufor ETS;
trichloroacetic acid buffer for LPO and KPE buffer GSH/GSSG. Each sample was
sonicated for 15 s at 4 °C and centrifuged for 26 far 15 min for GSH/GSSG) at
10,000 g (or 3,000 g for ETS) (Andrade et al., 20d8ppola et al., 2019; De Marchi et

al., 2018; Freitas et al., 2019). Supernatants stered at -80 °C.

Metabolic capacity and energy reserves

The ETS activity was measured based on King ankaac(1975) and the
modifications performed by De Coen and Janssen7(19%bsorbance was measured
during 10 min at 490 nm with intervals of 25 s dihe extinction coefficient = 15,900
M ~tecm* was used to calculate the amount of formazan fdriResults were expressed
in nmol per min per g of FW.

For GLY quantification the sulphuric acid methodswmased, as described by
Dubois et al. (1956). Glucose standards were ufed0( mg/ mL) to produce a
calibration curve. Absorbance was measured at #92fter incubation during 30 min
at room temperature. Results were expressed inemg pW.

The PROT content was determined according to tleetsgphotometric Biuret
method (Robinson and Hogden, 1940). Bovine serumanaih (BSA) was used as
standard calibration curve (0—40 mg/mL). Absorbames read at 540 nm. The results

were expressed in mg per g FW.

10
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Antioxidant defences

SOD activity was determined by the Beauchamp andofach (1971) method
after adaptations performed by Carregosa et all4R('he standard curve was formed
using SOD standards (0.25-60 U/mL). Samples’ alasarb was read at 560 nm after 20
min of incubation at room temperature. Results wegressed in U per g FW where
one unit (U) represents the quantity of the enzyna catalyzes the conversion of 1
umol of substrate per min.

CAT activity was quantified according to the Jolsmsand Borg (1988) method
and the modifications performed by Carregosa e{24l14). The standard curve was
determined using formaldehyde standards (0-iB0l/L). Absorbance was measured
at 540 nm. The enzymatic activity was expressad per g of FW, where U represents
the amount of enzyme that caused the formation@hinol formaldehyde per min at
25 °C.

GPx activity was quantified following Paglia and Idatine (1967). The
absorbance was measured at 340 nm in 10 sec ilgtelwang 5 min and the enzymatic
activity was determined using the extinction caifinte = 6.22 mM*cm >, The results
were expressed as U per g FW, where U representantiount of enzyme that caused

the formation of 1.umol NADPH oxidized per min.

Biotransformation defences

GSTs activity was quantified following Habig et §.974) protocol with some
adaptations performed by Carregosa et al. (2014¢ dbsorbance was measured at
340nm and the activity of GSTs was determined usiegextinction coefficiend = 9.6

mM~cm™. The enzymatic activity was expressed in U pef W where U is defined

11
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as the amount of enzyme that catalysis the formatib 1 umol of dinitrophenyl

thioether per min.

Cdlular damage

LPO determination was done following the methodcdbsed by Ohkawa et al.
(1979). LPO levels were measured trough the queatidn of malondialdehyde
(MDA), a by-product of lipid peroxidation. Absorb@ was measured at 535 nm and
the extinction coefficient = 156 mM* cm™* was used to calculate LPO levels,

expressed in nmol of MDA formed per g of FW.

Redox balance

GSH and GSSG glutathione contents were measurédtizahm (Rahman et al.,
2014) and used as standards (O#6@0l/L) to obtain a calibration curve. Absorbance
was measured at 412 nm, for both assays. The sasale expressed as nmol per g of
FW. The ratio GSH/GSSG was determined taking inoaet the number of thiol

equivalents (GSH / 2*GSSG).

2.5 Data analyses

Bioaccumulation factor (BCF) was calculated divglthe mean Nd concentration
found in mussel’s tissues at the end of the expartal period by the mean value of Nd
found in seawater immediately after spiking (copmesling to the real exposure
concentration).

All the biochemical results (ETS, GLY, PROT, SOIAT; GPx, GSTs, LPO and
GSH/GSSG) and Nd concentrations in mussel’s tissabtined from each tested

treatment, were submitted to statistical hypothésssing using permutational analysis

12
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of variance, employing the PERMANOVA+add-on in PRER v6 (Anderson et al.,
2008). The pseudo-F p-values in the PERMANOVA niasts were evaluated in terms
of significance and when significanp<Q.05) differences were observed pairwise
comparisons were performed among conditions. Sagmit differences were identified

in the figures with different lowercase letters.
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3. RESULTSAND DISCUSSION

With the technological advances and economic deweémt, the multiplicity and
wide variety of applications of electrical and étenic equipment have extremely
increased over the last decades. Consequentlyguaetity of end-of-life products is
also growing, resulting into increasing amountshazardous substances, including
REEs. As a consequence, different authors havetegpthe presence of these elements
in aquatic systems and inhabiting organisms (Akagl Edanami, 2017; Adeel et al.,
2019; Rim, 2016; Rim et al., 2013). Considering thhecent studies have evaluated the
impacts of REE in different aquatic species, tryimgdentify harmful effects caused by
these substances (Oral et al., 2010; Adeel eR@l9; Henriques et al., 2019; Pinto et
al., 2019; Rim, 2016; Rim et al., 2013).

The present study aimed to evaluate the accumnlatio effects of Nd exposure

in the mussel speciddytilus galloprovincialis, after a chronic exposure period.

3.1 Accumulation of Neodymium in mussel’s tissues

In terms of accumulation, the results obtained stbwhat when exposed to
environmentally relevant concentrations, Nd levelsnussel’s tissues increased along
the increasing exposure gradient, with significahtferences among all tested
conditions (Table 1). However, bioconcentrationtdadBCF) showed similar values
among tested conditions, indicating the effortsmfssels to prevent Nd accumulation
with the increasing exposure concentrations (Tdble The present results are in
accordance with previous studies, conducted undboratory conditions, which
revealed similar responses, with accumulation iéint REE by marine musselsl.(
galloprovincialis, Henriques et al., 2019; Pinto et al., 2019), Hvemter mussels

(Dreissena polymorpha, Hanana et al., 2018), and freshwater clar@srigicula

14
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fluminea, Bonnail et al., 2017). Such findings highlighetlapacity of bivalves to
accumulate REE, which may impair their physiologead biochemical performances.
Nevertheless, the present study further revealedc#pacity of mussels to limit the
accumulation of Nd, as similar accumulation rates whserved in all tested treatments,
regardless the concentration of exposure. Thesdtsemay indicate that, along the
increasing exposure gradient, mussels were ablémib the Nd accumulation by
reducing filtration and respiration capacity and/orere able to increase the
detoxification of this element. Since, higher melab capacity was observed in
contaminated mussels and no differences were abdenwong these treatments (except
for the lowest Nd concentration), the results atgdimay indicate that respiration and
filtration rates were not decreased under the axgosf Nd. Therefore, the efforts of
mussels to limit Nd accumulation may result fromssel's detoxification capacity.
Similarly, Oliveira et al. (2017) demonstrated thdt galloprovincialis decreased
bioconcentration factor (BCF) along the increasmgosure gradient of carbamazepine
(CB2). It was already showed that in the preseriqgeotiutants bivalves may limit their
filtration rate to avoid their accumulation, anatfthat may increase with increasing
exposure concentration (Almeida et al., 2015; Céteal., 2014). In particular, Chen et
al. (2014) reported a decrease in the filtratide @& the clanCorbicula fluminea after
exposure to CBZ by comparison with non-contaminatieans. Also Almeida et al.
(2015) observed lower BCF values at the highest @Bgosure concentration iR.

philippinarum.

3.2 Metabolic capacity and energy reserves

Except for the lowest tested concentration (2.5Lyghussels exposed to Nd

significantly increased their metabolic capacitympared to non-contaminated

15
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organisms under control condition (Figure 1A). Huer except for the lowest Nd
concentration, higher electron transport systemS)EValues compared to control
organisms did not vary among tested treatments;twimiay explain similar BCF values
in concentrations higher than 2.5 pg/L. As mentibadove, as a result of similar
metabolic capacity among different exposure comaéohs, mussels may have
presented similar filtration rates which led to ianilr accumulation rate among
different tested conditions. It was already demmestl that ETS activity may be used
as an indication of metabolic activity in marinearaddauna (Cammen et al., 1990), and
an increase in bivalves ETS activity was alread3nidied as a protective behavior,
associated with the activation of defense mechanismder pollution exposure,
including the increase of antioxidant and biotransfation enzymes. In particular,
different authors already demonstrated that mabimalves Ruditapes philippinarum
andM. galloprovincialis) increased their metabolic capacity, measured T &ctivity,
when in the presence of nanoparticles (multi-waltsdtbon nanotubes) and drugs
(salicylic acid) (De Marchi et al., 2018; Freitasaé, 2019). Nevertheless, several other
studies addressing the metabolic capacity of beslinder pollution stress evidenced a
decrease on ETS activity, which was associated decaease in the filtration rate to
prevent pollutants accumulation (among others, Adaeet al., 2015; Oliveira et al.,
2017). Also, a previous study with other REE (Gadoim, Gd) but testing a similar
concentration range (between 15 and 60 pg/L) aeadsdme exposure period (twenty-
eight days), showed that the ETS activityMngalloprovincialis decreased significantly
after the experimental period (Henriques et al.190 Such findings may indicate
higher toxicity of Nd in comparison to other po#uats, as mussels under higher stress
conditions may increase their metabolic capacitfigiot against the stressful condition.

Therefore, considering the results obtained andigus studies with bivalves exposed
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to pollutants we can hypothesize that up to cerstiiess levels bivalves are able to
decrease their metabolism for short periods of timevoid accumulation of pollutants
and reduce their toxic impacts. This strategy eaiossly affect bivalves physiological
and biochemical performance, being tolerable foméed period of time. Therefore, it
seems that at higher stressful conditions thidegiyais no longer valid and organisms
increase their ETS activity to activate defense maaisms, which results into higher
production of reactive oxygen species (ROS) by chibmdrial electron transport

system, with negative impacts on organism’s callajadative status.

As a consequence of higher metabolic activity, rdsults obtained showed that
associated with higher ETS activity contaminatedaaorsms presented significantly
lower glycogen (GLY) content in comparison to cohtmussels (Figure 1B). These
findings evidence the need of mussels to use #rrgy reserves to fuel up defense
mechanisms. Previous studies conducted by Lagadic @994) already suggested that
energy reserves could be considered as biomar&#esting sublethal changes from a
stressful xenobiotic exposure. Also Pellerin-Masie et al. (1994) highlighted that
GLY reserves may be depleted in the presence dgaoonants. Other authors identified
the possible use of GLY for the synthesis of lipgdw/or proteins for gametogenesis
(Bayne et al., 1975; Parra et al., 2005). In thesent study we may hypothesize that
GLY reserves were used in the activation of defensehanisms. A similar response
was also observed by other authors, assessingfdutsecarbon nanotubes in the clam

R. philippinarum (De Marchi et al., 2018).

The results obtained further demonstrated thatoagh the GLY content

decreased in contaminated mussels compared tootamies, the protein (PROT)
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content was maintained regardless the Nd concemntrat exposure, with no significant
differences among tested conditions (Figure 1C)chStesults demonstrated that
mussels were neither using PROT as energy restrvyaesl| up defense mechanisms nor
increasing the production of enzymes to fight agjaithe stress caused by Nd.
Nevertheless, previous studies with REE showedNhajalloprovincilais were able to
increase the PROT content in the presence of aedsing concentration gradient of Gd
and Lanthanum (La) (Henriques et al., 2019; Pintal.e 2019), which could be related
to the capacity of mussels to increase productioenaymes to fight against the stress
induced, indicating also that in this case mussetse experiencing a mild stress
condition with no need to use PROT as energy sonltke being able to enhance the

production of enzymes.

Overall, the results obtained evidenced that uhteexposure mussels increased
their metabolic capacity, probably to fuel up demechanisms (namely antioxidant
enzymes activity), which was accompanied by expareliof GLY reserves but not a
decrease in PROT content. It was already descthmdip to certain stress levels stored
GLY is the first source of energy used, while egestpred in lipid and PROT being

used at higher stress levels (Sonawane and SonaR@I®).

3.3 Antioxidant defenses

In terms of superoxide dismutase (SOD) activitg tbsults obtained showed no
significant differences among conditions excepttfar lowest Nd concentration where
the activity of this enzyme was significantly higheompared to the remaining
conditions (Figure 2A). In the case of glutathigmeroxidase (GPx), at the highest

exposure concentration no significant differencesenobserved to control organisms,
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while at the remaining exposure concentrations ifsogimtly lower activity was
recorded compared to control and the highest cdraten (Figure 2B). On the
contrary, mussels exposed to Nd tended to incrbasecatalase (CAT) activity, which
was significantly higher at concentrations 5.0, &@d 40 pg/L compared to the
remaining conditions (Figure 2C). It is well knowiat when in the presence of a
stressful condition, including the presence of yttalhts, organisms may increase the
production of ROS. To avoid damages caused by R@3uding lipid peroxidation,
protein carbonilation and DNA damage), organismsy nrerease the activity of
antioxidant enzymes. Among these enzymes are SAIX &d CAT that have the
capacity to eliminate ROS (namely, superoxide anigmiroxyl radical, and hydrogen
peroxide), preventing organisms from cellular daesagNevertheless, this response
normally occurs when oxidative stress is not veghtor very long-during. On the other
hand, when exposed to extremely high stressful ibond or if the stress is persisting,
the proteins damage became profound and a decoédbese enzymes activity may
occur (either via direct oxidative damage of theyames molecules, or via oxidative
stress-altered enzymes gene expression, or batng others, Manduzio et al. (2004)
hypothesized that the over production of ROS inbtbithe SOD activity irMytilus
edulis collected from a polluted area. Studies condudigdMatozzo et al. (2001)
highlighted that the significant inhibition of SORctivity in Cu-exposedR.
philippinarum clams observed might be due to the oxidation efehzyme SH groups
mediated by ROS, which production is increased loy(Balliwell and Gutteridge,
1984). In accordance to this, the present study imgigate that mussels were exposed
to high toxic conditions since the results obtairstdwed thatV. galloprovincialis
exposed to Nd were not able to significantly inseetheir antioxidant defenses, namely

in terms of SOD and GPx activity, which was esgdciaoticed at higher exposure
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concentrations. This behaviour may have limited selis capacity to eliminate the
excess of ROS generated by the presence of thmeate Nevertheless, one of the three
antioxidant enzymes analyzed seemed to be sentitiseme of the treatments, which
can suggest not only a complex mode of action isfélement but also that not all the
mechanisms involved in the onset of oxidative stehge to Nd have been investigated.
Furthermore, the results obtained may also evidémaeincreased metabolic capacity
was not enough to significantly activate antioxidamzymes and increased ETS activity
also contributed to the generation of higher RO®warh Previous studies also showed
that in the presence of Qd. galloprovincialis presented limited capacity to activate
their antioxidant enzymes, but in this case onljigher exposure concentrations (60
and 120 pg/L) mussels were not able to continuéntoease antioxidant enzymes
activity (Henriques et al., 2019). Such results,cance again, corroborate the
hypothesis that Nd may be more toxic than Gd tow/itdgalloprovincialis, exposed to

a similar concentration range.

3.4 Biotransformation defenses

Concerning biotransformation capacity, mussels sggddo lower concentrations
(2.5, 5.0 and 10 pg/L) tended to increase glutawiS-transferases (GSTs) activity,
with significantly higher values at 5.0 and 10 pgébmpared to the remaining
conditions (Figure 3). As for the antioxidant enegnmussels were not able to increase
the activity of biotransformation enzymes along ithereasing exposure concentration,
showing limited capacity to increase GSTs actiaityhigher Nd concentrations (20 and
40 pg/L). GSTs are a superfamily of Phase Il démation enzymes involved in the
detoxification of ROS and toxic xenobiotics. Theseymes are able to catalyze the

conjugation of the reduced form of glutathione (G3&1xenobiotic substrates for the
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purpose of detoxification and, therefore, in thegence of pollutants, GSTs activity is
induced to achieve efficient cell protection. Thlimm the results obtained, it is
possible to identify mussel's efforts to detoxifells from Nd under intermediate
concentrations, while exposure to the highest aunatons (20 and 40 pg/L) mussels
were no longer able to continue to activate thiemge mechanism. The decrease of
GSTs activity at higher concentrations may be eelab diminished levels of GSH
susceptible of being conjugated. A similar respongas observed wherM.
galloprovincialis mussels were exposed to La and Gd, with higheaviggcat lower
concentrations and lower activity at higher conmans (Henriques et al., 2019; Pinto
et al., 2019). Therefore, the results obtainecherfiresent study as well as in previous
studies showed the capacity of GSTs to detoxify R@iEh greater detoxification

capacity at lower exposure concentrations.

Overall, in what regards to defense mechanismgethdts obtained indicate high
toxicity of Nd, especially at higher concentratipnghich may have resulted into i)
increase of SOD activity only at the lowest testedcentration, with inactivation of
this enzyme at higher concentrations; ii) inhibitiaf GPx in contaminated mussels; iii)
decrease of GSTs at higher exposure concentratnsnly the activation of CAT in

contaminated organisms.

3.4 Cellular damage

Levels of lipid peroxidation (LPO) significantly greased in organisms exposed
to Nd in comparison to control organisms, with mgn#icant differences among 5.0,
10, 20 and 40 pg/L exposure concentrations (Figde These results may result from

the fact that mussels were not able to efficieatljivate antioxidant enzymes, resulting
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into cellular damages in the presence of Nd. Prevgiudies already demonstrated that
the presence of pollutants results into an ovenmetan of ROS that, if not eliminated
by antioxidant enzymes, can react with lipids cf tellular membrane, causing lipid
peroxidation that corresponds the oxidative degradaof lipids (see for example,
Regoli and Giuliani, 2014). Although a high divéysf studies already showed that the
presence of metals, nanoparticles and drugs maynate increased LPO levels in
bivalves even if antioxidant enzymes were activateze for example, Freitas et al.,
2019b, 2019a; McCarthy et al., 2013; Monteiro et @&019; Vlahogianni and
Valavanidis, 2007), less studies demonstrated ¢oarcence of LPO when bivalves are
exposed REE. In particular, Henriques et al. (20d8monstrated that whell.
galloprovincialis were exposed to Gd LPO significantly increaseccamparison to
control values, although antioxidant enzymes weceeiased, especially at intermediate
concentrations (30 and 60 pg/L). Hanana et al. {R@dvealed a significant increase of
LPO in the freshwater musdeteissena polymorpha after 28 days of exposure but only
when exposed to the highest concentration of Le&b@1@g/L), with no significant
differences evidenced among the other tested ctmatiems (10, 50, 250 pg/L). With
other aquatic invertebrates, it was also demorstrite capacity of REE to enhance the
production of ROS, such was in the freshwater aaesinDaphnia magna exposed to
Cerium and Erbium. LPO levels also increased inske urchirParacentrotus lividus
larvae exposed to Dysprosium (Oral et al., 201T30AVang et al. (2011) showed that
the significant increasing activities of antioxidla@nzyme observed in the freshwater
cyanobacteriaMicrocystis aeruginosa may result from overproduction of ROS due to
the exposure to Nd concentrations. Altogether,daHeslings clearly demonstrate the

capacity of REE to induce cellular damages.
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3.5 Redox balance

The ratio between reduced (GSH) and oxidized (GS$B}athione was
significantly lower in mussels exposed to Nd in gamison to non-exposed ones, with
no significant differences among contaminated masg€igure 4B). Such results
clearly reveal that GSH content decreased while @$&reased in contaminated
mussels, indicating loss of redox homeostasis gamisms exposed to Nd and the high
demand for GSTs. To eliminate the excess of RO%rgéed by a stress condition,
besides antioxidant enzymatic defenses, organiamber present low molecular
scavengers that are also to neutralize ROS bytdieaction with them, being GSH the
most abundant. In its reduced form, GSH, glutathiencapable of scavenging reactive
oxygen and nitrogen species, thereby contributinipé control of redox homoeostasis.
Therefore, the glutathione system acts as the megx buffer in the majority of cells
(Couto et al., 2016). In the presence of ROS, G&tbe oxidized into GSSG and, thus,
under stressful conditions the ratio GSH/GSSG tedndsecrease as a result of GSSG
increase. Organisms which use glutathione for rethoxnoeostasis are able to
synthesize reduced glutathione, but they are dlacacterized by their ability to recycle
glutathione. Glutathione reductase (GRed) is aardgigd enzyme that recycles oxidised
glutathione back to the reduced form (Couto et28l1,6). Thus, the increased content of
GSSG observed by lower GSH/GSSG levels in contaetnenussels indicates that
GRed failed to oxidize glutathione into its redudedn. The ratio GSH/GSSG is often
used to assess the oxidative stress of organispused to pollutants (e.g. Pefia-Llopis
et al.,, 2002; Almeida et al., 2015; Sellami et a015; Freitas et al., 2018; 2019).
Similarly, to the present results, recent studies demonstrated that in the presence of
REEs mussels significantly decreased in musselssexpto La and Gd (Henriques et

al., 2019; Pinto et al., 2019).
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4, CONCLUSIONS

The present findings revealed high toxicity of NavardsM. galloprovincialis,
which showed low capacity to prevent injuries caubg this REE. After exposure,
mussels accumulated Nd with higher concentrationshigher exposure levels.
Accumulation of Nd revealed to be costly to musselsich revealed higher metabolic
activity and increased expenditure of GLY contehewin the presence of this element.
Also, after exposure to Nd, mussels showed ineifici antioxidant and
biotransformation strategies, leading to cellulamdge and loss of redox balance
provoked by the excess of ROS, namely as a restiigber electron transport system
activity. Considering that tested concentratiorseneble low to highly polluted areas,
the results here presented highlight the hazardmamacity of Nd towardsM.
galloprovincialis. Toxic effects observed at individual level magulk into negative
impacts to mussel’s population as changes obseavextllular level may result into

impairments on organism’s survival, growth, aburagaand reproduction capacity.
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FIGURE CAPTIONS

Figure 1. A: Electron transport system activity T B: Glycogen content (GLY); and C:
Protein content (PROT), irMytilus galloprovincialis exposed to different Neodymium
concentrations (CTL-0, 2.5, 5.0, 10, 20 and 40 pgfLNd). Values are mean + standard

deviation. Significant differences among concerdres are represented with different letters.

Figure 2. A: Superoxide dismutase activity (SOD);@utathione peroxidase activity (GPx);
and C: Catalase activity (CAT), Mytilus galloprovincialis exposed to different Neodymium
concentrations (CTL-0, 2.5, 5.0, 10, 20 and 40 pgfLNd). Values are mean + standard

deviation. Significant differences among concerdres are represented with different letters.

Figure 3. Glutathione S-transferases activity (GSirs Mytilus galloprovincialis exposed to
different Neodymium concentrations (CTL-0, 2.5,,510, 20 and 40 pg/L of Nd). Values are
mean + standard deviation. Significant differenaesng concentrations are represented with

different letters.

Figure 4. Lipid peroxidation levels (LPO); and Bat® between reduced (GSH) and oxidized
(GSSG) glutathione (GSH/GSSG), iMytilus galloprovincialis exposed to different

Neodymium concentrations (CTL-0, 2.5, 5.0, 10, Bd 40 pg/L of Nd). Values are mean +
standard deviation. Significant differences amoaogcentrations are represented with different

letters.



Table 1- Neodymium (Nd) mean concentrations, in water (L gtb)lected immediately after spiking at tHé 2*, 39 and 4" weeks of exposure,
and in mussels tissues (ug/g dry weight) at thecdnide experimental period (28 days) from eachdi@n (O-control, 2.5, 5.0, 10, 20, 40 ug/L
of Nd). Different letters among exposure conceituret denote statistical significance. LOQ for wagamples 10 ng/L; LOQ for tissue samples
0.0025 pg/g. Bioconcentration factor (BCF) corremfsoto the concentration of Nd in mussel’s tisgligigled by the mean values for the real
exposure concentration during the four weeks obswfe.

Nd concentrations Water Mussels tissues BCE
(ng/L) (ne/s)
During the four weeks In the 4™ week

CTL <LoQ 0.095+0.006
2.5 2.610.32 0.136+0.016° 0.05
5.0 5.310.30 0.26+0.013" 0.05
10 100.3 0.435+0.003° 0.04
20 2210.8 0.982+0.008" 0.05

40 43+3.0 1.72+0.03° 0.04
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Mytilus galloprovincialis bioaccumulated Neodymium (Nd)

Mussels exposed to Nd increased their metabolic capacity, with glycogen expenditure
Limited antioxidant and biotransformation capacity in contaminated mussels

Lipid peroxidation occurred in Nd contaminated mussels

Loss of redox balance in mussels exposed to Nd
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