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Abstract: Ruditapes decussatus is a native clam from the Southern Europe and Mediterranean area,
relevant to the development of sustainable aquaculture in these regions. As sessile organisms,
bivalves are likely to be exposed to chemical contaminations and environmental changes in the aquatic
compartment and are widely used as bioindicator species. Carbon-based nanomaterials (CNTs) use
is increasing and, consequently, concentrations of these contaminants in aquatic systems will rise.
Therefore, it is imperative to assess the potential toxic effects of such compounds and the interactions
with environmental factors such as water temperature. For this, we exposed R. decussatus clams to four
different water temperatures (10, 15, 20 and 25 °C) in the presence or absence of CNTs for 96 h. Different
parameters related with oxidative stress status, aerobic metabolism, energy reserves and neurotoxicity
were evaluated. The relationship and differences among water temperatures and contamination were
highlighted by principal coordinates analysis (PCO). CNTs exposure increased oxidative damage as
protein carbonylation (PC) in exposed clams at 10 °C. Higher temperatures (25 °C) were responsible
for the highest redox status (ratio between reduced and oxidized glutathione, GSH/GSSG) observed
as well as neurotoxic effects (acetylcholinesterase—AChE activity). Antioxidant defenses were also
modulated by the combination of CNTs exposure with water temperatures, with decrease of glutathione
peroxidase (GR) activity at 15 °C and of glutathione S-transferases (GSTs) activity at 20 °C, when
compared with unexposed clams. Clams energy reserves were not altered, probably due to the short
exposure period. Overall, the combined effects of CNTs exposure and increasing water temperatures
can impair R. decussatus cellular homeostasis inducing oxidative stress and damage.

Keywords: bivalves; carbon-based nanomaterials; water temperature; oxidative stress status;
neurotoxicity; metabolism

1. Introduction

Population and industrialization increase have been a catalyst of global change, with worldwide
aquatic ecosystems facing alterations caused by climate change related factors, due to the increasing
amount of greenhouse gases in the atmosphere [1]. Accompanying such environmental changes,
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the marine ecosystems, and in particular their wildlife, have been greatly influenced by abiotic factors,
including shifts in temperature regimes that have already shown to be responsible for the marine
invertebrate geographic range expansion and retreat, mainly by influencing larval development and
dispersion [2-6]. Nowadays, global warming and the frequency and duration of temperature extremes
are becoming more common [7]. These events may be responsible for modifications in the structure
and functioning of coastal systems, including decrease of species richness and abundance, as a result
of thermal stress [4]. Bivalves constitute a well-known group of organisms in regards to the impacts of
abiotic environmental changes on their health status, with consequences to their reproductive success
and resilience to environmental changes. Available literature reported that the increase of water
temperature generated an increase of bivalve’s metabolic rate, while decreasing temperatures decreased
their metabolic capacity, affecting essential metabolic processes such as growth and reproduction [8].
Alterations on bivalve’s redox status were also demonstrated as a consequence of temperature rise,
with changes on their oxidative status [9-13].

Human activities, such as industrial effluents, agriculture or urban waste management, have also
been identified as environmental threats, with the associated water pollution representing a great
menace to wildlife [14]. Among pollutants of increasing concern are carbon-based nanomaterials
(NMs), such as carbon nanotubes (CNTs). Their ubiquity in the aquatic environment and the lack of
knowledge concerning their potential chronic toxicity explain the concerns over these contaminants.
Due to their properties, CNTs have been used worldwide in several applications, including field
emission, conductive plastics, energy storage, molecular electronics, biomedical applications, air and
water filtration, ceramic applications, solar collection, nanoporous filters or as catalyst supports [15].
Moreover, the grand challenge of a sustainable production and use of energy has focused research on
the nanostructure of materials, particularly using CNTs [16]. However, several studies pointed out the
need to assess the risks caused by these NMs, in particular when present in aquatic environments as a
consequence of their wide range of applications. The effects of CNTs in natural aquatic systems depend
on their ability to interact and aggregate, which is influenced by water properties such as the pH,
ionic strength, dissolved organic matter, temperature and sunlight [17]. CNTs toxic effects to marine
species, including bivalves, were already identified. In particular, studies conducted with bivalves
already demonstrated that CNTs are responsible for changes in their filtration and respiration rates [18],
decrease of settlement [19], immunological impairments, oxidative stress and DNA damage [20-23]
and cytotoxicity [24,25].

The clam Ruditapes decussatus (Linnaeus, 1758) is widely distributed, from Atlantic Ocean through
the Mediterranean Sea, as well as in the Red Sea [26]. Considering its ecology, this species is a
burrowing siphonate bivalve that lives in sand and muddy-sand sediments of bays, estuaries and
coastal lagoons [27]. This species is rated as one of the most popular bivalves with a high economic
value in many European countries. In 2017, according to official FAO [28] statistics, there was a
global production of 5363 tons, which represented a global value of 41115000 USD. In Portugal, this
species is central to aquaculture’s revenue [29] and the main production areas of this species are the
Ria de Aveiro and the Ria Formosa Lagoon, representing the 90% of the national production [30].
This species has been commonly used as bioindicator in monitoring studies [27,31-34] and under
laboratory-controlled conditions, where the effect of metals [35-41], pharmaceuticals [42-44], agriculture
and urban discharges [45,46] and NMs [47,48] were investigated.

Given the importance of fishing, harvesting and culturing of bivalves in coastal areas worldwide,
it is imperative to assess ecologically relevant and realistic scenarios to inform decision-makers on
their sustainable management, safety and conservation. However, in the environment, uncertainties
exist when these biological resources are exposed to pollutants as well as climate changes related
variables. Therefore, this study aimed to understand the influence of temperature on CNTs behavior
and, consequently, toxicity induced in bivalves. To achieve this objective, a short-term experiment (96 h)
was performed exposing the clam species R. decussatus to environmentally relevant concentrations of
CNTs under different temperature levels, simulating temperature rise resulting from extreme weather
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events. Biochemical parameters related to clam’s oxidative stress, metabolism and neurotoxicity
were evaluated.

2. Material and Methods
2.1. Contaminants

2.1.1. Description

Functionalized multi-walled carbon nanotubes (MWCNTs), by introducing polar groups such as
carboxyl groups (MWCNTs—COOH: TNMC1 series, http://www.timesnano.com), were used in this
study (see Table 1 for details on technical data).

Table 1. Characterization of the powder form of MWCNTs-COOH.

Technical Data

Diameter  Length Carbon Surface Amorphous -COOH
MWCNTs-COOH (nm) (um) Purity (%)  Area(m?/g)  Carbon (mol%) (Wt%)
2-5 10-30 98 400 8-10 3.86

CNTs were chosen considering: (I) higher stability in seawater that increased the potential
availability of these materials for wildlife [49]; (II) commercial use and the production volume [50].
The concentration used in the present work (0.01 mg/L) was selected based on the predicted
environmental concentrations (PECs) (0.001-1000 pg/L) of carbon NMs in aquatic systems [51].
MWCNTs-COOH were suspended in seawater and sonicated for few min using a Hz ultrasound bath
(IKA Labortechnik IKASONIC U50) to promote the dispersion of the materials in the water medium.

2.1.2. Characterization

Three water samples (50 mL) per replicate were collected to measure the average size distribution
by dynamic light scattering (DLS) and the polydispersity index (PDI) of CNTs suspended in artificial
seawater at different exposure conditions and exposure times (T0: time zero, immediately after the
dispersion of the materials in a water medium; T96: water samples collected after 96 h of exposure).
Measurements were performed on 1000 uL of suspension in four samples per replicate (three replicates
per condition), and five analyses per sample performed by DLS using a DelsaTM NanoC particle
size analyzer (Beckman Coulter). Each analysis was carried out by performing 120 acquisitions.
DLS analyses were repeated several times to ensure reproducible results. Size distributions were
obtained by analyzing the autocorrelation functions through the Contin algorithm. The cumulant
method was used to acquire data on the particle’s average hydrodynamic radii and on the PDL

2.2. Sampling and Laboratory Conditions

R. decussatus individuals were collected at Ria Formosa (south of Portugal) and promptly sent in
refrigerated conditions to our facilities at ECOMARE (University of Aveiro, Portugal). Clams were
divided into four 250 L recirculated water systems (RAS), equipped with a filtration system and a UV-c
unit (25 W UV-¢, 6.000 pW s/cm?) and a temperature control unit (composed of a 300-W submergible
heater and a % HP chiller, controlled by a thermostat), with similar salinity (35 + 1), but different
water temperatures (10, 15, 20 and 25 °C). This range of temperatures is representative of the seasonal
fluctuations in water temperature to which clams are being subject in recent years at Ria Formosa [52],
simulating, at the same time, temperature shifts as occurs during extreme weather events. R. decussatus
individuals were let to acclimate to the different temperatures for 24 h. After this period, clams were
moved to experimental RAS and divided into two treatments: (I) tanks at 10, 15, 20 and 25 °C water
temperature in the absence of MWCNTs-COOH contamination; (II) tanks at 10, 15, 20 and 25 °C in
the presence of MWCNTs—-COOH (0.01 mg/L). After 96 h exposure, R. decussatus were individually
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sampled, the whole soft tissue removed from the shell, quickly frozen in liquid nitrogen and stored at
—80 °C until further analyses.

2.3. Biologic Analyses

Soft tissue of each frozen organism (2 organisms per aquarium; 6 per condition) was homogenized
with liquid nitrogen and divided into 0.5 g fresh weight (FW) aliquots and used to determine: energy
reserves content (protein (PROT) content, glycogen (GLY) content); metabolic capacity (electron
transport system (ETS) activity); cellular damage (lipid peroxidation (LPO) and protein carbonylation
(PC) levels); redox balance (ratio between reduced (GSH) and oxidized (GSSG) glutathione content);
antioxidant and biotransformation defense capacity (activity of catalase (CAT), glutathione peroxidase
(GPx), glutathione reductase (GR), glutathione S-transferases (GSTs) enzymes) and neuro status
(acetylcholinesterase (AChE) activity). Biochemical analyses were performed twice for each sample
and parameter. All analyses and respective protocols for each biomarker are described in detail in De
Marchi et al. [20,21].

2.4. Data Analyses

2.4.1. Principal Coordinates Analysis

A matrix gathering all markers responses (PROT and GLY contents; ETS activity, LPO and PC,
levels, GSH/GSSG, CAT, GPx, GR, GSTs and AChE activities) per temperature, in the presence or absence
of CNTs, was used to calculate a Euclidean distance similarity matrix which was simplified through
the calculation of the distance among centroids matrix based on exposure condition (temperature
and presence/absence CNTs). This matrix was then submitted to ordination analysis, performed
by principal coordinates analysis (PCO). Pearson correlation vectors with correlation > 0.75 were
superimposed on the PCO graph. The biomarkers that appeared in the graph (correlation > 0.75, ETS
activity, LPO and PC levels, GSH/GSSG, GR and GSTs activities) were also represented as figures to
better describe biochemical patterns; biomarkers with correlation < 0.75 (PROT and GLY contents,
CAT, GPx and AChE activities) were presented in a Table.

2.4.2. Statistical Analysis

Biological analyses were submitted to hypothesis testing using the PERMANOVA (permutational
multivariate analysis of variance) + add-on in PRIMER v6. The pseudo-F p-values in the PERMANOVA
main tests were evaluated in terms of significance. When the main test revealed statistically significant
differences (p < 0.05), pairwise comparisons were performed. The ¢-statistic in the pairwise comparisons
was evaluated in terms of significance. Values lower than 0.05 were considered as significantly different.
The null hypotheses tested were: (I) no significant impacts were observed due to CNTs concentrations,
regardless the temperature; (II) no significant effects were observed due to temperature variations on
the toxicity of the CNTs; (III) no significant effects were observed due to temperature variations on the
sensitivity of organisms to the CNTs.

3. Results and Discussion

3.1. Characterization Analysis

Table 2 reports the results of the dynamic light scattering (DLS) characterization, used to detect
the presence of macro/micro/nanosized and polydispersity index (PDI), a measure of the molecular
weight distributions of MWCNTs—COOH particle aggregates in aqueous media at the concentration of
0.01 mg/L under different temperatures and time of exposures.
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Table 2. Average size distribution (nm) and polydispersity index (PDI) of carboxylated MWCNTs-COOH
suspensions analyzed in 0.10 mg/L exposure concentration at different exposure periods: T0: time zero,
immediately after the dispersion of the materials in a water medium; T96: water samples collected after
96 h of exposure.

Temperature (°C)

10 15 20 25
TO T96 TO T96 TO T96 TO T96
Particle
MWCNTs—COOH size (nm) 2307.1 2289.1 2564.3 2500.1 2601.2 2790.8 3989.1 4001.2
PDI 0.98 0.97 1.01 0.91 1.13 1.16 0.26 0.33

The results showed the presence of unstable micro-sized aggregates in all exposure periods.
The mean size values of the suspended nanoparticles at the time 0 was similar to that recorded at the end
of the experiment (T96) regardless of the different temperatures. However, comparing the aggregates
of the materials among different temperature conditions, it was noticed a temperature-dependent
increase of the mean NP-diameters with the largest aggregates under the highest temperature (25 °C),
confirming the hypothesis that higher temperature caused faster aggregation due to decreased
electrostatic repulsion and increased random Brownian motion and collision frequency [53].

3.2. Biological Analyses

As climate change alters sea surface temperatures, bivalve’s biochemical performance as well as
physiology are altered. The biological consequences of temperature rise have been described—including
changes in bivalve’s reproduction timing and success, growth, mortality and geographical distribution,
with negative impacts on populations sustainability [54-58]. Challenges regarding bivalve’s sustainable
management may become more pronounced in the presence of pollutants, with recent studies reporting
higher impacts in bivalves exposed simultaneously to pollutants and temperature rise in comparison
to the effects caused by each stressor acting alone [59,60].

A principal coordinate analysis (PCO) is represented in Figure 1, revealing the similarities in
terms of biochemical responses among conditions (temperature levels and COOH-MWCNTs).

GR

15°C_0.01 o

4} {4 31.2% of total variation

GSH/GSSG 1 0°C_0.%T'f

GSTs

25°C_0.01 pC
20°C_0.01

)

PCO2
25.1% of total variation

Figure 1. Centroid ordination diagram based on clam’s biochemical parameters, measured for all the
conditions (uncontaminated and contaminated clams, at different temperatures). Pearson correlation
vectors are superimposed as supplementary variables. GR—glutathione reductase activity; LPO—lipid
peroxidation levels; ETS—electron transport system activity; GSTs—glutathione S-transferases activity;
PC—protein carbonylation levels; GSH/GSSG—ratio between reduced (GSH) and oxidized (GSSG)
glutathione. Conditions identified with gray letters represent uncontaminated clams. Conditions
identified with black letters represent contaminated clams.
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The PCO axis 1 explains 31.2% of the total variation, while PCO axis 2 explains 25.1%. PCO1
separated clams exposed to the highest temperature (both in the presence or absence of CNTs) in
the negative side from the remaining conditions in the positive side of the axis. PCO2 separated
contaminated clams (at temperatures 25, 20 and 10 °C) in the negative side from the uncontaminated
clams at the positive side. Overall, these results evidence high correlations between ETS, GSTs and
PC with contaminated clams under 10 and 20 °C, while LPO and GR showed high correlation with
the uncontaminated individuals under the lowest temperature as well as with contaminated clams at
15 °C (Figure 1). Considering the ratio between GSH and GSSG, a correlation was detected with CNTs
exposed specimens under 25 °C, due to the high redox status observed under this condition.

In terms of clams’ metabolic capacity (ETS) and energy reserves (PROT, GLY), the results obtained
showed no significant differences between CNTs exposed and unexposed clams regardless the different
tested temperatures except for control bivalves under 20 °C (GLY content) (Figure 2 and Table 3).

ETS

250 1~

N
8

150

nmol/min/g FW
=
3

[9,)
o

10 15 20 25

Temperature (°C)

Figure 2. Electron transport system activity (ETS), in Ruditapes decussatus exposed to different temperatures
(10, 15, 20 and 25 °C), in the absence (gray bars) and presence (black bars) of carbon nanotubes. Results
are means with standard deviation. Different letters represent significant differences (p < 0.05) among
conditions (uppercase letters for uncontaminated clams; lowercase letters for contaminated clams).
Similar letters represent no significant differences among conditions.

Table 3. Protein content (PROT); glycogen content (GLY); superoxide dismutase activity (SOD); catalase
activity (CAT); glutathione peroxidase activity (GPx); acetylcholinesterase activity (AChE) (mean +
standard deviation), in R. decussatus uncontaminated (CTL) and exposed to COOH-MWCNTs (Exp),
both at different temperatures (10, 15, 20, 25 °C). Significant differences (p < 0.05) among different
temperatures are represented with different letters (uppercase letters for CTL—uncontaminated clams;
lowercase letters for Exp—contaminated clams). Significant differences (p < 0.05) between CTL and
Exp, at each temperature, are represented with bold asterisks (*).

Temperature (°C)

10 15 20 25

E PROT (mg/g) CTL  80.99+19.104 93.68+17534 9123+9594  89.12 +20.84 A

re;‘::f;‘ 8 Exp  8924+992° 10287 +1547% 7846+1508% 8140 +2101°
content GLY CTL 1.37 + 0.36 & 1.63+0.30 4 195+ 0528 158 + 0214
(mg/g) Exp 1.65 £ 0412 1.60 £ 0.49 2 1.42 0502 1.65+0.112

CAT CTL 925+ 1.654 10.83 + 1.70 4 992 +£2234 11.10 £ 1.98 4
Antioxidant (U/g) Exp 8.87 £ 0.872 10.58 + 0.49 10.28 + 1.50 2 9.93 +0.79 2
defenses GPx CTL  0.05+0.024  005+0024*  010+0024  0.06+0.024
(U/g) Exp 0.08 +0.022 0.13+0.01P 0.14 + 0.01 P 0.14 +0.02°

Neuro AChE CTL 0.08 +0.024 0.09+0.014 0.08+0.024  0.18+0.05B*
status (nmol/min/g) Exp 0.09 +0.022 0.07 £0.012 0.06 + 0.01 2 0.01 £0.00P
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It has been demonstrated in the literature that the temperature plays an important role in clam’s
biology, including alterations on clam’s energy reserves content [61]. Previous studies demonstrated that
metabolism is temperature dependent: the increase of the metabolic rate is directly related to the increase
of the water temperatures and vice versa [8]. Nevertheless, when the clams are subjected to temperature
stress, they may exhibit defense strategies such as valve closure, gradually changing to an anaerobic
mechanism to obtain their energy [8]. The results obtained suggest that the variation of the temperature
did not affect the sensitivity of the clams when exposed to CNTs although the state of aggregation of
the COOH-MWCNTs increased with the increasing of the temperatures (Table 2). It has also been
shown that higher temperature can modify the physico-chemical characteristics of the nanoparticles
causing the formation of large-size aggregates. In particular, high temperature corresponds to energy
input into a particle suspension, which may lead to the disruption of interaction forces, increased
random Brownian motion and changes of particle-particle collision [53]. This alteration can affect the
mode of cellular uptake together with subsequent biological responses by the organisms [62]. However,
the results obtained in the present study contrast with the information described above [8,62] showing
no variation in terms of metabolic capacity and energy reserves content in contaminated organisms
regardless of the temperature tested. These findings indicate that the used concentration (0.01 mg/L)
was not high enough or the time of exposure was too short to result in metabolic depression or alteration
of the energy expenditure. In particular, the lack of metabolic changes observed was associated with
similar energy reserves content among temperatures with no differences between contaminated and
uncontaminated clams. These results corroborate the low metabolic demand induced by both stressors,
highlighting that GLY and PROT were not used by the organisms as energy source to activate defense
mechanisms. Previous study, conducted with other bivalve species (mussel Perna viridis), showed
similar results, with the maintenance of energy reserves regardless of the stress condition (cadmium
(Cd) and copper (Cu) exposures), as a consequence of limited changes in ETS activity [19].

In terms of cellular damage (LPO), no significant differences were observed between contaminated
and uncontaminated clams, regardless of the temperature tested; while clams exposed to the lowest
temperature showed significantly higher PC levels in the CNTs treatment compared to control. Overall,
these results indicated that the concentration tested was not high enough to induce cellular damage
(Figure 3A,B). The present results are in agreement with previous studies conducted by Maria and
Bebbiano [63]. These authors observed no changes in terms of LPO levels when the mussels Mytilus
galloprovincialis were exposed to Cu at 5, 10 and 25 pg/L as a consequence of the low contaminant
concentration. Using the same species, Munari et al. [64] showed that in both mussel gills and digestive
gland, no significant changes in LPO levels were recorded after the exposure to diclofenac and pH
variations. In terms of temperature effects, significantly lower LPO levels were observed at the highest
tested temperature, both in contaminated and uncontaminated clams. These results may indicate that
the organisms were able to avoid cellular damage due to compensatory mechanisms implemented by
antioxidant systems. It has been already demonstrated that glutathione serves in numerous protective
detoxification reactions and in the maintenance of cellular redox status [65]. Typically, as already
reported by Regoli and Giuliani [66], exposures to xenobiotic concentrations may result in lower
reduced glutathione (GSH) levels. Besides that, no changes in the GSH levels were observed under
uncontaminated conditions [67]. In the present study, a significantly temperature-dependent increase
of GSH/GSSG was observed, with the maximum value at the highest temperature (Figure 3C). However,
no differences between contaminated and uncontaminated clams were registered. Furthermore, higher
GSH content was observed at the highest temperature level, which agrees with lower LPO levels at
this temperature. On the other hand, lower GSH/GSSG ratio (an indication of higher GSSG content),
was observed at the lowest temperature representing a loss of redox balance at this condition, both
in the presence or absence of CNTs. Lannig et al. [67], exposing Crassostrea virginica to 50 ug/L of Cd
under 20, 24 and 28 °C, observed an increase in glutathione levels at the two highest temperatures (20
and 24 °C) permitting the oysters to maintain constant the ratio despite Cd-induced oxidative stress.
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Figure 3. (A) Lipid peroxidation levels (LPO); (B) protein carbonylation levels (PC); (C) reduced
(GSH) and oxidized (GSSG) glutathione ratio (GSH:GSSG ratio), in Ruditapes decussatus exposed to
different temperatures (10, 15, 20 and 25 °C), in the absence (gray bars) and presence (black bars) of
carbon nanotubes. Results are means with standard deviation. Different letters represent significant
differences (p < 0.05) among conditions (uppercase letters for uncontaminated clams; lowercase
letters for contaminated clams). Similar letters represent no significant differences among conditions.

Asterisk (*) indicates significant differences (p < 0.05) between CNTs exposed and unexposed clams at
each temperature.
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Nevertheless, a variety of antioxidants that serve to counterbalance the effect of oxidants, are
not only composed by non-enzymatic categories such as GSH and GSSG, but also by enzymatic
categories. Significantly higher GR activity was detected when the organisms were exposed to
0.01 mg/L under 15 °C, and then the activity drastically decreased at the two highest temperatures
(20 and 25 °C), showing significant differences in comparison to all the other conditions. GR is a
disulfide oxidoreductase, representing one of the most ancient proteins [68]. In invertebrates, the main
role of GR is to participate in the glutathione antioxidant activity through its recycling process [69].
In details, GR catalyzes the reduction of GSSG to GSH and plays an essential central role in cell defense
against reactive oxygen species (ROS). Higher activity in clams exposed to CNTs under the two lowest
temperatures may suggest the early induction of the enzyme in response to the short-term experimental
treatments to supply enough substrate (GSH) for the detoxification reactions. Analyzing the results
obtained from clams submitted to temperature variations without CNTs, GR activity showed the
lowest activity under 20 and 25 °C exposures (Figure 4A). Thus, the decrease of this enzyme” activity
seemed not directly related to the presence of CNTs but was dependent on the temperature tested,
with lower activity at higher temperature, both in the presence or absence of CNTs (Figure 4A).

A GR

1.4

10 15 20 25

Temperature (°C)

B GSTs

104 ab

a a
8- G b
A

2 61 A A 2
w
2
5 44

2

0- : -

10 15 20 25

Temperature (°C)

Figure 4. (A) glutathione reductase activity (GR); (B) glutathione S-transferases activity (GSTs),
in Ruditapes decussatus exposed to different temperatures (10, 15, 20 and 25 °C), in the absence (gray
bars) and presence (black bars) of carbon nanotubes. Results are means with standard deviation.
Different letters represent significant differences (p < 0.05) among conditions (uppercase letters for
uncontaminated clams; lowercase letters for contaminated clams). Similar letters represent no significant
differences among conditions. Asterisk (*) indicates significant differences (p < 0.05) between CNTs
exposed and unexposed clams at each temperature.
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Invertebrates are poikilothermic ectotherms, with their body temperature being highly influenced
by the environmental temperature [70]. Therefore, R. decussatus may have expressed a suite of responses
and strategies (such as the alteration of their antioxidant systems) that acted to protect the cells against
oxidative damage as also confirmed by the LPO and GSH/GSSG trends. The first line of antioxidant
defense includes CAT and GPx enzymes [68]. Although the correlation observed between these
antioxidant enzymes and the different conditions was lower than 75%, the enzymes activities were
reported in Table 3. Both enzymes are involved in the detoxification process, which converts the
hydrogen peroxide (H,0O;) into HyO and O, [66]. The obtained results demonstrated that changes
in ROS levels did not result in significant differences in CAT activity among conditions, while GPx
was implicated only when the clams were exposed to CNTs at 15, 20 and 25 °C, showing significantly
higher activity compared to organisms exposed to CNTs at 10 °C (Table 3). These results suggested that
the increase of the temperature, which developed the state of aggregation of the CNTs (Table 2), may
rise the interaction with the organisms, causing the activation of GPx activity as a consequence of a
major susceptibility of the clams to the test compounds. This hypothesis is in line with the finding from
Handy et al. [71], which confirmed that CNTs stay initially in the aqueous phase and then they tend
to aggregate and settle down, being benthic organisms particularly exposed to these contaminants.
In a study conducted by Kuroda et al. [72], the authors observed different cytotoxicity and immune
responses depending on the aggregation state of the CNTs. The aggregated CNTs were taken up in the
phagosomes and although highly dispersed CNTs were scattered and incorporated in the cells, the
amount of uptake was clearly less in comparison to the aggregate ones, which caused higher toxicity
in the exposed organisms. Similarly, De Marchi et al. [20], exposing the clam Ruditapes philippinarum to
COOH-MWCNT for 28 days under different salinity levels, observed that larger CNTs aggregates
caused greater toxic impacts in comparison to the results obtained with organisms exposed to smaller
aggregates. GSTs are a group of enzymes involved in detoxication and conjugation of xenobiotics
and in protecting against peroxidative damage [68]. Significant differences of GSTs activity were
observed only in R. decussatus exposed to the contaminant, with the lowest activity under the highest
temperature (Figure 4B). These results suggest an impairment of the conjugation activity with the
xenobiotic as a consequence of a major susceptibility caused by high temperature. Similar GSTs trend
was also described by Andrade et al. [9], showing an inhibition of GSTs activity when the mussels
were contaminated with CNTs at increase temperature.

In the present study, the neurotoxic capacity of CNTs was also investigated under different
temperatures, measuring the activity of the enzyme acetylcholinesterase (AChE) (Table 3). The inhibition
of AChE by environmental contaminants including metals and nanomaterials has been investigated
and reported. As an example, De Marchi et al. [21] investigated the effects of two different CNTs
on R. philippinarum, showing AChE activity inhibition caused by both contaminants. In the present
study, significantly lower neuro-activity was only observed when the clams were exposed to CNTs
under 25 °C, confirming that the concentration used was not high enough to cause neurotoxicity in
clams and only at the highest temperature and in the presence of CNTs clams showed inhibition of
ACHhE. The alteration of AChE activity as a consequence of abiotic environmental factors has also been
documented. In a study conducted by Bielen et al. [73], the authors examined the tolerance to different
stress conditions (thermal stress and trace metal zinc pollution stress) in two similar freshwater bivalve
species, the native Anodonta anatina and the invasive Sinanodonta woodiana. Focusing only to the results
obtained after thermal stress acting alone (from 10 °C to 26 °C), A. anatina exhibited the highest AChE
activity at 18 °C, while S. woodiana at 10 °C. The authors highlighted that, although the level of its
inhibition is an established biomarker of neurotoxicity, on the other hand, enhanced ChE activity may
indicate an inflammation process due to tissue injury [73].

4. Conclusions

The present study aimed to understand how temperature influence NPs behavior, changing their
toxic effects towards R. decussatus. In general, similar biochemical responses were observed between
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exposed and not exposed organisms, revealing limited toxicity of the tested CNTs concentration.
However, increased temperatures, such as the ones expected in the case of seasonal warming and/or
global climate change, in combination with NPs exposure, may threaten clams’ populations especially
on biotransformation activities and neuro status. Considering that the use of NPs is increasing
exponentially among different fields together with climate change related factors, possible risks to
the environment, especially on the aquatic environment, should be increasingly assessed. Overall,
our results emphasizing the effects of warmer waters in the bivalve’s cellular homeostasis and
metabolism, as well as their capability to respond the chemical contamination, that goes in line with
previous studies reporting decreases in the nutritional quality of this species widely harvested and
produced for human consumption, posing at risk the sustainability of this natural resource.
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