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Abstract The aim was to investigate the toxicity of
selected metal oxide nanoparticles (MO-NPs) on the
brine shrimp Artemia salina, by evaluating mortality
and behavioural and biochemical responses. Larvae
were exposed to tin(IV) oxide (stannic oxide (Sn0O5)),
cerium(IV) oxide (CeO,) and iron(Il, III) oxide (Fe304)
NPs for 48 h in seawater, with MO-NP suspensions
from 0.01 to 1.0 mg/mL. Mortality and behavioural
responses (swimming speed alteration) and enzymatic
activities of cholinesterase, glutathione-S-transferase
and catalase were evaluated. Although the MO-NPs
did not induce any mortality of the larvae, they caused
changes in behavioural and biochemical responses.
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Swimming speed significantly decreased in larvae
exposed to CeO, NPs. Cholinesterase and
glutathione-S-transferase activities were significantly
inhibited in larvae exposed to SnO, NPs, whereas
cholinesterase activity significantly increased after
CeO, NP and Fe;0, NP exposure. Catalase activity
significantly increased in larvae exposed to Fe;O4
NPs. In conclusion, swimming alteration and choli-
nesterase activity represent valid endpoints for MO-
NP exposure, while glutathione-S-transferase and cat-
alase activities appear to be NP-specific.
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Introduction

Nanoparticles (NPs) are currently used in many com-
mercial applications and in a wide range of fields, such
as technology, industry and medicine. In this regard,
metal oxide NPs (MO-NPs), such as tin(IV) oxide (stan-
nic oxide (Sn0,)), cerium(IV) oxide (CeO,) and iron(Il,
III) oxide (Fe;04) NPs, are of special interest due to
their exceptional physicochemical properties, which
make them highly suitable and desirable for many con-
sumer products and industrial technologies (Montes
et al. 2012). Indeed, SnO, NPs have a wide range of
applications, such as for gas sensors (Barsan et al.
1999), as photo-catalysts and in rechargeable lithium
batteries (Idota et al. 1997). CeO, NPs are used in a
variety of consumer, pharmaceutical and agricultural
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products, as well as being used in the automotive indus-
try as a catalyst, to improve oxidation of fossil fuels
(Cornelis et al. 2011). The magnetic FesO4 NPs have
raised great interest in the field of information storage,
as well as in areas of biomedicine and magnetic sensing
(Hui et al. 2008).

The MO-NPs inevitably enter into the aquatic eco-
systems (Tso et al. 2010). Along with the emerging use
of NPs in several commercial products and their conse-
quent release into aquatic ecosystems, growing concerns
have arisen about their fate, behaviour and potential
toxicity (Klaine et al. 2008).

Marine ecosystems are extremely important, as these
ultimately receive the run-off and wastewaters from
domestic and industrial sources (Baun et al. 2008).
Studies have been performed on marine organisms ex-
posed to MO-NPs. Thus, the exposure of the
Mediterranean mussel Mytilus galloprovincialis to tita-
nium dioxide and silicon oxide NPs results in alterations
in haemocyte immune parameters, oxidative stress and
lysosomal stability in the digestive glands (Canesi et al.
2010a, b), besides inducing responses also at the cellular
and subcellular level in mussel gills (D’Agata et al.
2013).

Likewise, Galloway and colleagues (2010) reported
that the exposure of the polychaete Arenicola marina to
titanium dioxide NPs resulted in a significant decrease
in lysosomal stability and in DNA damage in
coelomocytes. Exposure of the sea urchin
Paracentrotus lividus to SnO,, CeO, and Fe;O, NPs
by force feeding has toxic effects on the innate immune
system (Falugi et al. 2012), while their exposure to
titanium dioxide induces morphological, behavioural
and enzymatic alterations (Gambardella et al. 2013).
Zinc oxide NPs show toxicity towards marine diatoms
(Peng et al. 2011) and the brine shrimp Artemia salina
(Ates et al. 2013a, b).

A. salina is widely used as a nutritious live food
source for the larvae of a variety of marine organisms
(Radhika Rajasree et al. 2010). It is characterised by the
common features of short life cycle, high adaptability to
adverse environmental conditions, small body size, high
offspring production and ease of culture (Nunes et al.
2000). A. salina is also included as one of the test
species by the US Environmental Protection Agency
(EPA 2002) for acute toxicity testing (Nunes et al.
2006; Kokkali et al. 2011). All of these features make
A. salina one of the most valuable organisms available
for ecotoxicological tests (Persoone and Wells 1987;
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Garaventa et al. 2010). Thus, the toxicities of several
chemical compounds, including pesticides and antifoul-
ing biocides, have been tested using A. salina over the
last few decades (Sorgeloos et al. 1978; Barahona and
Sanchez-Fortun 1999; Koutsaftis and Aoyama 2007;
Venkateswara Rao et al. 2007; Garaventa et al. 2010).
Recently, ecotoxicological tests were performed using
the A4. salina life cycle to assess the hazard of MO-NPs,
to determine the potential effects these might have on
the marine environment (Radhika Rajasree et al. 2010;
Ates et al. 2013a, b).

Behavioural and biochemical responses represent
valid sensitive biomarkers for environmental monitor-
ing, as has been proposed for pesticides and insecticides
(Jemec et al. 2007; Venkateswara Rao et al. 2007;
Garaventa et al. 2010). Behavioural responses are sen-
sitive endpoints to assess the impact of such contami-
nants at concentrations far below the lethal effects
(Amiard-Triquet 2009). Some studies have looked for
correlations between behavioural and biochemical re-
sponses (e.g., enzyme inhibition) in marine organisms
exposed to NPs, although no specific links have been
found between enzyme activities and behavioural im-
pairment to date (Buffet etal. 2011). Locomotion is used
as a stress indicator in ecotoxicological studies, and it
represents a sensitive measure of toxic stress for a wide
range of environmental contaminants (Little and Finger
1990). With aquatic organisms, swimming represents a
behavioural response determinant that can be directly
affected by physiological status, as has been demonstrat-
ed for A. salina exposed to toxic compounds
(Venkateswara Rao et al. 2007; Garaventa et al. 2010;
Alyuruk et al. 2013).

Biochemical biomarkers of damage and defence
have been recently proposed for the evaluation of po-
tential toxic effects of MO-NPs on marine organisms
(Canesi et al. 2010a; Buffet et al. 2011; Falugi et al.
2012; Gambardella et al. 2013). Cholinesterase is an
enzyme associated with the cholinergic nervous system,
and it acts as a modulator of acetylcholine reception at
neuromuscular sites. Recently, cholinesterase was
shown to be a toxicological biomarker of damage
(Jemec et al. 2007). NPs might bind to cholinesterase
and impair its activity after entering the body (Wang
et al. 2009), as has been reported for sea urchin and
mussel exposed to MO-NPs (Canesi et al. 2010a; Falugi
et al. 2012; Gambardella et al. 2013). Glutathione-S-
transferase (GST) and catalase are biomarkers of de-
fence that can be activated in the presence of MO-NPs,



Environ Monit Assess

such as with zinc, silicon and titanium oxide NPs
(Canesi et al. 2010a; Buffet et al. 2011). GST belongs
to the class of phase II detoxifying enzymes, and the
induction of its activity is an indication of the activation
of detoxification processes (Jemec et al. 2007). Catalase
is an antioxidant that catalyses the decomposition of
hydrogen peroxide derived from the formation of reac-
tive oxygen species (ROS), such as superoxide or hy-
droxyl radicals (Jemec et al. 2008a). Changes in GST
and catalase activities can occur in marine organisms
exposed to NPs, which depend upon the NP type and
concentration (Canesi et al. 2010a; Buffet et al. 2011).

To date, no studies on biochemical and behavioural
responses are available for 4. salina exposure to NPs.
Therefore, the main aim of the present study was to
investigate the toxicity of the selected MO-NPs of
SnO,, CeO, and Fe;04 on A. salina larvae through the
evaluation of mortality and behavioural and biochemi-
cal responses. Mortality and alterations in swimming
and enzyme activities of cholinesterase, GST and cata-
lase were used as the endpoints to assess potential
adverse effects of these MO-NPs in 4. salina and to
identify the most sensitive of these endpoints.

Materials and methods
Nanoparticles

The MO-NPs of Sn0O,, CeO, and Fe;0,4 were provided
by Nanostructured and Amorphous Materials, Inc
(Houston, USA), as at least 98 % pure. According to
the manufacturer information, the particle sizes were
determined using transmission electron microscopy as
61 nm, 50 to 105 nm, and 20 to 30 nm, respectively.
Details of the behaviour, size and chemical characteri-
sation of these MO-NPs in seawater were obtained using
an environmental scanning electron microscope
(ESEM) equipped with energy-dispersive spectroscopy
(EDS; Quanta FEI 250, Gambardella et al. 2014).
These analyses confirmed the chemical composition
of NPs and the size of their aggregates, which were in
the range of 1-2 um for SnO, and CeO,, and ~10 um
for Fe;0,.

The MO-NP suspensions were prepared according to
Canesi et al. (2010a). Briefly, these were freshly pre-
pared in 0.22 pm filtered natural seawater as stock
concentrations of 1 mg/mL each, which were sonicated
for 15 min at 100 W using a 50 % on/off cycle. The

suspensions were kept in an ice bath during the
preparation.

Model organism

Commercially available dehydrated cysts of Artemia sp.
were used for the experiments. Instar I stage larvae were
obtained as described by Garaventa et al. (2010). The
newly hatched nauplii were separated from nonhatched
cysts based on their phototaxis and then transferred by a
Pasteur pipette into beakers containing the filtered nat-
ural seawater.

Acute and behavioural responses
Acute toxicity test

The toxicity test was performed by adding 10-15 larvae
to each well of a 24-well polystyrene plate that
contained 1 mL of filtered natural seawater with suspen-
sions of different concentrations of the MO-NPs (0.01,
0.1, 1.0 mg/mL). The plates were stored at 20 °C for
48 h with a 16:8-h light/dark cycle. All of the tests were
performed in triplicate. After 48 h, the larvae were
collected from the wells, rinsed and transferred into
new plates with clean filtered natural seawater to re-
move the MO-NPs. The numbers of dead larvae were
counted under a stereomicroscope. Larvae that were
completely motionless were counted as dead, and the
percentages of mortality compared to the control were
calculated.

Swimming speed alteration test

Swimming speed alteration tests were performed ac-
cording to Garaventa et al. (2010). Briefly, after 48 h
of exposure of the A. salina larvae to the MO-NPs, the
swimming was recorded using a swimming behaviour
recorder that consisted of a video camera with a macro-
objective that was used to record the swimming paths of
the samples of larvae. The apparatus was inside a black
box (60x60x100 cm) to exclude external sources of
light, and the recording chamber was monitored under
infrared light. The 4. salina larvae were dark-adapted
for 2 min before the video recording (time fixed by
preliminary tests, to reach steady speeds and a uniform
spatial distribution). The swimming behaviour was dig-
itally recorded for about 3 s at 25 frames/s, and the
images were analysed using advanced image processing
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software to reconstruct the individual paths/ tracks, with
the measurement of the mean swimming speeds (mm/s)
for each A. salina larva in each sample (10-15 larvae/
sample). The data are referred to as the swimming
inhibition, following normalisation to the mean swim-
ming speed of the controls (S, mean swimming speed),
where

Inhibition(%) = [(S Treated—S Control)/S Control) x 100]|.

Microscopic analysis

After recording the swimming speed alterations, the
larvae were observed under a Leica DMRB microscope
(Leica, Switzerland). Images were acquired using a
DFC420C Leica CCD camera and the Leica software
(Leica Application Suite V3). The resulting images were
stored and visualised in the Leica software programme,
using the TIFF image format.

Chemical analysis

To determine the chemical analysis, about 150 mL of the
MO-NP suspensions at 1 mg/mL containing the hatched
A. salina larvae were exposed for the 48-h toxicity
testing. Three replicates were prepared for each MO-
NP concentration, including controls with no MO-NP
addition. At the end of the exposure, larvae were sam-
pled and thoroughly washed with deionized water
through 80 um plankton net. About 0.1 mg of dry larvae
was weighed, digested in Teflon vessels and analysed
for metal (Sn, Ce, Fe) concentration by inductively
coupled plasma-mass spectrometry (ICP-MS), as de-
scribed in Ates et al. (2013a). The results were then
normalised to the controls.

Biochemical responses
Chemicals

The following chemicals used for the determination of
the enzyme activities were obtained from Sigma
(Germany): dibasic and monobasic potassium phos-
phate, hydrogen peroxide (30 %), 1-chloro-2,4-dinitro-
benzene, L-glutathione (reduced form), 5,5' dithiobis-2-
nitrobenzoic acid, sodium hydrogen carbonate and
acetylthiocholine chloride. BCA Protein Assay
Reagent A and BCA Protein Assay Reagent B were
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purchased from Pierce (USA). All chemicals were of
the highest commercially available grades.

Determination of enzyme activities

To determine the enzymatic activities, about 200 larvae
of A. salina were exposed to 50 mL of the MO-NP
suspensions at serial concentrations (0.01, 0.1, 1.0 mg/
mL) for the 48-h toxicity testing, as described by
Radhika Rajasree et al. (2010). Three replicates were
prepared for each MO-NP concentration, including con-
trols with no MO-NP addition. After exposure, the
larvae were placed into filtered natural seawater, rinsed
four times in 50 mM of potassium phosphate buffer
(pH 7.0) and homogenised for 3 min in 0.5 mL of
homogenisation buffer (50 mM of phosphate buffer,
pH 7.0), using a glass-glass Elvehjem-Potter
homogeniser. The homogenates were centrifuged for
15 min at 15,000xg at 4 °C, as described by Jemec
et al. (2007). The supernatants were then stored at
—80 °C until all of the tests were performed (within
1 week). The enzyme activities were all measured on
the same day, and each experiment was repeated twice.
No food was provided to the 4. salina larvae during this
exposure to the MO-NPs.

The cholinesterase activity was determined accord-
ing to the method of Ellman et al. (1961), using a VIS
microplate reader (Anthos, UK), as described by
Mancini et al. (2004). The reaction mixture was pre-
pared in 100 mM of potassium phosphate buffer (pH 7),
containing 1 mM acetylthiocholine chloride and
0.5 mM 5,5’ dithiobis-2-nitrobenzoic acid, as final con-
centrations. The protein supernatants (100 pL) were
added to start the reactions, which were followed spec-
trophotometrically at 405 nm at 25 °C for 1 h. In blank
reactions, the protein supernatant was replaced by
50 mM of phosphate buffer (pH 7.0). Cholinesterase
activity is expressed in nmoles of hydrolysed acetylcho-
line chloride/min/mg protein (extinction coefficient,
£405=13.600 M ' cm ™).

The GST activity was determined according to the
method described by Habig et al. (1974), using a VIS
microplate reader (Anthos, UK). Here, 1-chloro-2,4-di-
nitrobenzene was dissolved in ethanol to 50 mM, which
was afterwards diluted in 100 mM of potassium phos-
phate buffer (pH 6.5) to the final concentration of 4 mM.
This solution was used to prepare a reaction mixture
containing 1 mM 1-chloro-2,4-dinitrobenzene and
1 mM reduced glutathione. Then, 50 pL of protein
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supernatant was added to start the reactions. The final
concentration of ethanol in the reaction mixture was
2 %; at this concentration, the activity of GST was not
inhibited (not shown). Two blank reactions in which the
protein supernatant was replaced by 50 mM of phos-
phate buffer (pH 7.0) were followed, and the mean rate
of the absorbance change was subtracted from the mea-
surements for the samples containing the protein super-
natant. The reaction was followed spectrophotometri-
cally at 340 nm at 25 °C for 20 min. The GST activity
was expressed in nmoles of conjugated reduced GSH/
min/mg protein (extinction coefficient, €34¢=
9.600 M ' cm ™).

The catalase activity was determined according to
Aebi (1984), Jamnik and Raspor (2003) and Jemec
et al. (2008b). Here, 50 uL of protein supernatant was
combined with 950 puL of hydrogen peroxide solution
(10.8 mM) prepared in 50 mM of potassium phosphate
buffer (pH 7.0). The final concentration of hydrogen
peroxide was 10 mM. The reaction was followed spec-
trophotometrically for 2 min at 25 °C and 240 nm using
a Shimadzu UV-2101PC spectrophotometer (Japan).
The catalase activity is expressed as umoles of degraded
hydrogen peroxide/min/mg protein (extinction coeffi-
cient, £,40=43.6 M! cmﬁl).

The concentrations of the substrates used for all of
the enzymes tested were saturated and ensured linear
changes in the absorbance with time and concentration
of protein. The protein concentrations were determined
using BCA™ Protein Assay kits, as a modification of
the bicinchoninic acid protein assay (Pierce, Rockford,
USA).

Statistical analysis

The experiments were carried out in triplicate for all of
the treatments. All of the data are expressed as means+
standard error (SE) of the triplicates. The lethal concen-
tration (LC,o; concentration of suspended MO-NPs that
resulted in 20 % death in the exposed organisms after
48 h), the effective concentration for swimming speed
alteration (EC,; concentration of suspended MO-NPs
that resulted in 20 % swimming speed alteration effect
in the exposed organisms after 48 h) and the related
95 % confidence limits were calculated using the Probit
method.

Significant differences between controls and treated
samples were determined using one-way ANOVA
followed by the Bonferroni nonparametric post hoc

tests, where p<0.05 is considered to be significantly
different.

Results
Acute toxicity and behavioural responses

The results of the mortality and swimming speed alter-
ations are reported in Fig. 1. Less than 20 % mortality
was observed in the larvae exposed to all of the
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Fig. 1 Mortality (filled bars) and swimming speed alteration
(open bars) of A. salina larvae after 48 h of exposure to increasing
concentrations (as indicated) of SnO,, CeO, and Fe;O4 NPs,
relative to the controls. Data are the means=SE (n=3) of two
experiments, analysed according to ANOVA followed by the
Bonferroni post hoc tests. *p<0.05
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concentrations of the MO-NPs, including the highest,
and therefore it was not possible to calculate the LC,q
for any of the MO-NPs. Although there were low per-
centages of swimming alteration (all <50 %, Fig. 1), itis
important to note that the swimming speed increased
with 0.01 mg/mL SnO, NPs and decreased for all of the
other concentrations of the selected MO-NPs. The
swimming was significantly inhibited in larvae exposed
t0 0.1 and 1.0 mg/mL CeO, NPs (p<0.05), where it was
also possible to calculate the EC,g (EC50=0.08 mg/mL
[confidence limits 0.07—0.09]).

Microscopy observations and chemical analyses

The microscopy observations showed that aggregation of
the MO-NPs occurred after 48 h of exposure in all of the
suspensions in the filtered natural seawater, as already
reported in a previous study (Gambardella et al. 2014). In
addition, larvae accumulated the aggregates of MO-NPs
(Fig. 2), and the ingested MO-NPs appeared to be com-
pressed inside the larval gut (Fig. 3). Ce and Fe levels
accumulated within 48 h in larvae exposed to CeO, and
Fe;04 NPs were statistically different from the controls.

Biochemical responses

The cholinesterase, GST and catalase activities mea-
sured in the A. salina larvae after 48 h of exposure to
the MO-NPs are shown in Fig. 4. The cholinesterase
activities in the larvae exposed to SnO, NPs significant-
ly decreased as compared to the control, whereas there
was a significant increase with CeO, NPs and Fe;04
NPs (p<0.05). A dose-dependent effect was observed in
the cholinesterase activity of the larvae exposed to SnO,
and CeO, NPs.

20

*
18 '|'
16
o 14 W Sno,
B 1] 0 Ceo,
~ u Fe304
£ 104
E]
£ 8
o
o 6
4
2 *
 —
0 Sn ! Ce ) Fe
Metals

Fig.2 Accumulation of MO-NPs by A. salina larvae after 48 h of
exposure to 1 mg/mL of SnO,, CeO, and Fe;0,4 NPs. Data are the
means+SE (n=3) normalised to the control, analysed according to
ANOVA followed by the Bonferroni post hoc tests. * p<0.05
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The GST activities decreased in the samples exposed
to the MO-NPs. A significant dose-dependent response
was observed with the exposure to SnO, NPs (p<0.05).

The catalase activities gradually decreased in the
samples exposed to SnO, NPs, while there were no
changes in the catalase activities at any of the concen-
trations of CeO, NPs. The catalase activities were sig-
nificantly stimulated at all of the concentrations of
Fe;04 NPs (p<0.05).

Discussion

A. salina exposure to these MO-NPs up to a concentra-
tion of 1.0 mg/mL did not induce any significant lethal
effects. Microscopy observations and chemical analyses
revealed that the larvae ingested the MO-NPs into the
gut, although this accumulation did not result in signif-
icant mortality after 48 h. Brine shrimps are nonselective
filter feeders, and they can readily ingest particles of up
to 50 um in diameter (Hund-Rinke and Simon 2006).
When suspended in the seawater, these MO-NPs formed
agglomerates that ranged from 400 nm up to several pum
in diameter (Falugi et al. 2012; Gambardella et al.
2014), and the A4. salina larvae were able to ingest them.
Several studies have confirmed the accumulation of NPs
inside the gut of A. salina larvae and their inability to
eliminate these ingested particles (Ates et al. 2013a, b).
However, this accumulation does not induce mortality
after 24 h of exposure (Cornejo-Garrido et al. 2011),
although mortality can be seen after prolonged expo-
sures (e.g., 96 h of exposure; Gaiser et al. 2011). These
data are in line with the results in the present study, as no
significant mortality was observed for any of the MO-
NP types and concentrations after the 48-h exposure, as
compared to the controls. However, we found behav-
ioural and biochemical responses, which confirm that
significant changes occur after the exposure to these
MO-NPs.

Behaviour is a determinant that results from molecu-
lar, physiological and ecological aspects of toxicology
(Little et al. 1990; Xia et al. 2013); therefore, behaviour
can provide insights into various levels of biological
organisation (Scott and Sloman 2004). Swimming de-
creases were seen for these larvae exposed to all of the
NPs, with the exception of the lowest concentration of
SnO, NPs, although significant swimming inhibition
was only seen for the larvae exposed to CeO, NPs. To
date, little is known about the toxicity of CeO, NPs.
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Fig. 3 Representative
microscopy images of the

A. salina larvae revealing the
MO-NPs inside the gut after 48 h
of the control and with exposure
to 0.01 mg/mL MO-NPs (as
indicated). Note that the gut is
empty in the control group (0)
compared to the treated samples.
Bar, 400 pm

Gaiser et al. (2011) reported on inhibition of moulting
and growth in Daphnia magna exposed to 0.01 mg/mL
CeO, NPs. These authors attributed the toxicity of these
MO-NPs to a direct physical interaction between the
CeO;, NPs and the daphnids, through impeding their
movement and/or affecting their feeding, which resulted
in their reduced swimming ability. In the present study,
the size of the CeO, NPs was greater than the sizes of
the other two MO-NPs used; therefore, CeO, NPs
tended to aggregate and accumulate more rapidly
(Fig. 2) and interfere with movement, thus causing
significant behavioural responses, as described by
Gaiser et al. (2011).

Enzymatic activity alterations were observed in the
larvae exposed to all of these MO-NPs. In particular,
these alterations in cholinesterase activity were always
significant, for all of the MO-NP exposures, which
suggest that cholinesterase is the most sensitive of these
biochemical biomarkers. Cholinesterase regulates cho-
linergic signalling by hydrolysing the neurotransmitter
acetylcholine, which is involved in the motor control of
somatic muscle (Taylor and Brown 1999). Here, the
cholinesterase activity was inhibited in the 4. salina
larvae exposed to SnO, NPs, while it was significantly
increased by the exposure to CeO, NPs and Fe;O, NPs.
It has been reported that cholinesterase inhibition can
cause an overflow of acetylcholine at these receptor
sites, which will affect the intracellular responses driven
by both nicotinic and muscarinic receptors and the

function of the innate immune system in marine inver-
tebrates exposed to neurotoxic compounds and these
MO-NPs (Falugi et al. 2011; Gambardella et al. 2013).
Since A. salina has a well-developed neurotransmitter
system and many cholinergic receptors (Varo et al.
2002), SnO, NPs might cause alterations in the func-
tions of the cholinergic neurotransmission system and
the immune system, as has been reported for sea urchins
exposed to the same MO-NPs (Falugi et al. 2012).
However, further investigations on the molecules be-
longing to the cholinergic neurotransmitter system are
required to support this hypothesis.

Considering further the increased cholinesterase ac-
tivity after the exposure to the CeO, NPs and Fe;0,4
NPs, it is known that cholinesterase can function as a
regulator of inflamed tissue (Falugi and Aluigi 2012)
through its role in the support of apoptosis (Zhang et al.
2002; Zhu et al. 2008). Indeed, inflamed cells and
tissues show greater cholinesterase expression and ac-
tivity compared to healthy ones (de Oliveira et al. 2012;
Falugi et al. 2012). Therefore, cholinesterase increases
are correlated to inflammation, and here, the cholines-
terase activity was significantly enhanced in the larvae
exposed to CeO, NPs and Fe;O4 NPs, which can be
caused by inflammation. Inflammation is a normal re-
sponse of the body to injury; when activated in moder-
ation, this inflammation can stimulate the regeneration
of'healthy tissue (Buzea et al. 2007). Exposure of marine
organisms to the MO-NPs might thus be associated to an
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Fig. 4 Cholinesterase (ChE; a—c), GST (d—f) and catalase (CAT;
g-i) activities of 4. salina larvae after 48 h of exposure to increas-
ing concentrations (as indicated) of SnO,, CeO, and Fe;04 NPs.

inflammation response (Koehler et al. 2008). In addi-
tion, alterations in any behaviour coupled with changes
in physiology can alter the population stability (Scott
and Sloman 2004). In the present study, the significant
swimming inhibition and the increases in cholinesterase
activity after exposure to CeO, NPs can be considered
as indicators of inflammation.

The GST activity was significantly inhibited after
exposure to SnO, NPs. These MO-NPs thus altered
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Data are means+SE (n=3), analysed according to ANOVA
followed by the Bonferroni post hoc tests. *p<0.05

the biomarkers of both defence (GST) and damage
(cholinesterase). GST is responsible for the high-
capacity metabolic inactivation of electrophilic com-
pounds and toxic substrates, and its inhibition influences
cellular stress responses and apoptosis (Yin et al. 2000).

GST and catalase are two indicators of oxidative
stress, and in marine invertebrates exposed to NPs,
changes in these parameters have been linked to popu-
lation endpoints, as well as to mortality (Canesi et al.
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2010a). Catalase is the main enzyme involved in hydro-
gen peroxide detoxification, and its alteration indicates
induced ROS production (Jemec et al. 2008Db).

The gradual decrease in catalase activity observed in
the samples exposed to the SnO, NPs might be corre-
lated to the starting point of the hydroxyl radical pro-
duction, as this inhibitory effect is not significant. ROS
production might occur at higher concentrations of these
MO-NPs, although this possibility was not examined in
the present study. Hydroxyl radical production leads to
the production of hydrogen peroxide (Halliwell and
Gutteridge 1999), which results in rapid inactivation of
catalase (Aebi 1984). Therefore, the larva exposure to
SnO, NPs induces defence responses as a result of a
stress, through decreased GST and catalase activities.

The exposure to Fe;04 NPs caused significant in-
creases in catalase and cholinesterase and a gradual
inhibition of GST activity. It might be suggested that
the antioxidant mechanisms can prevent oxidative dam-
age. This can be explained with the opposite trend of the
defence biomarker activities. During exposure to Fe;O,
NPs, the larvae showed a stress response that was due to
inflammation (an increase in cholinesterase), rather than
ROS production.

Both of these biochemical biomarkers of defence
(i.e., GST, catalase) showed decreased activities after
acute exposure to the CeO, NPs, although these were
not statistically different from the control samples.
Therefore, exposure to these MO-NPs results in a weak
stress response. It is possible that the defence biomarker
sensitivities towards this type of MO-NPs decrease at
higher concentrations. Thus, GST and catalase do not
represent significant biomarkers for concentrations of
CeO, NPs up to 1 mg/mL, as it has been reported in
mussel gills exposed to oxide NPs (Canesi et al. 2010b).

Our data so far show that the acute exposure of
A. salina larvae to these different MO-NPs induces
significant changes in their behaviour and enzyme ac-
tivities. SnO, NPs and CeO, NPs appear to affect the
larval behavioural and biochemical responses more so
than FesO4 NPs. The sensitivities of these behavioural
and biochemical endpoints appear to depend on the type
of MO-NPs. Nevertheless, cholinesterase activity repre-
sents a sensitive and significant biomarker of damage
for all of these selected MO-NPs. Conversely, bio-
markers of defence appear to be MO-NP-specific, as
already proposed for the exposure of freshwater crusta-
ceans to chemicals and NPs (Jemec et al. 2008b; Canesi
etal. 2010a; Buffet et al. 2011). GST is more sensitive to

SnO, NPs than the other MO-NPs, whereas Fe;04 NPs
induce higher catalase activities compared to the other
MO-NPs, with a 1-fold increase with respect to the
control at all of these concentrations.

Conclusions

The exposure of these 4. salina larvae to the selected
MO-NPs did not induce significant mortality, although
the NPs accumulated in the gut. However, behavioural
and biochemical changes occurred after the exposure.
The swimming speed alterations and the cholinesterase
activities represent valid endpoints for SnO,-NP expo-
sure, whereas the other two enzyme activities appear to
be MO-NP-specific.
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