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• Polychaetes Nereis diversicolor were ex-
posed for 14 days to cisplatin (CisPt)
anticancer drug.

• CisPt induced behavioural impairments
and neurotoxicity in N. diversicolor

• Oxidative stress and lipid peroxidation
were observed after cytotoxic exposure.

• DNA damage were not detected in
coelomocytes of polychaetes exposed
to CisPt.
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Anticancer drugs are designed to inhibit tumor cell proliferation by interacting with DNA and altering cellular
growth factors. When released into the waterbodies of municipal and hospital effluents these pharmaceutical
compounds may pose a risk to non-target aquatic organisms, due to their mode of action (cytotoxic, genotoxic,
mutagenic and teratogenic). The present study aimed to assess the ecotoxicological potential of the alkylating
agent cisplatin (CisPt) to the polychaete Nereis diversicolor, at a range of relevant environmental concentrations
(i.e. 0.1, 10 and 100 ng Pt L−1). Behavioural impairment (burrowing kinetic impairment), ion pump effects (SR
Ca2+-ATPase), neurotoxicity (AChE activity), oxidative stress (SOD, CAT and GPXs activities), metal exposure
(metallothionein-like proteins - MTLP), biotransformation (GST), oxidative damage (LPO) and genotoxicity
(DNA damage), were selected as endpoints to evaluate the sublethal responses of the ragworms after 14-days
of exposure in a water-sediment system. Significant burrowing impairment occurred in worms exposed to the
highest CisPt concentration (100 ng Pt L−1) along with neurotoxic effects. The activity of antioxidant enzymes
(SOD, CAT) and second phase biotransformation enzyme (GST)was inhibited but such effectswere compensated
by MTLP induction. Furthermore, LPO levels also increased. Results showed that the mode of action of cisplatin
may pose a risk to this aquatic species even at the range of ng L−1.
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1. Introduction

The increase of global cancer incidence in the human population led
to an increase of development, prescription and combination of drugs,
with cytotoxic and cytostatic modes of action (Suspiro and Prista,
2011). They were designed to inhibit cell replication and transcription
through direct or indirect interaction with DNA and induce mutagenic,
cytotoxic, genotoxic and carcinogenic effects (Johnson et al., 2008;
Besse et al., 2012; Parrella et al., 2014).

Excretion of chemotherapeutic drugs, unchanged or metabolized by
patients, is considered the primary source bywhich these pharmaceuti-
cals enter the waterbodies, via municipal and/or hospital effluents
(Johnson et al., 2008; Liu et al., 2010; Booker et al., 2014).Therefore, con-
cern is now emerging about their fate in aquatic systems and long-term
exposure to organisms at environmentally relevant concentrations.

Among the cytotoxic drugs used in chemotherapy, platinum-based
drugs (i.e. cisplatin; carboplatin; oxaliplatin) comprise the class L01XA
of the anatomical therapeutic chemicals (ATC) which are used individ-
ually or in combination to treat various tumours, such as ovarian, testic-
ular, bladder and lung cancers (Deans and West, 2011; Parrella et al.,
2014).

Cisplatin (CisPt), or cis-diammine-dichloroplatinum II, was ap-
proved for clinical uses in 1978 and is considered one of themost prom-
ising and widely used platinum-based therapeutic anti-cancer drugs
(Arnesano andNatile, 2009; Gómez-Ruiz et al., 2012).Within 24 h of in-
travenous infusion (i.e. 50–100 mg m2 body surface), patients excrete
28 ± 4% of platinum complexes via urine (Vermorken et al., 1986;
Dwyer et al., 2000), 40% in the form of monoaquacisplatin (Hann et
al., 2003). In aqueous solutions of low chloride levels (i.e. intracellular
fluids), CisPt chloro ligands are gradually hydrolysed according to the
ionic strength of receiving waters in a stepwise process to generate cis-
[PtCl(H2O)(NH3)2]+ (monoaquacisplatin) and cis-[PtCl(H2O)(NH3)2]+

(diaquacisplatin), the former being associated with antitumor activity
and toxicity (Hann et al., 2003; Lenz et al., 2005; Curtis et al., 2010).
N75% of CisPt enters sewage treatment plants and surface waters as
the reactive monoaquacisplatin (Hann et al., 2003), with a propensity
to interact with biotic and abiotic matrix (Curtis et al., 2010; Vyas et al.,
2014).

The contribution of platinum (Pt) from Pt-based drugs to the envi-
ronment is smaller compared to other Pt sources such as car catalytic
converters (Lenz et al., 2007a; Curtis et al., 2010). Pt from chemothera-
peutic drugs was detected in sewage treatment plants influents (1 ng
L−1 to 250 μg L−1) and effluents (i.e. 2 μg L−1 to 150 μg L−1), from hos-
pitals (b10 to 145 μg L−1) and surface waters (0.01 to 0.54 ng L−1)
(Steger-Hartmann et al., 1997; Kümmerer et al., 1999; Lenz et al.,
2005, 2007b; Vyas et al., 2014) but in the form of CisPt was only detect-
ed in hospital effluents (1.7 ng Pt L−1) (Hann et al., 2005) and surface
waters (0.0028 to 0.0125 ng Pt L−1) (Vyas et al., 2014) (Table 1). How-
ever, the behaviour and fate of CisPt in themarine environment remains
unclear (Turner and Mascorda, 2015). Although pharmaceuticals are
Table 1
Concentrations of total Pt from Pt-based anticancer drugs (e.g. cisplatin; carboplatin; oxaliplati

Hospital effluent Wastewater Treatment Plants (WWTPs) Surfac

Total Pt Pt CisPt WWTPs influent (Total Pt) WWTPs effluent (Total Pt) Total P

– – 3000–250,000 (a) 2000–150,000 (a) –
4700–145,000 – – –
30–84,590 – 0.01–0
b10–601 –
38.2–110.6 – 38.2–110.6 – –
– 1,7 (a) – –

(a) 24-h composite samples.
(b) Estimated concentration according to effluent rate discharge.
mainly hydrophilic and tend to be present in the dissolved form of the
water column, the highly soluble CisPt molecule (log Kow = −2.19)
has a high potential to be adsorbed to suspended solids and sewage
sludge (Lenz et al., 2005, 2007a, 2007b). The interaction with the solid
fraction induces the formation of complexes with organic matter and
partitions with the sediments (Moreno-González et al., 2015), where
CisPt settles. Sediments can then act as a reservoir of these compounds
and provide their continual remobilization to the water column via re-
suspension or trophic transfer (Buruaem et al., 2012; Araujo et al.,
2013; Rodrigues et al., 2013).

Environmentally relevant concentrations of CisPt in aquatic sedi-
ments is unknown. Only Pt levelswere detected in coastal and estuarine
waters, ranging from 0.02 to 25 ng g−1 (Tuit and Ravizza, 2000; De Boni
et al., 2007; Prichard et al., 2008; Pratt and Lottermoser, 2007;
Cobelo-García et al., 2011). However, CisPt adsorption to sediments de-
crease from river to estuarine waters which is consistent with the re-
duction of reactivity of the CisPt degradation (Curtis et al., 2010;
Turner and Mascorda, 2015) and indicates that dispersal of CisPt is fa-
vored towards the marine environments, where physico-chemical con-
ditions inhibit the hydroxo species formation (Turner and Mascorda,
2015).

Although the mode of action (MoA) and uptake of CisPt to aquatic
organisms remains poorly understood, the uptake in cancer cells occurs
by passive diffusion or via copper transporter proteins, such as copper
transporter 1 (CTR 1) (Holzer et al., 2006). CisPt reactive products are
highly electrophilic and act towards nucleophilic sites in genomic and
mitochondrial DNA, producing DNA inter- and intra-strand adducts
that result in DNAdistortion, inhibition of DNA replication and interrup-
tion of cell division (Gonzalez et al., 2001; Fuertes et al., 2003; Dasari
and Bernard Tchounwou, 2014). Furthermore, CisPt has DNA-unrelated
effects and can bind to nitrogen and sulfur nucleophilic sites of proteins,
phospholipidmembranes and cytoskeleton,while enzyme activities, re-
ceptor and protein functions are highly affected, with consequent met-
abolic impairment that can lead to cellular apoptosis or necrosis
(Gonzalez et al., 2001; Fuertes et al., 2003; Dasari and Bernard
Tchounwou, 2014; Gatti et al., 2015). The resistance to counteract
CisPt activity is mainly due to the reduction of CisPt accumulation in
cells; the increase of DNA repair; Pt inactivation through conjugation
with glutathione; and binding to metallothioneins (Arnesano and
Natile, 2009; Tadini-Buoninsegni et al., 2014).

The ecotoxicological impact of CisPt in aquatic organisms is scarce
and was mainly reported for freshwater species, such as protozoans
(Tetrahymena pyriformis), rotifers (Brachionus calyciflorus), microalgae
(Pseudokirchneriella subcapitata), crustaceans (Daphnia magna;
Ceriodaphnia dubia) and fish (Danio rerio), which showed effects on
growth and reproduction inhibition (Bonnet et al., 2003; Zounková et
al., 2007; Brezovsek et al., 2014), acute immobilization (Zounková et
al., 2007), embryotoxicity (Kovacs et al., 2015), cytotoxicity (Gajski et
al., 2015) and mortality (Parrella et al., 2014; Kovacs et al., 2015).
‘CisPt’ causes genotoxic effects in aquatic organisms, such as the
n) and Pt detected from cisplatin drug (ng L−1), in aquatic compartments.

e water Detection method Reference

t Pt CisPt

– ICP-MS; HPLC-ICP-MS Lenz et al. (2007a, 2007b)
– ICP-MS Lenz et al. (2005)

.540 0.0028–0.0125 (b) ICP-MS Vyas et al. (2014)
Adsorptive voltammetry Kümmerer et al. (1999)

– Adsorptive voltammetry Steger-Hartmann et al. (1997)
– HPLC-ICP/MS Hann et al. (2005)
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induction of DNA strand breaks as observed in the microcrustaceans
Daphnia magna and Ceriodaphnia dubia after 24 h of exposure (10 ng
and 300 ng Pt L−1, respectively) (Parrella et al., 2015), and in themarine
mussel Mytillus galloprovinciallis after exposure to 100 ng Pt L−1

(Trombini et al., 2016).
Benthic and epibenthic species accumulate contaminants by dermal

contact anddietary strategies, such asfiltration of suspended solids and/
or intake of sediment particles and fractions associated to organic mat-
ter (Simpson et al., 2005), but little is known about the fate of pharma-
ceuticals in these species. The polychaete Nereis (Hediste) diversicolor is
a deposit feeder that also scavenges for organic matter and detritus on
the sediments surface where it plays a relevant ecological role due to
bioturbation, particle mixing and irrigation of benthic galleries (Solé et
al., 2009). Therefore, N. diversicolor was considered a suitable model
for biomonitoring purposes and application in ecotoxicology assays
with emergent contaminants (Cong et al., 2011; Buffet et al., 2014), in-
cluding pharmaceutical compounds (Maranho et al., 2015).

Adverse sublethal effects regarding physiological and biochemical
responses after exposure of benthic species to different classes of phar-
maceuticals (e.g. anti-inflammatory; oral contraceptive; anticonvul-
sant; antidepressant) were reported (Maranho et al., 2014, 2015).
Biomarkers of behaviour impairment, neurotoxicity (acetylcholinester-
ase – AChE), antioxidant activity (superoxide dismutase – SOD; catalase
– CAT; glutathione-peroxidases – GPx), biotransformation (glutathi-
one-S-transferases – GST), oxidative damage (lipid peroxidation -
LPO) and genotoxicity (DNA strand breaks) were considered reliable
endpoints to assess pharmaceuticals toxicity (Aguirre-Martínez et al.,
2013; Gonzalez-Rey and Bebianno, 2013; Maranho et al., 2014, 2015).
In this sense, the present study aims to assess the adverse effects of
the CisPt anticancer drug to the ragworm N. diversicolor, at a range of
relevant environmental scenarios (i.e. 0.1, 10 and 100 ng Pt L−1). The
approach involves the assessment of behavioural impairment
(burrowing kinetic impairment), ion pump effects (SR Ca2+-ATPase),
neurotoxicity (AChE activity), oxidative stress (SOD, CAT, GPXs activi-
ties), biotransformation (GST activities), metal exposure (metallothio-
nein-like proteins - MTLPs), oxidative damage (LPO) and genotoxicity
(DNA damage), after 14 days of exposure to a contaminated water-sed-
iment system. To the best of our knowledge, this is one of the first
multibiomarker approach encompassing anticancer drugs and marine
organisms, with relevance to understand their risk in coastal and ben-
thic habitats.

2. Materials and methods

2.1. Chemicals

Analytical standard of cis-platinum (II) diamine dichloride (CisPt)
(CAS 15663-27-1) was obtained from Sigma-Aldrich (Portugal). CisPt
stock solution (123.07 mg L−1) was prepared in ultrapure Milli-Q
water. For safety handling of cytotoxic drugs, experimental work was
performed using class II biological safety cabinet, with appropriate
clothing (open-back, impervious chemotherapy protection gown, dou-
ble powder-free latex gloves and safety goggles). Test solution concen-
trationswere selected according to a range of Pt-based anticancer drugs
levels screened in waterbodies and effluents (Table 1) and were 0.1, 10
and 100 ng Pt L−1 (all nominal concentrations).

2.2. Sediment characterization

Sediments were sampled in the Ria Formosa lagoon (Tavira, Portu-
gal), and sieved through a 2-mm mesh to remove large debris. Sedi-
ments were dried at 80 °C (adapted from ASTM, 2009; Thain and
Bifield, 2001) to remove volatile compounds and water.

Grain size distributionwas assessed on dry aliquots of sediments ac-
cording to the method proposed by Royse (1970). Organic matter con-
tent was determined by loss on ignition (550 °C, for 5 h), by the
method described by Gross (1971). Results obtained were 22.3% of
sand, 77.7% of fines and 0.55% or organic matter content.

2.3. Experimental design

Specimens of N. diversicolor (5–7 cm length; 0.21 g ± 0.06) were
supplied from an aquaculture of the Portuguese Institute of the Sea
and Atmosphere (IPMA) (Tavira, Portugal) and transported alive to
the laboratory in tanks with natural seawater and sediments andmain-
tained at constant aeration for one week.

Twenty animals were randomly transferred to plastic aquaria of 10 L
(each animal/30 cm2), in a triplicate design, with a proportion of 1:4
sediments/water. Systems were kept under constant aeration and
with a light period of 12:12 h. Natural seawater was renewed every
48 h followed by redosing of CisPt to maintain nominal concentrations
in thewater phase during the experiment. Physicochemical parameters:
salinity, temperature and pH were determined in seawater (35.45 ±
1.2; 18.3±0.8 °C; 7.99±0.07, respectively). For each biochemical anal-
ysis (i.e. antioxidant enzymes; AChE; LPO andMT),measurementswere
carried out individually (n = 6 per treatment). Animals were collected
at the beginning of the experiment (Control (CT 0)) and after 14 days of
exposure (Control (CT 14); 0.1, 10 and 100 ng Pt L−1). Organisms used
for behavioural (n = 15 per treatment) and comet assays (n = 15 per
treatment) were immediately handled, whereas those for biochemical
endpoints were rinsed with clean seawater, frozen in liquid nitrogen
and stored at−80 °C until further use.

2.4. Sarcoplasmic reticulum Ca2+ − ATPase

2.4.1. Preparation of sarcoplasmic reticulum vesicles
Isolated sarcoplasmic reticulum vesicles (SRV), prepared from fresh-

ly obtained skeletal rabbitmuscles described elsewhere (Fraqueza et al.,
2012a, 2012b)were suspended in 0.1MKCl, 10mMHEPES (pH 7.0), di-
luted 1:1 with 2.0 M sucrose and frozen in liquid nitrogen prior to
storage at −80 °C. Protein concentrations were determined spectro-
photometrically at 595 nm, by the Bradford method, using bovine
serum albumin as a standard in the presence of 0.125% of sodium dode-
cyl sulphate (SDS). The percentage of each protein present in the
SRV preparations was determined through densitometry analysis of
SDS-polyacrylamide gel electrophoresis (7.5% acrylamide). The SR
Ca2+-ATPase analysed by SDS polyacrylamide gel electrophoresis com-
prised at least 70% of the total protein in the SR-vesicles. The SERCA-1,
(sarcoplasmic, or endoplasmic reticulum Ca2+-ATPase-1) was the pre-
dominant isoform in the SR preparations (Fraqueza et al., 2012a).

2.4.2. ATP hydrolysis by calcium pump
Steady-state assays of the sarcoplasmic reticulum Ca2+-ATPase

were measured spectrophotometrically at 25 °C using the coupled en-
zyme pyruvate kinase/lactate dehydrogenase assay (Aureliano et al.,
2008) under the following conditions: 25 mM HEPES (pH 7.0),
100mMKCl, 5mMMgCl2, 50 μMCaCl2, 2.5mMATP, 0.42mMphospho-
enolpyruvate, 0.25 mM NADH, 18 IU lactate dehydrogenase and 7.5 IU
pyruvate kinase, with or without CisPt. The experiments were initiated
by the addition of 10 μg/mL calcium ATPase, in the presence or absence
of 4% (w/w) of calcium ionophore A23187, and followed for 5min. CisPt
concentrations (up to 4 and 8mM)were added to themedium immedi-
ately prior to protein addition. Furthermore, within the concentration
range studied, CisPt solutions did not affect the coupled enzymemethod
used in the assays, as observed upon addition of 40 μM ADP.

Briefly, after the addition of the enzymes to themedium, NADHwas
added followed by the vesicles from skeletal muscle sarcoplasmic retic-
ulum. Then, after the addition of ATP the absorbance was recorded dur-
ing about 1 min (basal activity) and after the ionophore was added the
decrease of the absorbance was measured during about 2 min
(uncoupled ATPase activity). The ATPase activity and the inhibition of
CisPt was measured taken into consideration the decrease of OD per
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minute in the absence (100%) and in the presence of CisPt (Fraqueza et
al., 2012b).

2.5. Behaviour assay

Unexposed and exposed worms for 14 days were submitted to a
burrowing test according to Bonnard et al. (2009). Ten animals were
carefully placed individually in 150 mL-plastic containers, filled with
natural seawater and 5 cm of sediments. Over a period of 30-min, the
position of each worm was recorded every two minutes to establish
the time that each worm was fully buried. The results are expressed as
the percentage (%) of unburied specimens over time (min).

2.6. Biochemical analysis

2.6.1. Neurotoxicity
For AChE activity determination,whole tissueswere individually ho-

mogenized in 100mMTris-HCl buffer (pH 8) containing Triton 0.1% and
centrifuged at 12,000g (30 min, 4 °C). The supernatant was split into
two 500 μL aliquots for total protein determination and AChE activity.
The assay was conducted by inserting the reaction mixture in each mi-
croplate well, containing 50 μL of the sample, 0.75 mM DTNB in 0.1 M
Tris HCl, and 3 mM acetylcholine (ATC). The method measures the ab-
sorbance of 5-mercapto-2-nitrobenzoato (yellow) (coefficient of ex-
tinction of ε = 13.6 mM−1 cm−1) formed by the reaction of
thiocholine, a product of ATC cleavage by AChE with DTNB, at 405 nm
(Ellman et al., 1961; Colovic et al., 2013). AChE activity is expressed as
ATC.min−1 mg−1 protein.

2.6.2. Antioxidant enzymes
Tissues for themeasurement of antioxidant enzymeswere individu-

ally homogenized in 20mMTris-HCl buffer (0.5M sucrose, 0,075MKCl,
1 mM DTT, 1 mM EDTA), adjusted to pH 7.6 and centrifuged at 500g
(15 min, 4 °C) to separate the cytosolic fraction. The supernatants
were further re-centrifuged at 12,000g (45 min, 4 °C), to separate the
mitochondrial fraction. Antioxidant enzymes activities were deter-
mined in the cytosolic fraction. SOD activity was analysed according to
themethod ofMcCord and Fridovich (1969), bymeasuring the decrease
of absorbance of substrate cytochrome-c through xanthine oxidase/hy-
poxanthine system, at 550 nm. Results are expressed asUmg−1 protein.
CAT activity was determined by spectrophotometry using a microplate
reader by measuring the decrease of absorbance at 240 nm due to the
presence of hydrogen peroxide concentration (Greenwald, 1985). CAT
is expressed in μmol min−1 mg−1 protein. Total GPX activity was mea-
sured in a microplate reader, at 340 nm, based on the method adapted
from Lawrence and Burk (1976). The reaction consists in the reduction
of oxidized glutathione linked to the oxidation of NADPH in the pres-
ence of excess glutathione reductase. Cumene hydroperoxide and
H2O2 were used as substrates for T-GPx and Se-GPx, respectively. Re-
sults are expressed in nmol min−1 mg−1 protein.

2.6.3. Glutathione-S-transferases (GST)
The activity of GST was measured in the spectrophotometric assay

according to the method described by Habig et al. (1974). The conjuga-
tion of theworm sampleswith 0.2 mM reduced glutathione (GSH)with
0.2 mM 1-chloro-2,4-dinitrobenzene (CDNB) in a mixture of 0.2 M
KH2PO4/K2PO4 buffer (pH 7.9) was measured, with a molar extinction
coefficient (ε) of 0.6 mM−1 cm−1. The change in absorbance was re-
corded at 340 nm. GST activity is expressed in nmol min−1 mg−1

protein.

2.6.4. Metallothionein-like proteins (MTLPs)
Whole tissues of N. diversicolor were individually homogenized in

Tris-HCl buffer (0.02 M, pH 8.6) and BHT (10 μL BHT per mL Tris–HCl
buffer). The homogenate was centrifuged at 30,000g for 45 min (4 °C).
Aliquots of the supernatant were separated for further use in LPO and
total proteins quantification (Cravo et al., 2012). The remaining super-
natant was heat-treated at 80 °C for 10 min to precipitate the high mo-
lecularweight proteins, and re-centrifuged at 30,000g for 45min at 4 °C.
The obtained cytosolic fraction was stored at−80 °C for MTLPs quanti-
fication by differential pulse polarography according to the method de-
scribed by Bebianno and Langston (1989). Levels of MTLPs are
expressed as mg mg−1 protein.

2.6.5. Oxidative damage
LPOwas assessed bydetermining the absorbance ofmalondialdehyde

(MDA) and 4-hydroxyalkenals (4-HNE) concentrations, at 540 nm,
following the method described by Erdelmeier et al. (1998), adapted
for microplate reader. LPO is expressed as nmol MDA + 4-HNE mg−1

protein.

2.6.6. Total proteins concentration
Total proteins concentration was determined following the method

described by Bradford (1976), adapted for microplate reader using bo-
vine serum albumin (BSA) as a standard.

2.7. Genotoxicity assay

Genotoxicity endpoint was assessed by the Comet assay, based on
the slightly modified protocol of Singh et al. (1988), and described in
Gomes et al. (2013). Extraction of the polychaetes coelomocytes was
performed at the beginning and end of the exposure period, according
to Lewis and Galloway (2008). Briefly, coelomic fluid of N. diversicolor
(n = 15) was extracted from the posterior region of the polychaete
body into 20 μL of PBS buffer with a 0.5mL-syringe fittedwith hypoder-
mic needle. The mixture was centrifuged at 835g (3 min, 4 °C), and the
pellets were used for the comet assay. Slides were previously cleaned in
alcohol/ether and coated with 0.65% normal melting point agarose
(NMA) in Tris-acetate EDTA. Isolated cells from centrifugation were
suspended in 0.65% lowmelting point agarose (LMA, in Kenny's salt so-
lution; 0.4 M NaCl, 9 mM KCl, 0.7 mMKH2PO4, 2 MmNaHCO3, 1000mL
Milli-Qwater) and casted on themicroscope slides. Then slideswith the
embedded cells were immersed for 1 h, in a lysis buffer (100mMEDTA,
2.5 M NaCl, 10 mM Tris, 1% Triton X-100, 10% Dimethylsulfoxide,1%
Sarcosil, pH 10, 4 °C) for the diffusion of cellular components and DNA
immobilization in agarose. Following the lysis step, slides were gently
placed in an electrophoresis chamber containing electrophoresis buffer
(300mMNaOH, 1mMEDTA, adjusted at pH 13, 4 °C) and left for 15min
to permit DNA unwinding. The electrophoresis was performed at 25 V
and 300 mA, over 5 min.

Afterwards, microscope slides were soaked with neutralizing solu-
tion (0.4 mM Tris, pH 7.5), for 15 min, and finally rinsed with distilled
water and dryed overnight. For further comets assessment, slides
were stained with 4,6-diamidino-2-phenylindole (DAPI, 1 mg ml−1)
and analysis made through optical fluorescence microscope (Axiovert
S100) coupled with a camera (Sony). The image analysis system
Komet 5.5 (Kinetic Imaging Ltd) was used to score 50 randomly chosen
cells for each slide (25 in each gel from each individual) at a total mag-
nification of ×400. The amount of DNA in the comet tail (tail DNA %)
was used and results are expressed as mean ± SEM.

2.8. Statistical analysis

Data was tested for normality and homogeneity of variance by Kol-
mogorov-Smirnov and Brown-Forsyth tests, respectively. Once these
assumptions were tested, one-way analysis of variance (ANOVA or
non-parametric Kruskal-Wallis test) was performed. As a result of
these tests all data, except GPx, was treated as parametric. The post-
hoc Tukey test for multiple data comparisons was applied to discrimi-
nate significant differences among treatments (p b 0.05). Behavioural
status of organisms was analysed by linear regression, considering the
interval of continuous burrowing in the sediments. Principal



Fig. 1. Inhibition of sarcoplasmic reticulum calcium pump by CisPt.

Fig. 3. AChE activity (mean ± standard deviation) (ATC min−1 mg−1 protein) in N.
diversicolor unexposed (CT0 and CT14) and exposed to CisPt (0.1, 10 and 100 ng Pt L−1)
for 14 days. Different letters indicate statistically significant differences among
treatments (One-way ANOVA; p b 0.05).
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component analysis (PCA)was used to evaluate the influence CisPt con-
centrations on biochemical biomarkers andDNA damage, in control and
exposed polychaetes. Statistical analysis was conducted with GraphPad
Prism® software (v. 6, 2014) and PAST® software (v. 3.10, 2015).

3. Results

3.1. Effects of CisPt in Ca2+-ATPase activity

Sarcoplasmic reticulum (SR) plays a crucial role in calcium homeo-
stasis and in regulating muscle contraction. Sensitivity of SR Ca2+−

ATPase activity has been documented by the increase of basal cytosolic
Ca2+ concentration after incubation with toxic and/or contaminant
metals solutions (Aureliano and Crans, 2009). In the present study, the
inhibition of the SR Ca2+-ATPase activity by CisPt was analysed to rela-
tive higher concentrations (8 mM) of CisPt.

As observed in Fig. 1, even for concentrations up to 8 mM of CisPt,
the activity of the calcium pump was only inhibited about 40%. For
this ion pump activity, it was estimated an IC50 of about 13.7 mM for
CisPt solutions.

3.2. Behavioural assay

Burrowing behaviour of polychaetes over time is presented in Fig. 2.
Linear regression showed no significant differences among slopes in the
burrowing of worms exposed to the different treatments (p N 0.05).
Nevertheless, a similar trend of burrowing kinetic was observed be-
tween unexposed organisms (Y = −12× + 106; r = 0.97; p b 0.05)
and those exposed to 0.1 ng Pt L−1 (Y = −14× +114; r = 0.9615;
Fig. 2. Burrowing behaviour of N. diversicolor unexposed (CT14 – control at day 14) and
exposed to CisPt (0.1, 10 and 100 ng Pt L−1) for 14 days, expressed as percentage of
unburrowed organisms over time (minutes).
p b 0.05), where all polychaetes were fully buried after 8 min. Mean-
while, specimens exposed to 10 (Y = −10× + 106; r = 0.96;
p b 0.05) and 100 ng Pt L−1 (Y = −7.1× + 97.14; r = 0.93; p b 0.05)
showed a slower burrowing rate, with organisms unable to burrow
the sediment by the end of the assay.

3.3. Biochemical analysis

3.3.1. Neurotoxicity
Results of AChE activity are expressed in Fig. 3. AChE levels were

similar between controls over time (p N 0.05). An increasing trend
was observed for polychaetes exposed to 0.1 ng Pt L−1 and 10 ng Pt
L−1 although not significantly different from controls (p N 0.05). Poly-
chaetes exposed to 100 ng Pt L−1 showed a significant inhibition of
AChE activity compared to controls (p N 0.05).

3.3.2. Antioxidant enzymes
In the present study, antioxidant enzymes of control polychaetes did

not change over time (p N 0.05). SOD activity showed a significant inhi-
bition (i.e 2.3-fold) in worms exposed to 100 ng Pt L−1 (p b 0.05) (Fig.
4A). Similarly, exposure to the highest CisPt concentration resulted in
a clear inhibition (i.e. 2.3-fold) of CAT activity (p b 0.05) (Fig. 4B). In con-
trast, CisPt yielded a significant increase in GPx Se-dependent activity
and levels ranged from 0.05 ± 0.01 nmol min−1 mg−1 protein to
0.22 ± 0.07 nmol min−1 mg−1 protein for worms exposed to 100 ng
Pt L−1 (p b 0.05) (Fig. 4C). Regarding T-GPx, the activity indicated a
bell-shape behaviour, where the activity of this enzymewas significant-
ly inhibited after 0.1 ng Pt L−1 exposure and induced after 100 ng Pt L−1

exposure (Fig. 4D) (p b 0.05). Furthermore, GST activity was only
inhibited at the highest CisPt concentration (p b 0.05) (Fig. 4E).

3.3.3. Metallothionein-like proteins (MTLPs)
Results showed a significant increase in MTLPs levels (p b 0.05) only

at the highest CisPt concentration (100 ng Pt L−1), accounting for a 2-
fold increase when compared to controls (Fig. 4F).

3.3.4. Oxidative damage
LPO products over the exposure conditions presented an increasing

trend but only significant at the highest drug concentration compared
to controls (p b 0.05) (Fig. 5).

3.4. Genotoxicity

Genotoxicity data, expressed as percentage of DNA tail, are present-
ed in Fig. 6. No changes in DNA damage were observed for any treat-
ment (p N 0.05).



Fig. 4.Mean± standard deviation of (A) SOD, (B) CAT, (C) GPx Se-dependent, (D) GPx Se-Total, (E) GST and (F)MT inN. diversicolorunexposed and exposed to CisPt (0.1, 10 and 100 ng Pt
L−1) for 14 days. Different letters indicate statistically significant differences among treatments (One-way ANOVA (A, B, C, D, F) and Kruskal Wallis (E); p b 0.05).
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3.5. Principal component analysis (PCA)

Biochemical biomarkers and genotoxicity data were integrated in a
multivariate analysis in order to detect patterns of variation. PCA results
indicated that the two principal components represent 89.8% of total
variance (PC1 = 75.6%; PC2 = 14.2%). High correlation loadings in the
first component indicated that antioxidant enzymes SOD, CAT, GST
and AChE activity were inhibited at the highest CisPt level (i.e. 100 ng
Pt L−1). SOD and CAT neutralize ROS, and their decrease together with
GST reduction favor the depletion of cell defenses while Se-GPx, MT
and LPOwere the opposite. The second component indicates a relation-
ship between LPO and genotoxicity endpoints. The overall PCA clear
separates the worms exposed to 100 ng Pt L−1 from controls and from
those exposed to the lower CisPt concentrations. Moreover, worms ex-
posed to 0.1 ng Pt L−1 were closely associated to those for controls,
reflecting the effectiveness of antioxidant systems and absence of harm-
ful effects at this level of CisPt concentration.
4. Discussion

CisPt is widely used for treatment of different types of tumours in-
cluding head and neck, lung, ovarian, leukaemia, breast, brain, kidney
Fig. 5. LPO activity (mean± standarddeviation) (MDA+4-HNEnmolmg−1 protein) inN.
diversicolorunexposed (CT0 andCT14) andexposed to CisPt (0.1, 10 and100ngPt L−1) for
14 days. Different letters indicate statistically significant difference among treatments
(One-way ANOVA; p b 0.05).
and testicular cancers (Dasari and Bernard Tchounwou, 2014). CisPt
acts in mammals over the N7 centres of purine residues, especially gua-
nine, mainly generating 1,2-intrastrand d (GpG) adducts and 1,2-
intrastrand d (ApG), besides the enhancement of oxidative stress and
damage in mitochondrial proteins, which result in an overall failure of
cellular function and apoptosis (Chu, 1994; Reedijk, 1999; Dasari and
Bernard Tchounwou, 2014). The drug'sMoA and toxicitywas extensive-
ly studied in mammals, where ototoxicity, nephrotoxicity and gastro
toxicity are themain side effects (Karasawa and Steyger, 2015). The dif-
fuse, worldwide and frequent discharge of effluents containing cytotox-
ic drugs in coastal waterbodies brings ecological and environmental
concern regarding the chronic exposure of these chemicals to biota,
even at low concentrations. Ecotoxicological assays with anticancer
drugs in aquatic organisms are now emerging, although approaches
with marine benthic species are lacking.

In the present study, the effects of CisPt on the function of the sarco-
plasmic reticulum Ca2+−ATPase were investigated to evaluate putative
effects on calcium homeostasis. It was assumed that the onset of con-
traction in polychaetes muscle is triggered by similar mechanisms as
in vertebrates, once previous studies have shown that energy transduc-
tion catalysed by Ca2+-ATPase is highly conserved through evolution, as
observed in marine invertebrates (Garcia et al., 1975; Cario et al., 1995;
Fig. 6. DNA (mean ± standard deviation) in tail, in N. diversicolor unexposed (CT0 and
CT14) and exposed to CisPt (0.1, 10 and 100 ng Pt L−1) for 14 days. Different letters
indicate statistically significant differences among treatments (One-way ANOVA;
p b 0.05).
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Fig. 7. Principal Component Analysis (PCA) of biochemical biomarkers and DNA damage
analysed in N. diversicolor at controls (CT0 and CT14) and CisPt-contaminated
conditions, for 14 days.
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Landeira-Fernandez, 2001). CisPt had no effect on Ca2+-ATPase activity
in particular for the CisPt concentrations normally found in the environ-
ment (Fig. 1). Therefore, inhibition of Ca2+-ATPase activity by cisplatin
seems unlikely as a cause of CisPt toxicity, although CisPt can decrease
ATPase activity in vitro. Others studies estimated IC50 values in the
order of 2 to 5 mM for similar ion pumps, but for longer incubation pe-
riods such as 2 h (Uozumi and Litterst, 1985). However, the lower
ATPase activity inhibition by CisPt can, at least in part, be due to the sol-
vent (DMSO) used. It can react with CisPt and therefore and in this sit-
uation is not a good solvent. Recently it was reported that IC50 values
increased up to about 10- and 60-fold, respectively, for carboplatin
and cisplatin prepared in DMSO whereas no effects were observed for
others Pt complexes such as oxaliplatin and satraplatin (Hall et al.,
2014). Therefore, certain precautions should be taken when using sol-
vents in in vitro and in vivo Pt drugs studies. The multibiomarker ap-
proach linking behavioural, biochemical and genotoxicity endpoints
provide important information about the impact caused by pollutants
in aquatic organisms (Durou et al., 2007; Gusso-Choueri et al., 2016).
Burrowing impairment comprises an ecological valuable biomarker of
stress reflecting disturbances in organisms fitness, such as food seeking
and predator avoidance (Bonnard et al., 2009). The suitability of
burrowing behaviour is a reliable and sensitive biomarker when de-
fence mechanisms are not enough to prevent impairments
(Amiard-Triquet, 2009; Buffet et al., 2012). N. diversicolor plays an im-
portant ecological role due to bioturbation, that provides irrigation
and particle mixing via burrowing and feeding (Thit et al., 2015). Alter-
ation of such behaviour provide harmful ecological outcomes (Bonnard
et al., 2009). In addition, increase of burrowing time may facilitate
worm predation on the sediment surface (Amiard-Triquet, 2009). Re-
sults on behaviour (Fig. 2) clearly indicate a perturbation on burrowing
of organisms exposed to the highest CisPt concentration (100 ng Pt L−1)
that were not fully buried by the end of the assay (Fig. 2). To date,
burrowing responses of endobenthic organisms after exposure to phar-
maceuticals are lacking. Meanwhile, Cong et al. (2014) addressed an in-
crease in burrowing time in specimens of N. diversicolor exposed to Ag
nanoparticles, at concentrations of 50 and 100 μg Ag mg−1 d.w. in the
sediments, corroborating with high cytotoxic and genotoxic potential
of Ag nanoparticles on burrowing behaviour. Decrease burrowing of N.
diversicolor, compared to controls, was also observed after exposure to
copper (Buffet et al., 2011; Thit et al., 2015) and sediment-spiked CuO
NPs (Thit et al., 2015).

Alteration of behaviour and locomotionmay be a response to neuro-
transmitters inhibition, which play a key role in the nervous system
(Boyd et al., 2002; Bonnard et al., 2009). AChE activity is vital for normal
muscular function and behaviour of most species, because it is involved
in the nervous transmission by a rapid hydrolysis of the neurotransmit-
ter acetylcholine in acetate and choline at the nervous systems (Payne
et al., 1996; Cajaraville et al., 2000). Inhibition of AChE is well-recog-
nized as a biomarker of exposure to neurotoxic compounds (Damásio
et al., 2011; Aguirre-Martínez et al., 2016). Herein, AChE levels in-
creased with increasing Pt concentrations until 10 ng Pt L−1, following
a strongly inhibition at the highest CisPt concentration (100 ng Pt
L−1) (Fig. 3). This behaviour depicts a hormesis phenomenon, com-
prised by the stimulation of a response (AChE activity) at a dose
below the pharmacological/toxicological threshold (Calabrese and
Blain, 2005; Aguirre-Martínez et al., 2016) that is in an attempt to mit-
igate the neurotoxic effects against the transitory drug effect (Milan et
al., 2013; Aguirre-Martínez et al., 2016). According to Calabrese and
Baldwin (2001) it is an adaptive response that results in an improved
physiological fitness, for a finite and generally short period.
In this sense, behavioural interferences at 10 ng Pt L−1 may be associat-
ed to such mitigation effort, whereas at 100 ng Pt L−1 it may be
due to AChE inhibition, thus neurotoxicity (Milan et al., 2013;
Aguirre-Martínez et al., 2016). A similar upregulation followed by an in-
hibition of AChE activity was observed in the clam Ruditapes
philippinarum after exposure to caffeine (5 to 50 μg L−1) and
carbamazepine (0.1 to 50 μg L−1) for 14 days (Aguirre-Martínez et al.,
2016). This trend was also addressed at fluoxetine exposure using the
clam Venerupis philippinarum (1 and 5 μg L−1; Munari et al., 2014)
and the mussel Mytillus galloprovincialis (75 ng L−1; Gonzalez-Rey and
Bebianno, 2013).

Levels of AChE activity in N. diversicolor also increase significantly
after 14 day-exposure to sediment spiked with ibuprofen, carbamaze-
pine, fluoxetine and EE2, showing a situation where hormesis did not
occur, due to a combination of the test organisms, dose and pharmaceu-
tical compounds selected (Cossu et al., 2000; Gonzalez-Rey and
Bebianno, 2013; Aguirre-Martínez et al., 2016; Maranho et al., 2015).
CisPt is an organo-metallic compound designed to perform neurological
side-effects in human erythrocytes, arising neurotoxicity as an effect of
interaction of the molecule with AChE (Aljafari, 1995). According to
Bhagavan (2002), AChE substrates are subject to a nucleophilic attack
by the oxygen atom of the seryl hydroxyl group present in this enzyme.
The electrophilic reactive products of hydrolysis, containing Pt may be
the key factor for the inhibition of AChE activity and this may be the
case in the worms exposed to the highest CisPt concentration.

CisPt hydrolysed species are strongly electrophilic and can react
with nucleophile binding sites, including the thiol groups SH- of biomol-
ecules. In this sense, the nucleophile reduced glutathione (GSH) is one
of themain target of CisPt drug (Gonzalez et al., 2001), and acts as a pro-
tection ligand against drug toxicity and side effects without interfering
in the antitumor activity (Reedijk, 1999). It has an important role in reg-
ulation of inner mitochondrial permeability and enzyme function by
keeping SH- in the reduced state, thus acting on protection against oxi-
dative stress (Reedijk, 1999). GSH reacts with CisPt and other electro-
philic compounds to form deactivated conjugates that are readily
excreted by a GS-conjugated export pump. This reaction may occur
spontaneously or with the enzymatic help of GST (Fuertes et al., 2003;
Penner and Prakash, 2010). GSH depletion in cells may lead to the re-
duction of GST activity, as observed in worms exposed to 100 ng Pt
L−1 (Fig. 4E). In addition, CisPt-GSH conjugation generates thiyl radicals
(RS•) able to produce reactive oxygen species (ROS) (Slater, 1984;
Desoize, 2002; Aquilano et al., 2014).

In order to prevent ROS interaction with critical cellular macromol-
ecules, SOD plays the primary defence role against oxygen toxicity by
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catalyzing the conversion of O2
−, to H2O2 through dismutation reaction,

while CAT degrades H2O2 to H2O (Van den Berg et al., 2005). In the pres-
ent study, the significant decrease of both enzyme activities in worms
exposed to the highest CisPt concentration (Fig. 4) indicate an impair-
ment of their activity that could be attributed to a possible excess of re-
active oxygen intermediate species. Hence, the increase of Se-GPx in
worms exposed to 100 ng Pt L−1 may be a response to counteract the
impairment of hydrogen peroxide metabolism, usually provided by
SOD and further generation of pro-oxidant products required for neu-
tralization (Catalano et al., 2012; Gomes et al., 2014). Se-GPx acts by re-
ducing organic peroxides and is known as a critical tool to mitigate
oxidative stress caused by a wide diversity of electrophilic species
(Prabhu et al., 2004).

Previous biochemical approaches using N. diversicolor indicated a
noteworthy responsiveness of antioxidant system to contaminated sed-
iments (Durou et al., 2007; Kalman et al., 2009; Maranho et al., 2014).
The trend of detoxification process encompasses the increment of GST
and of CAT levels,whichmight suggest a relationship between those en-
zymes playing their role against oxidative stress, due to an improve-
ment of neuromuscular status and the absence of LPO products (Solé
et al., 2009; Buffet et al., 2011; Buffet et al., 2014). In the present
study, the first axis of PCA (75.6%) supports the connected mechanisms
of biochemical impairments but does not occur inworms exposed to the
higher concentrationwhere a clear inhibition of SOD, CAT and GST indi-
cate a lack of enough protection against ROS, neurotoxicity and mem-
brane damage, as supported by the PCA analysis (Fig. 7). The
deficiency on enzymatic activities in the worms exposed to the highest
CisPt concentration suggest a precarious state of biochemical condi-
tions, promoting a high susceptibility for biological systems (Cossu et
al., 2000), as observed in burrowing behaviour, and propensity to lipid
peroxide generation (Buffet et al., 2012).

The induction of MTLP was recognized as a potential biomarker of
metal exposure in aquatic organisms (Amiard et al., 2006; Won et al.,
2008). These cysteine-rich metal-binding proteins act on metal detoxi-
fication and homeostasis by forming inactive complexes with metal in
the cytosol or excreted through their thiol groups (Gagné et al., 2008;
Won et al., 2008; Huska et al., 2009). The presence of MTLPs in annelids
was addressed by several authors (Geracitano et al., 2004; Pérez et al.,
2004; Poirier, 2006; Won et al., 2008). However, previous studies re-
ported no significant relationship between MTLP induction and the
overall metal concentrations in N. diversicolor, suggesting that this bio-
marker does not reflect metal bioavailability on this biological model
(Poirier, 2006; Gomes et al., 2013). Comprehension of functional geno-
mic and transcriptomic responses of MTLPs in ragworms was first de-
scribed by McQuillan et al. (2014), which identify two putative MTLP
genes encoding cysteine-rich proteins (i.e. Cd/Se MT and atypical
MTLP), after Cu long-term exposure. In the present study, MTLP levels
significantly increased in worms exposed to the highest CisPt concen-
tration (i.e. 100 ng CisPt L−1) (Fig. 4). On the route to DNA attack,
CisPt species interact with biomolecules containing methionine and
cysteine residues (Reedijk, 1999), followed by an increase of the levels
the thiol-containing proteins (Jamieson and Lippard, 1999; Siddik,
2003; Supalkova et al., 2008).MTLP overexpression seems to be a useful
cellular defence against CisPt and is implicated in drug resistance to dif-
ferent chemotherapies by decreasing the level of the antitumor agent
available for interaction with the target DNA (Doz et al., 1993;
Hagrman et al., 2003; Smith et al., 2006). Besides evidence on modula-
tion of drug responses, MTLPs also mediate a decrease in toxicity of
CisPt (Jamieson and Lippard, 1999).

Despite the remarkable binding strength of GSH to CisPt and out-
comes in drug resistance, MTLPs trap on the drug molecule is signifi-
cantly higher and limits the amount of the drug available for binding
to DNA (Doz et al., 1993; Fuertes et al., 2003; Hagrman et al., 2003).

In this sense,MTLPs indicate a potential antioxidant performance re-
garding electrophilic cytotoxic agents (Doz et al., 1993; Geret et al.,
2003; Gagné et al., 2008) for the highest CisPt concentration, induced
by the decrease of the other antioxidant enzymes activity. Likewise,
levels of LPO increased with the increasing CisPt concentration
(Fig. 5), butwere only significant at 100 ng Pt L−1 confirming a decrease
in the antioxidant lines of defence, leading to alterations such as protein
degradation and membrane damage (Viarengo et al., 1990; Viarengo et
al., 2007; Gomes et al., 2014). Consequently, unpaired electrons in the
lipid molecules give rise to hydroperoxide radicals, able to trigger
chain reactions based on assemblage of electrons from other lipid struc-
tures. The LPO pathway may also arise from the depletion of GSH and
NADH resulting in dehydrogenase inhibition and uncoupling of oxida-
tive phosphorylation (Dasari and Bernard Tchounwou, 2014). This pro-
cess leads to hydroxyl radical formation and more oxidative stress. The
decrease of the activity of GST enzymes implies the need to protect cells
against peroxides (Hurst et al., 1998). In this sense, the action of Se-GPx
is an important alternative to counteract harmful electrophiles pro-
duced during oxidative damage (Fig. 7). Despite the increase in Se-
GPx activity, the defence pathway is not enough in particular for the
worms exposed to the highest concentration, as accounted in PCA by
the positive relationship between both Se-GPx and LPO products (Fig.
7). The detection of genotoxic alterations caused by exposure to cyto-
toxic drugs at environmental conditions could be of great relevance to
address aquatic ecotoxicological impacts. Polychaetes are highly sensi-
tive to genotoxic damage (Lewis and Galloway, 2008; Catalano et al.,
2012; Buffet et al., 2013; Maranho et al., 2014). Agents such as CisPt
binds covalently to base residues on DNA strands producing DNA-DNA
intra- and inter-strand cross-links (ICLs) (Siddik, 2003) that, respective-
ly, comprise the link of two nucleotides in the same and opposite
strands (Deans and West, 2011). Intra and inter-strand cross-links
binds strongly to prevent DNA strands separation, thus blocking DNA
replication and transcription (Jamieson and Lippard, 1999; Noll et al.,
2006; Deans and West 2011). The absence of detection of the double
and single strand breaks in CisPt contaminated worms, assessed by al-
kaline comet assay, may be attributed to the presence of ICLs and
DNA-DNA intra-strand crosslinks, leading to the closure of DNA strands
and less DNAmigration in electrophoresis (Merk and Speit, 1999). Con-
trarily, genotoxicity outcome by strand breaks formation occurred in
freshwater daphnids Daphnia magna and Ceriodaphnia dubia exposed
to CisPt (100 ng L−1 and 300 ng L−1, respectively) over 24 h (Parrella
et al., 2015). DNA damage was also present throughout the 14 days of
exposure of M. galloprovincialis to 100 ng Pt L−1, suggesting that CisPt
exerts its toxic effects probably by direct breaking of DNA strands and
ROS production (Trombini et al., 2016). In general, CisPt induces DNA
repair mechanisms to remove adducts and promote cell survival, by
stalling the helix distorting occasioned by chemotherapeutic drugs
and UV radiation (Siddik, 2003). Through the SOS chromotest, CisPt
drug was recognized as a potent inducer of SOS reparation system in
Escherichia coli PQ37, where DNA repair mechanism and recombinant
enzymes were expressed (Lantzsch and Gebel, 1997; Nowosielska et
al., 2004; Parrella et al., 2015). Thus, certain mutations of genes respon-
sible for repair pathways inherent to each species may be prone to gen-
erate differences in sensitivity to cytotoxic drugs (Huang and Li, 2013)
that need to be confirmed in this case.

Still, the absence of genotoxicity, in the present study, may also arise
from the remarkable induction of antioxidant potential at the highest
drug concentration, acting to supply the overwhelmed enzymes activity
against CisPt toxicity. In addition, the nucleophilic trapping capacity of
MTLP and GSH to CisPt are widely known to contribute to resistance
to the drug, once its availability to nucleus is reduced (Doz et al., 1993).

According to the European Medicine Evaluation Agency (EMEA)
guidelines, ecotoxicological assays with representative aquatic species
of each trophic level must be performed to screen and assess environ-
mental risk posed by drugs (EMEA, 2006). Nevertheless, these bioassays
are only required for pharmaceuticals under processes for production
authorization and market implementation, which discard anticancer
drugs for the submission to such a procedure (Besse et al., 2012). Be-
sides, very few studies exist that apply the biochemical, metabolic and
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physiological responses in aquatic organisms exposed to chronic envi-
ronmental realistic concentrations (Fent et al., 2006; Maranho et al.,
2014).

This study clearly demonstrates the response of multibiomarker ap-
proach involved in behaviour assessment, oxidative stress and
genotoxic responses that are consistent to the MoA of this drug in this
species. Despite that the responses addressed are mostly depicted at
the highest CisPt concentration, Pt concentration at ng L−1 range re-
flects that very low concentrations combined with chronic exposure
may represent a hazard for aquatic species. In addition, the bioassay
was conducted with only one pharmaceutical compound, whereas a
mixture of several other compounds with similar and different MoA to-
wards anticancer activity, also at low concentrations, have already been
detected in coastalwaters (Besse et al., 2012). The present approach and
exposure stands out of a standardized and classic biotest applied for reg-
ulatory considerations, and holds significance based on the reality and
complexity of the benthic aquatic environment, including the environ-
mentally realistic concentrations of the chosen drug.

5. Conclusions

To the best of our knowledge, this is the first (eco)toxicity assess-
ment dealing with cytotoxic drugs between water and sediment com-
partments. The present study indicates that CisPt has the potential to
induce neurotoxic effects that may alter the burrowing profile of poly-
chaetes. Inhibition of antioxidant enzymes activity (SOD, CAT) and bio-
transformation (GST) and potential accumulation of pro-oxidant
radicals led to stress able to further increase membrane susceptibility
to lipid peroxidation. These biological alterations were only observed
at highest CisPt levels, which if detected in the environmentmay depict
a high biological risk. Nevertheless, the lack of enough biochemical pro-
tection to prevent impairmentwas verified at ng L−1 range highlighting
concern regarding the drug potential to non-target aquatic species.

Putting all biomarkers data together, confirm, once again, the reli-
ability of this species for ecotoxicology assays, as well as the sediment
compartment as an important target, especially regarding emergent
contaminants such as anticancer pharmaceuticals.
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