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Highlights

e Combined treatments led to differences in drug uptake and effects in clams
o The uptake of CTZ in clams was favored by the presence of Cd
e Combined treatments showed smaller effects (in LPO and activities of GSTS)

than exposures to a single contaminant

ABSTRACT

In the aquatic environment, organisms are exposed to complex mixtures of
contaminants which may alter the toxicity profile of each compound, compared to its
toxicity alone. Pharmaceutical drugs (e.g. carbamazepine (CBZ) and cetirizine (CTZ)),
and metals (e.g. cadmium (Cd)), are among those contaminants that co-occur in the
environment. However, most studies concerning their toxicity towards aquatic species
are based on single exposure experiments. Thus, the present study aimed to evaluate
single and combined effects of Cd and CBZ or CTZ (single conditions: Cd, CTZ, CBZ;
combined conditions: CTZ+Cd, CBZ+Cd) on biomarkers related to oxidative stress and
energy metabolism in the edible clam Ruditapes philippinarum, by exposing the
organisms for 28 days to environmentally relevant concentrations of these
contaminants. The biomarkers studied were: i) the electron transport system activity,
protein and glycogen content (indicators of organisms’ metabolic status); ii) lipid
peroxidation and the ratio between reduced and oxidized glutathione (indicators of

oxidative stress); iii) superoxide dismutase and catalase activities (indicators of
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antioxidant defence) and iv) activities of glutathione S-transferases (indicator of
biotransformation capacity). Results obtained showed that the uptake of Cd and CBZ
was not affected by the combined presence of the contaminants. However, for CTZ,
the uptake was higher in the presence than in the absence of Cd. Concerning toxicity
data in general, the combined exposures (CTZ+Cd, CBZ+Cd) had lower biological
effects than the contaminants alone. Nevertheless, our data showed that despite the
low concentrations tested, they were enough to exert biological effects that differed
between single and combined treatments, evidencing the need to conduct more co-

exposure studies to increase the environmental relevance of the gathered data.
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1. INTRODUCTION

Aquatic systems are commonly exposed to a variety of contaminants, and in
most cases, with well-known toxic impacts to inhabiting organisms (La Farre et al.,
2008; Wu et al., 2016). In fact, in the aquatic environment, organisms are subjected to
complex mixtures of contaminants which may interact and exert effects different from
single compound exposures, including cumulative, antagonistic or synergistic effects,
depending on the type of contaminant and its mode of action (Bound and Voulvoulis,
2004). Pharmaceutical drugs and metals are examples of contaminants that
frequently co-occur in aquatic systems (Andreu et al.,, 2016; Damasio et al., 2011,
Martins et al., 2014; Tchounwou et al., 2012). However, current toxicological studies
on these contaminants are mostly focused on single exposures, and toxicity studies
evaluating the interactive effects between drugs and metals are scarce, with only few
studies available (Alsop and Wood, 2013; Cleuvers, 2003; Pires et al., 2016a, 2016b).

Among pharmaceutical drugs, carbamazepine (CBZ, an antiepileptic) and
cetirizine (CTZ, an antihistamine) have been detected in the aquatic environment.
CBZ was reported in aquatic bodies at concentrations ranging between 0.03 and 11.6
pg/L (Bahlmann et al., 2012, 2009; Calisto et al., 2011; Loos et al., 2009; Metcalfe et
al., 2003; Sacher et al., 2001; Ternes, 1998), while CTZ has been detected in water
bodies, mainly at concentrations in the ng/L range (Bahlmann et al., 2012, 2009;
Bebianno et al., 2016; Calisto et al., 2011; Kosonen and Kronberg, 2009; Larsson et
al., 2007; Nodler et al., 2014, 2011). Nevertheless, higher CTZ concentrations were
found by Bahlmann et al. (2012) in surface waters of the Teltowkanal channel (Berlin,
Germany) (up to 0.72 pg/L) and by Bebianno et al. (2016) in an effluent from a
psychiatric hospital in Montpon (France) (up to 1.28 pg/L). Recent studies have
demonstrated the toxic effects of both drugs to marine species, including bivalves.
Among them, oxidative stress has been reported as an impact of CBZ following its

accumulation and/or metabolization in this group of organisms (e.g. Aguirre-Martinez
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et al., 2016; Almeida et al., 2017a, 2015, 2014; Contardo-Jara et al., 2011; Freitas et
al., 2016, 2015b; Juhel et al., 2017; Martin-Diaz et al., 2009; Tsiaka et al., 2013).
Regarding CTZ, fewer studies have investigated the toxic potential of this drug
(Almeida et al., 2017b; Bergheim et al., 2014; Borowska et al., 2016; Letullier et al.,
2014; Li, 2013; Rittschof et al., 2003; Teixeira et al., 2017) but oxidative stress
response was also identified following its uptake by bivalves (Teixeira et al., 2017).
Nevertheless, up to now the majority of studies concerning CBZ and CTZ toxicity to
aguatic organisms (including bivalves) have focused on the individual effects of each
compound. Regarding bivalves, a limited number of studies evaluated the combined
effect of CBZ with other classes of drugs or other contaminants (Di Poi et al., 2017;
Juhel et al.,, 2017; Mohamed et al., 2017) and no studies exist concerning the
combined presence of CTZ. For example, Juhel et al. (2017) studied the effects of
CBZ, the plasticizer bisphenol A and the herbicide atrazine in the green mussel Perna
viridis after 7 days of exposure to individual and mixture conditions. Biomarkers
related with neurotoxicity, immunotoxicity, genotoxicity and detoxification enzymes
were evaluated. The authors observed that the mixture of the three contaminants
acted generally in an additive manner on the biomarkers tested at environmentally
relevant concentrations.

As previously referred, in the aquatic environment pharmaceutical drugs do not
occur isolated but in combination with other types of contaminants, including metals.
Cadmium (Cd), among other metals (mercury, lead, nickel), is in the list of priority
substances in the field of water policy (Annex | of the Directive 2013/39/EU). This
metal has been detected in low concentrations in marine waters, ranging from 0.005
to 0.110 pg/L (EPA 2016). However, higher concentrations were detected in estuaries
and costal zones (La Colla et al., 2015; Vicente-Martorell et al., 2009). For example,
Vicente-Martorell et al. (2009) detected total Cd concentrations ranging from 0.7 to

8.9 ug/L in the water of the Ria de Huelva estuarine system in Spain. Other studies,
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due to the proximity of agriculture and industrial areas, found higher Cd
concentrations in water bodies (Fatima et al., 2015; Moradi et al., 2017; Morin et al.,
2008). The toxicity that Cd poses to aquatic organisms is a well-known issue,
including oxidative stress impacts in bivalves (e.g. D’costa et al., 2017; Dovzhenko et
al., 2005; Figueira et al., 2012b; Geret et al., 2002; Jo et al., 2008). Although there is
a high diversity of studies evaluating the impacts of single exposures to Cd, a limited
number of works assessed the impacts induced by the mixture of Cd with other
metals (e.g., Meyer et al., 2015; Rouchon and Phillips, 2017; Traudt et al., 2016),
some of them being performed in bivalves (Bigot et al., 2011; Marie et al., 2006;
Spann et al., 2011; Xie et al., 2016). Considerably fewer studies have investigated the
impacts induced by the combination of this metal with pharmaceutical drugs (Li et al.,
2011; Ragusa et al., 2017), and the effects on bivalves are still not explored.

Despite the available toxicity data for Cd, CBZ and CTZ, to the best of our
knowledge, no studies evaluated the combined effects of these contaminants in
bivalves. Thus, the present study aimed to evaluate the single (Cd, CTZ, CBZ) and
combined (CTZ+Cd, CBZ+Cd) effects of these contaminants on the oxidative stress
status and energy metabolism in the edible clam Ruditapes philippinarum, by

exposing the organisms for 28 days to environmentally relevant concentrations.



2. MATERIALS AND METHODS

2.1 Experimental conditions

In the present study, the clam Ruditapes philippinarum (Adams & Reeve, 1850)
was used as model organism. Bivalves, such as R. philippinarum have been applied in
toxicological studies due to their filter feeding capacity and sessile life style which
makes them excellent model organisms to infer the effects of toxic compounds present
in the aquatic environment (Rittschof and McClellan-Green, 2005). Clams were
collected in the Ria de Aveiro, an estuarine system located in the Northwest Atlantic
coast of Portugal, in the Mira channel, a southern arm of this ecosystem considered
non-contaminated (Cerqueira and Pio, 1999). For laboratory experiments, clams with
similar size (mean length: 4.2+0.3 cm; mean width: 3.0£0.2 cm) were selected.

Clams were maintained in the laboratory for 15 days before testing, for
depuration and acclimation to laboratory conditions (Freitas et al., 2012; Maffei et al.,
2009). During this period, organisms were maintained at 17.0+1.0°C, pH 7.80+0.10, 12
light:12 dark photoperiod and continuous aeration in artificial seawater (salinity 25+1)
(Tropic Marin® SEA SALT from Tropic Marine Center). Seawater was renewed every
two days and the clams were not fed.

After acclimation, clams were submitted to a chronic exposure (28 days) to
Cadmium (Cd), Cetirizine (CTZ) and Carbamazepine (CBZ) according to the following
conditions: Control (CTL, 0 pg/L Cd, 0 pg/L CTZ, 0 pg/L CBZ); Cd (0.5 ug/L); CTZ (0.6
pg/L); CBZ (1.0 pg/L); CTZ+Cd (0.6 pg/L CTZ + 0.5 ug/L Cd); CBZ+Cd (1.0 ug/L CBZ
+ 0.5 pg/L Cd).

The concentrations of CBZ and CTZ used were selected taking into consideration
measurements at the Ria de Aveiro as well as in other aquatic systems worldwide (see
references in the Introduction section). In the Ria de Aveiro, Calisto et al. (2011)
quantified CBZ and CTZ in surface water at concentrations of 0.1 and 0.04 pg/L,
respectively. Also, contamination with CBZ and CTZ was recorded in wastewaters from
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two main WWTPs belonging to the Aveiro region at concentrations around 0.6 ug/L and
0.3 pg/L, respectively. However, higher concentrations were found in other surface
waters. For example, Bahlmann et al. (2009) determined CBZ concentrations in
surface water of the Teltowkanal channel (Berlin), ranging between 0.75 and 3.2 pg/L.
Also, Bahlmann et al. (2012) found CTZ concentrations up to 0.72 pg/L in the same
channel (Teltowkanal). Cd has also been detected in Ria de Aveiro. Monterroso et al.
(2007) found Cd at concentrations of 0.12 pg/L in the water column of Laranjo Bay (at
the Ria de Aveiro). Cd was also identified in Ria de Aveiro: in sediment samples (Velez
et al. (2015a) 0.20 ug/g dry weight, in particulate matter (Monterroso et al. (2003) 1.5
Kg/g, and accumulated in inhabiting organisms such as bivalves (Velez et al. (2015a)
0.15 pg/g fresh weight and fish (Cid et al. (2001) < 0.043 pg/g fresh weight).

In the present study, for each condition 72 clams were used, with 3 containers
per condition and 4 individuals per container filled with 3L of artificial seawater (salinity
25+1 g/L). During the exposure period (28 days) containers were submitted to
continuous aeration, temperature 18+1°C and 12:12 h (light/dark) photoperiod. Animals
were fed with Algamac protein plus (150 000 cells/animal) twice a week. The exposure
medium was renewed once a week (7 days exposure period) and the concentrations
re-established. Mortality was checked daily, and organisms were considered dead
when their shells gaped and failed to shut again after an external stimulus.

Seawater standards of CBZ and CTZ at the same concentrations as used in the
assay and exposed to the same conditions but without organisms (blanks) were also
prepared to evaluate possible drug loss during the experiments through adsorption
onto the test vessels and/or photodegradation. Cadmium and mixture (Cd+CBZ and
Cd+CT2Z) blanks were also prepared, with the same concentration as used in the assay
and exposed in the same conditions but without organisms.

At the end of the exposure, organisms were individually frozen and mechanically

pulverized in a mill with liquid nitrogen. Each homogenized organism was divided in 0.3
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g aliquots fresh weight (FW), further used for biomarker analyses and contaminant

guantification (Cd, CTZ and CBZ).

2.2 Contaminant quantification

2.2.1 Carbamazepine and Cetirizine concentrations

The tissue samples (0.3 g FW aliquots) of 6 organisms per condition were used
to determine CBZ and CTZ concentrations, for which extractions were performed in
deionized water (1:2, w/v). Samples were sonicated for 15 s at 4 °C, centrifuged for 20
min at 10 000 g (4 °C) and the supernatants collected for analyses.

To evaluate the behavior of the drugs in the exposure medium and in blanks
during the assay, water aliquots were collected each week of exposure immediately
after contamination (beginning) and immediately before the water renewal (end) for
guantification. Water aliquots from the controls were also collected at the same
sampling periods and analyzed.

CBZ and CTZ were quantified by a direct competitive ELISA (Enzyme-Linked
Immunosorbent Assay), according the procedure developed by Bahimann et al. (2012)
and Calisto et al. (2011) with the modifications described in Almeida et al. (2014). The
same ELISA procedure was used to quantify both pharmaceuticals. Due to the cross-
reactivity of CTZ against the monoclonal antibody used for detecting CBZ, CTZ can
guantified with the procedure used for detecting CBZ (Calisto et al., 2011). A sample
buffer at pH 7.6 was selected for quantifications considering the similar affinity of the
antibody towards CBZ and CTZ at this pH. Considering that the exposure experiments
did not include samples with both pharmaceuticals, the verified cross-reactivity was not
a drawback for this work, allowing both drugs to be quantified individually. The
absorbance was measured on a microplate spectrophotometer at 450 nm and
referenced to 650 nm. All samples and standards (0 - 100 pg/L) were determined in
triplicate on each plate. A four-parametric logistic equation (Findlay and Dillard, 2007)

9



was fitted to the mean values of the standards in order to obtain a calibration curve. For
the analysis of the clam tissues, the standards were prepared in ultrapure water by
diluting a 10 mg/L stock solution of CBZ or CTZ (also prepared in ultrapure water). For
the analysis of water samples, the standards were prepared in artificial seawater (25

g/L NaCl) by diluting a stock solution of CBZ or CTZ with the same concentration.

2.2.2 Cadmium concentrations

For Cd gquantification in clams, 0.3 g FW aliquots of previously homogenized
tissue (3 organisms per condition), were freeze-dried and then digested with 4 mL of
nitric acid (HNO3 65%) at 60°C for 18 h. After that, 2 mL of hydrogen peroxide (H20-
37%) were added and left to stand for 1 h at 80°C. At the end of this time the mixture
was evaporated almost to dryness, 0.4 mL of 65% HNO3; was added and left to stand
for 15 min. The obtained digested solutions were collected in 10 mL of ultrapure water.

To evaluate the behavior of Cd in the exposure medium and in blanks during
the assay, aliquots of water were collected immediately after contamination (beginning)
and immediately before (end) the water renewal at each week of exposure. Water
samples (exposure medium, controls and blanks) for Cd quantification were acidified
with 0.1 mL of 65% HNOs.

The quantification of Cd in clam tissues and water samples (exposure medium
and blanks) was performed by ICP-MS (Inductively Coupled Plasma-Mass
Spectrometry), in a certified laboratory (LCA) at the University of Aveiro. The calibration
curve was obtained using IV-ICPMS 71A standard. The quality control was assured by
running procedural blanks (reaction vessels with only HNO3z; and H.O,) and certified
reference material TORT-2 (Lobster hepatopancreas reference material for trace
metals) in parallel with samples. Blanks were below the quantification limit and mean

percentage of recovery for Cd was between 90 and 110%.
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2.3 Biochemical markers

Biomarkers were determined in whole soft tissue of 6 organisms per condition (2
organisms per vessel, 3 vessels per condition, 6 organisms per condition). For each
biochemical determination, 0.3 g FW per organism was used. For each condition,
indicators of metabolic capacity (electron transport system activity, ETS), energy
reserves (total protein content, PROT,; glycogen content, GLY), oxidative stress
(lipid peroxidation levels, LPO; ratio of reduced (GSH) to oxidized (GSSG) glutathione,
superoxide dismutase activity, SOD; catalase activity, CAT), and biotransformation
(enzyme activity of glutathione S-transferases, GSTs) were determined. The extraction
for each biomarker was performed in specific buffers in the proportion 1:2 w/v. For ETS
activity determination, samples were extracted in 0.1 M Tris—HCI pH 8.5, 15% (w/v)
polyvinylpyrrolidone (PVP), 153 puM magnesium sulphate (MgSO4) and 0.2% (v/v)
Triton X-100. For GLY, PROT, SOD, CAT and GSTs determinations, the extraction
was done with potassium phosphate buffer (50 mM potassium dihydrogen phosphate;
50 mM potassium phosphate dibasic; 1 mM ethylenediaminetetraacetic acid (EDTA);
1% (v/v) Triton X-100; 1% (w/v) PVP; 1 mM dithiothreitol (DTT); pH 7.0). For LPO
determination, samples were extracted using 20% (w/v) trichloroacetic acid (TCA). For
GSH and GSSG determination samples using 0.6% sulfosalicylic acid in potassium
phosphate buffer (0.1 M dipotassium phosphate; 0.1 M potassium dihydrogen
phosphate; 5 mM EDTA,; 0.1% (v/v) Triton X-100; pH 7.5). Samples were homogenized
for 15 s at 4 °C and centrifuged for 20 min at 10 000 g (or 3000 g for ETS) (4 °C).
Supernatants were stored at -80 °C or immediately used. All biochemical parameters
were determined in duplicate. All measurements were done using a microplate reader

(Biotek).

2.3.1 Indicators of metabolic capacity and energy reserves

11



ETS activity was determined based on King and Packard (1975) methodology
with the modifications presented by De Coen and Janssen (1997). The samples were
incubated with buffered substrate solution (0.13 M Tris-HCI, 0.3% (v/v) Triton X-100,
pH 8.5), NAD(P)H (1.7 mM NADH and 250 pM NADPH) and 8 mM p-
lodoNitroTetrazolium. The mixture was shaken and the absorbance was measured at
490 nm during 10 min in 25 s intervals. The amount of formazan formed was calculated
using €=15 900 Mtcm™ and the results expressed in nmol/min/g FW.

GLY content was quantified based on the sulphuric acid method DuBois et al.
(1956), using glucose standards (0 - 10 mg/mL). Samples and standards were
incubated with 5% (v/v) phenol and 98% sulfuric acid, shaken and incubated at room
temperature for 30 min. Following this step, absorbance was measured at 492 nm. The
results were expressed in mg/g FW.

The Biuret method of Robinson and Hogden (1940) was applied to determine
PROT content. Bovine serum albumin (BSA) was used as standard (0O - 40 mg/mL).
Biuret reagent was added to the samples. The mixture was shaken and left to incubate
at 30 °C for 10 min, after which absorbance was measured at 540 nm. The results

were expressed in mg/g FW.

2.3.2 Indicators of oxidative stress

LPO was measured by the quantification of TBARS (ThioBarbituric Acid
Reactive Substances) according to Ohkawa et al. (1979). Samples were incubated with
thiobarbituric acid (TBA) and TCA for 25 min at 96 °C. After that, absorbance was
measured at 535 nm (€=156 mM'cm™?). LPO levels were expressed in nmol of MDA
equivalents formed per g FW.

The quantification of GSH and GSSG was performed based on Rahman et al.
(2006) methodology, using GSH and GSSG standards (0 - 90 umol/L). For GSH

determination KPE and DTNB (Ellman’s reagent) was added to the samples and
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standards. The mixture was shaken and the absorbance was measured at 412 nm. For
GSSG determination, samples and standards were first derivatized with 2-vinylpyridine
for 1 h. After this, triethanolamine was added and left to stand for 10 min. Then, the
mixture was incubated in KPE, glutathione reductase, DTNB (1:1, v/v) and NADPH.
The mixture was shaken for few seconds and the absorbance was measured at 412

nm. The ratio GSH/GSSG was obtained by dividing GSH content by 2*GSSG content.

Antioxidant and biotransformation enzyme activities

SOD activity was determined based on the method described by Beauchamp
and Fridovich (1971), using SOD standards (0 - 60 U/mL). Samples and standards
were incubated with 56.1 mU/mL xanthine oxidase and the reaction buffer (pH 8.0;

0 mM Tris-HCI, 0.1 mM diethylene triamine pentaacetic acid (DTPA), 0.1 mM
hypoxanthine and 68.4 uM nitro blue tetrazolium (NBT)). After that, absorbance was
measured at 560 nm. The enzymatic activity was expressed in U/g FW (U= 1
pmol/min).

CAT activity was quantified according to Johansson and Borg (1988).
Formaldehyde standards (0-150 uM) were used for the standard curve. The samples
and standards were incubated for 20 min with 50 mM potassium phosphate buffer (pH
7.0), methanol and 35.28 mM hydrogen peroxide. To stop this reaction, 10 M
potassium hydroxide was added, followed by 34.2 mM Purpald and the mixture
incubated for 10 min. After this, 65.2 mM potassium periodate was added, and the
mixture left to incubate for 5 min. Following this step, absorbance was measured at 540
nm. The enzymatic activity was expressed in U/g FW (U =1 nmol/min).

The activity of GSTs was quantified following Habig et al. (1974). The samples
were incubated in a reaction solution consisting of 60 mM 1-Chloro-2,4-dinitrobenzene
(CDNB) and 10 mM GSH in 0.1 M potassium phosphate buffer at pH 6.5 (0.1 M

dipotassium phosphate, 0.1 M potassium dihydrogen phosphate). The mixture was
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shaken for a few seconds and the absorbance was measured at 340 nm (€= 9.6 mM™
cm™) for 10 min in 25 s intervals. The enzymatic activity was expressed in U/g FW (U =

1 pmol/min).

2.4 Data and statistical analyses

The bioconcentration factor (BCF) (Arnot and Gobas, 2006) for each condition
was determined by dividing the concentration of CBZ and CTZ present in clam tissues
by an average of the concentrations in the exposure medium obtained for the entire
exposure period. For Cd, however, the concentration in the clam tissues was divided
by the nominal concentration, since it was not possible to detect Cd levels in the
exposure medium with good precision (Cd concentrations are lower than the
quantification limit).

Cd, CBZ and CTZ concentrations in soft tissues of clams and in the exposure
medium/blanks, as well as BCF and biochemical parameters obtained from each tested
condition were submitted to a statistical hypothesis testing using permutational analysis
of variance, employing the PERMANOVA+add-on in PRIMER v6 (Anderson et al.,
2008). A one-way hierarchical design was followed in this analysis. The pseudo-F p-
values were evaluated in terms of significance. Values lower than 0.05 were
considered as significantly different. The null hypotheses tested were: a) for drug and
metal concentration in the exposure medium and blanks, no significant differences
exist between the average concentrations in the water aliquots at the time immediately
after spiking (beginning) and the average concentrations in the water aliquots just
before weekly water renewals (end) for each condition (CTL, Cd, CTZ, CTZ+Cd, CBZ,
CBZz+Cd); b) for drug and metal concentrations in clam tissues, BCF and biomarker
responses, no significant differences existed between CTL and Cd, CTL and CBZ (only
for biomarkers), CTL and CTZ (only for biomarkers), CTL and CTZ+Cd (only for
biomarkers), Cd and CTZ+Cd, CTZ+Cd and CTZ, CTL and CBZ (only for biomarkers),

14



CTL and CBZ+Cd (only for biomarkers), CBZ+Cd and Cd, and CBZ+Cd and CBZ. For
the drug quantifications (exposure medium, blanks, clam tissues), BCF and biomarkers
the significance values are presented in Tables 2, 4 and 5. Significant differences (p<
0.05) when existing are highlighted in bold. Also, in Figures (1, 2, 3 and 4) and Tables
(1 and 3), significant differences (p< 0.05), when existing, were represented with

different letters.
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3. RESULTS
3.1 Mortality

After 28 days of exposure none of the tested conditions induced mortality.

3.2 Drug and metal concentrations in water samples

Drug concentrations in the exposure media and blanks showed that, for each
drug treatment (CTZ, CTZ+Cd, CBZ, CBZ+Cd), no significant changes occurred
comparing the average concentrations measured at the beginning of the exposure
weeks and the mean concentrations obtained at the end of the exposure
weeks of exposure (Tables 1 and 2). Moreover, for the same collection period and
drug no differences were observed in drug concentration comparing single and
combined treatments (Tables 1 and 2). Since drug concentrations in the exposure
medium and blanks were generally constant over the exposure period and the spiked
concentrations were similar to the nominal concentrations, these results validated the
spiking methodology and the assay duration (Tables 1 and 2).

The concentration of Cd in the exposure medium and blanks in the different
treatments (Cd, CTZ+Cd, CBZ+Cd) was lower than the quantification limit (< LOQ of 2

ug/L) (Table 1).

3.3 Drug and metal concentrations in clam tissues and BCF

The results of metal concentration in clam tissues (Tables 3 and 4) showed that
in Cd treatments (Cd, CTZ+Cd, CBZ+Cd) the metal concentration significantly
increased in clam tissues compared to the control condition, but no significant
differences occurred concerning Cd concentrations and BCF values between single
and combined treatments (Cd vs CTZ+Cd; Cd vs CBZ+Cd) (Tables 3 and 4).

The results on drug concentration and BCF in clam tissues (Tables 3 and 4)

showed that the CTZ concentration and the corresponding BCF was significantly higher
16



in clams exposed to the combined treatment (CTZ+Cd) in comparison with the single
treatment (CTZ). On the other hand, no significant differences in tissue concentrations
and BCF were observed comparing single (CBZ) and combined (CBZ vs CBZ+Cd)

treatments for CBZ exposed clams.

3.4. Biochemical markers

3.4.1 Indicators of metabolic capacity and energy reserves

Regardless of the treatment, clams presented no significant differences in the
ETS activity after 28 days of exposure (Figure 1A and Table 5). Nevertheless, slightly
higher mean ETS values were observed in clams exposed to CBZ and CBZ+Cd in
comparison to control values and clams exposed to Cd (Figure 1A).

Regarding GLY content, although higher mean values were observed in clams
exposed to Cd, no significant differences were observed among treatments (Figure 1B
and Table 5).

Similarly, PROT content appeared higher in clams exposed to Cd in
comparison to control but the differences among treatments were not statistically

significant (Figure 1C and Table 5).

3.4.2 Indicators of oxidative stress

After 28 days of exposure significantly higher LPO levels were observed in
clams exposed to CBZ in comparison to control values (Figure 2A and Table 5). No
significant differences in LPO levels were observed among the remaining treatments
although in clams exposed to Cd the mean of LPO was higher than in control clams
(Figure 2A and Table 5).

GSH/GSSG values showed no significant differences among tested treatments,
with the highest mean values observed in clams exposed to CBZ (Figure 2B and Table
5).
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The activity of SOD was not significantly different among treatments, with the
highest mean values in clams exposed to CBZ (Figure 3A and Table 5).

No significant differences in CAT activity was observed among treatments, with
the highest mean values in clams exposed to CBZ (Figure 3B and Table 5).

The activity of GSTs was significantly lower in clams exposed to CTZ+Cd and
CBZ in comparison to control clams (Figure 4 and Table 5). The activity of GSTs was
significantly higher in clams exposed to CTZ in comparison to those exposed to
CTZ+Cd, while GST activity tended to be higher in clams exposed to the combination

of CBZ+Cd in comparison to single CBZ exposure (Figure 4 and Table 5).
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4. DISCUSSION

In the present study, the uptake of drugs (CBZ and CTZ) and Cd, as well as the
effects induced on R. philippinarum were evaluated after chronic exposures to the
individual contaminants (Cd, CBZ, CTZ) and their mixtures (CBZ+Cd, CTZ+Cd) to
understand if the combined effect of each drug with Cd would induce a different impact
in clams than each contaminant acting alone.

The results of the metal uptake showed no significant changes in clams exposed
to Cd alone and combined with both pharmaceuticals, indicating that the presence of
the drugs did not influence the uptake of the metal. Previous studies with R.
philippinarum demonstrated the capacity of clams to accumulate this metal under
laboratory conditions (Blasco and Puppo, 1999; Figueira et al., 2012b; Wang et al.,
2011; Zhao et al., 2014), although in these cases the concentrations tested were not
environmentally relevant. For example, Blasco and Puppo (1999) showed an uptake of
Cd of ~50 and ~150 pg/g DW after exposure of R. philippinarum clams to 200 and 600
ug/L for 7 days, respectively, while Wang et al. (2011) observed increased uptake of
Cd in gills (up to ~18 pg/g DW) and in digestive gland (up to ~49 ug/g DW) of R.
philippinarum submitted to 15 pg/L of the metal with the increase of exposure period
(21 days). When Cd was combined with other contaminants, previous studies showed
that the pattern of metal accumulation in bivalves could be altered. Wang et al. (2011)
studied the combined effects of Cd and benzo[a]pyrene (BaP) (Cd: 15 pg/L, BaP: 0.01
pg/L) in the gills and digestive gland of R. philippinarum exposed for 21 days,
observing that the accumulation of Cd was higher in the combined treatments
compared to the single exposure. On the contrary, Marie et al. (2006) showed a
decrease in Cd uptake after the exposure of the clam Corbicula fluminea and the
mussel Dreissena polymorpha to Cd and Zinc (exposure concentrations: 0.133 pM (=
14.9 pg/L) Cd + 15.3 pyM (= 1 mg/L) Zinc) for 24 days. The authors observed that,

under the combined exposure of Cd and Zinc, the metals could interact in absorption,
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sequestration and excretion processes. The present findings may indicate that neither
CBZ nor CTZ influenced Cd uptake, which may be related to fact that neither drug
influenced the filtration rate of clams. Furthermore, the present study seems to indicate
that CBZ and CTZ may not establish interactions with Cd interfering with the entrance
of the metal to the clam. Nevertheless, recently Andreu et al. (2016) showed significant
direct correlations between the presence of Ni and diazepam, norfloxacin, ofloxacin
and fenofibrate, and inverse relationships with ibuprofen under environmental
conditions. Therefore, different impacts on metal accumulation may not only depend on
the metal and its exposure concentrations, but also on the mixture of contaminants
(and their concentrations) and species used.

Concerning the effects exerted by Cd (individually or combined with the drugs
used) on clam biomarkers, a significant decrease of GST activity was observed in
clams exposed to Cd and especially to Cd+CTZ, suggesting an inhibitory effect of the
metal on the activity of this enzyme. Only a few studies have evaluated the activity of
GSTs in bivalves exposed to Cd under laboratory experiments. However, this was
done in other invertebrate species (Cunha et al., 2007; Won et al., 2011). For example,
Cunha et al. (2007), among other biomarkers studied, observed an increase in GST
activity at the highest concentration of Cd (1.4 mg/L) but an inhibition at lower
concentrations (LOEC = 0.044 mg/L) in the marine gastropod Nucella lapillus. These
authors hypothesized that GST inhibition could have resulted from a direct action of Cd
on the enzyme; an indirect effect of ROS induced by Cd on the enzyme or a depletion
of GSH and downregulation of GST genes. Nevertheless, our results showed that,
apart from changes observed in GST activity, the presence of Cd did not cause
changes in the markers of metabolic status, cellular damage and antioxidant defense
either when the metal was acting individually or as a mixture with pharmaceuticals.
Previous studies showed, however, that Cd affects the energy reserves and metabolic

activity and exerts oxidative stress in bivalves. Among other studies, research
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conducted by Bebianno et al. (1993) reported that the increase in PROT content in
Ruditapes decussata clams exposed to Cd (400 pg/L, 40 days exposure) could have
been related with the induction of metallothionein (MT) synthesis. Metallothioneins are
low molecular weight heat-stable cytoplasmic proteins, rich in cysteine residues,
involved in Cd complexation in bivalve species (Bebianno et al., 1993; Bebianno and
Serafim, 1998; Figueira et al., 2012a, 2012b, Velez et al., 2016, 2015b; Wang et al.,
2011). Concerning oxidative stress markers, Dovzhenko et al. (2005) demonstrated
that Cd induced LPO in Modiolus modiolus mussels through damage to the antioxidant
system, decreasing its capacity to inactivate free radicals. Concerning the activity of
antioxidant enzymes, D’costa et al. (2017) observed an increased CAT activity in the
clam Meretrix casta exposed to environmental concentrations of Cd (0.75 — 3 pg/L) for
15 days. With regard to the interactions between toxic metals and pharmaceutical
drugs only few studies have been done, with no works conducted in bivalves. Ragusa
et al. (2017) evaluated the individual and combined effects of the antimicrobial agent,
sulfamethoxazole, and Cd in Paracentrotus lividus sea urchin embryos, showing block
of gastrulation, weakening of cell-cell junction and reduction of survival, when the
metal-pharmaceutical combination was compared with the metal effects alone. Overall,
our findings demonstrated that Cd uptake was similar in metal only and metal-
pharmaceutical exposures, which resulted in similar biochemical responses in clams
exposed to Cd alone or to a mixture of the metal with CBZ and CTZ. Since other
studies identified different results comparing the effects induced by the co-exposure of
Cd and pharmaceutical drugs (Li et al., 2011; Ragusa et al., 2017) and other organic
compounds (Wang et al., 2011) with the exposure to the single compounds, it
appeared that Cd effects on the aquatic organisms may depend on the type of
contaminants present in the exposure medium, namely in aquatic systems.

Concerning pharmaceutical uptake, the results obtained in this work showed

that: i) in CBZ-exposed clams the accumulation was similar both without and with the
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metal (CBZ+Cd) indicating that no interaction occurred between the two contaminants
(Cd and CBZ), ii) in CTZ-exposed clams the uptake was significantly higher in the
combined treatment (CTZ+Cd) as compared to the pharmaceutical only exposure,
indicating that the presence of Cd enhanced CTZ accumulation. Possibly different
uptake mechanisms, metabolization processes and/or subcellular accumulation may be
the reason for the obtained results with CBZ and CTZ in the presence of Cd.
Concerning toxicological responses to the drugs, significant changes were only
observed for LPO content and GST activity. Our results showed that i) in comparison to
control, clams exposed to CBZ showed significantly more cell damage (LPO) but the
activity of biotransformation enzymes (GSTs) was significantly lower, while in clams
exposed to CBZ+Cd no significant changes were observed; ii) clams exposed to
CBz+Cd showed significantly higher GST activity in comparison to CBZ-exposed
clams. The enzymatic activities of CBZ+Cd-exposed animals were closer to those of
control animals; iii) clams exposed to CTZ alone showed no significant changes in
comparison with control, while in CTZ+Cd-exposed clams, a significant decrease in
GST activity was observed; iv) clams exposed to CTZ+Cd also showed significantly
lower GSTs activity in comparison to CTZ alone exposure. These data suggest that the
combined treatments with drugs and Cd exerted fewer biological effects compared to
single drug exposures, indicating that the presence of the metal attenuated the drug
effects. Concerning oxidative stress markers, previous studies showed oxidative stress
caused by CBZ in bivalves (Almeida et al., 2015, 2014, Freitas et al., 2016, 2015a,
2015b; Martin-Diaz et al., 2009) and to smaller extent by CTZ (Teixeira et al., 2017).
Specifically, CBZ has been linked to the induction of LPO in bivalves (Aguirre-Martinez
et al., 2015; Almeida et al., 2015, 2014; Freitas et al., 2015a). In bivalves exposed to
CBZ, previous studies generally reported an induction of antioxidant enzymes to
eliminate ROS generated due to drug accumulation and biotransformation. For

example, Almeida et al. (2015) observed an increase in SOD activity in R.
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philippinarum exposed to 0.03 — 9.0 ug/L of CBZ for 28 days. Concerning the activity of
biotransformation enzymes, previous studies generally show an increase or
maintenance of GST activity in bivalves exposed to CBZ, which is not in accordance
with the results of the present work (e.g., Aguirre-Martinez et al., 2015; Almeida et al.,
2015; Freitas et al., 2015a, 2015b; Juhel et al., 2017; Martin-Diaz et al., 2009).
However, Almeida et al. (2014) observed a decrease of GST activity in R.
philippinarum exposed to CBZ (0 — 9 pg/L) for 28 days, indicating that lower levels of
GSH were available to participate in the conjugation reactions and consequently, GSTs
were not involved in the phase Il biotransformation of CBZ. Concerning CTZ, scarce
information is available on the impacts on bivalves (Almeida et al., 2017b; Teixeira et
al., 2017), although Teixeira et al. (2017) found the development of an oxidative stress
response in the mussel M. galloprovincialis exposed to this drug (0.3 — 12 pg/L, 28
days exposure).

As previously reported, the combined effects of CBZ or CTZ with Cd in bivalves
have not earlier be studied. However, some authors evaluated the effects of
pharmaceutical drugs when combined with other drugs or other contaminants. For
example, Gonzalez-Rey et al. (2014) observed an antagonistic effect of copper (Cu)
combined with pharmaceutically active products (ibuprofen, diclofenac and fluoxetine)
on the activity of SOD in the mussel Mytilus galloprovincialis exposed for 15 days. The
authors saw an inhibition of SOD activity that resulted in the depletion of CAT
substrate. On the other hand, Franzellitti et al. (2015) observed an increase in CAT
activity in the mussel M. galloprovincialis exposed to the combination of fluoxetine and
propranolol for 7 days, suggesting that the change of the antioxidant defense activity
was based on the increased accumulation of fluoxetine induced by the presence of
propranolol. Pires et al. (2016a), studied the combined effects of CBZ and caffeine in
H. diversicolor polychaete for 28 days, and observed an antagonistic effect on LPO

levels exerted by the combination of CBZ and caffeine. However, the combined effects
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of the drugs were generally similar to the effects exerted by the drugs when acting

alone.
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5. CONCLUSIONS

The present study showed that the combination of pharmaceutical drugs
(CBZ and CTZ) and Cd exerted different responses from those of the compounds
alone, either in the uptake (only for CTZ clams) or in the biomarker responses.
Uptake of CTZ was affected by the presence of the metal. For CBZ, no changes in
uptake occurred in the presence of Cd. Despite the low exposure concentrations
tested, these were enough to exert some biological effects (significant changes on
LPO content and GST activity), which were different when the compounds acted
alone and when in combination. This is particularly important since in the
environment the organisms are exposed to complex mixtures, providing a more

realistic approach and complementing the scarce literature about this issue.
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Figure Captions

Figure 1. Energy-related parameters (A: ETS, electron transport system activity; B:
GLY, glycogen content; C: PROT, protein content) in R. philippinarum exposed to
different conditions (CTL, Cd, CTZ, CTZ+Cd, CBZ, CBZ+Cd), after 28-day exposure
period. Values are the mean + standard error. Significant differences (p < 0.05, n=6)

among exposure conditions, when present, are represented with different letters.

Figure 2. Indicators of oxidative stress (A: LPO, lipid peroxidation; B: GSH/GSSG, ratio
between reduced and oxidized glutathione) in R. philippinarum exposed to different
conditions (CTL, Cd, CTZ, CTZ+Cd, CBZ, CBZ+Cd), after 28-day exposure period.
Values are the mean * standard error. Significant differences (p < 0.05, n=6) among

exposure conditions, when present, are represented with different letters.

Figure 3. Antioxidant enzyme activities (A: SOD, superoxide dismutase; B: CAT,
catalase) in R. philippinarum exposed to different conditions (CTL, Cd, CTZ, CTZ+Cd,
CBZ, CBZ+Cd), after 28-day exposure period. Values are the mean * standard error.
Significant differences (p < 0.05, n=6) among exposure conditions, when present, are

represented with different letters.

Figure 4. Biotransformation enzyme activities (GSTs, glutathione S-transferases in R.
philippinarum exposed to different conditions (CTL, Cd, CTZ, CTZ+Cd, CBZ, CBZ+Cd),
after 28-day exposure period. Values are the mean + standard error. Significant
differences (p < 0.05, n=6) among exposure conditions, when present, are represented

with different letters.
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Tables

Table 1. Average Cd, CBZ and CTZ concentrations (ug/L) in the exposure medium, controls

and blanks of the assay conducted with R. philippinarum exposed to different conditions (CTL,

Cd, CTZ, CTZ+Cd, CBZ, CBZ+Cd), after 28 days exposure period, with 7 days renewal periods.

Values are the mean + STDEV. Significant differences (p < 0.05, n=3) among exposure

conditions, when present, are represented with different letters. LOQ, limit of quantification.

Drug and metal concentration in the exposure medium and blanks (ug/L)

Exposure medium Blanks
Conditions

Beginning End Beginning End
CTL <LOQ <LOQ <LOQ <LOQ
cd <LOQ <LOQ <LOQ <LOQ
Cd (CBZ+Cd) <LOQ <LOQ <LOQ <LOQ
Cd (CTZ+Cd) <LOQ <LOQ <LOQ <LOQ
CT1Z 0.45+0.08* 0.4+0.17 0.62+0.06% 0.6%0.12
CTZ (CTZ+Cd) 0.41+0.06* 0.4+0.17 0.60+0.09* 0.5%0.12
CBz 1.1+0.18 1.1+0.1° 1.2+0.12 1.2+0.22
CBZ (CBZ+Cd)  1.1+0.22 1.1+0.12 1.1+0.22 0.94+0.092
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Table 2: Significance values for metal and drug quantifications in the exposure medium and
blanks of the assay conducted with R. philippinarum exposed to different conditions (CTL, Cd,
CTZ, CTZ+Cd, CBZ, CBZ+Cd), after 28 days exposure period. Significant differences (p < 0.05,

n=3), when existing, are in bold.

Conditions Exposure medium Blanks
CTZ Beginning vs End 0.8387 0.7067
CTZ Beginning vs CTZ+Cd Beginning 0.2282 0.7134
CTZ+Cd Beginning vs CTZ+Cd End 0.8287 0.6493
CTZ End vs CTZ+Cd End 0.653 0.8197
CBZ Beginning vs End 0.5661 0.9445
CBZ Beginning vs CBZ+Cd Beginning 0.7196 0.107

CBZ+Cd Beginning vs CBZ+Cd End 0.4084 0.1239
CBZ End vs CBZ+Cd End 0.8864 0.4922

45



Table 3. Cadmium (Cd) concentrations (ug/g DW) and BCF (bioconcentration factor) in clams
exposed to different conditions (CTL, Cd, CTZ, CTZ+Cd, CBZ, CBZ+Cd), after 28 days
exposure period. Cetirizine (CTZ) and carbamazepine (CTZ) concentrations (ng/g FW) and BCF
in clams exposed to different conditions (CTL, Cd, CTZ, CTZ+Cd, CBZ, CBZ+Cd), after 28 days
exposure period. Values are the mean + STDEV. Significant differences (p < 0.05, n=3 for Cd
samples and n=6 for drug samples) among exposure conditions, when present, are represented

with different letters.

+
CTL Cd CTZ Cgi CBz CBZ+Cd
Cd concentrations
- , 0.22+ 0.7+0. 0.8+0.
in clams’ soft 0.08" ot - 40 - 1.0+0.2°
tissues (ug/g)
BCE for Cd ) 1450+ ] 2023+ ] 1560174
3702 7702 0?2
Drugs
concentrationsin 20980, 380, 20:02 o o,
clams’ soft 3@ 8b a T
tissues (ng/g)
4.7%0. 6.2+1. 1.7£0.1
BCF for drugs - - ga o . 1.7+0.12
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Table 4. Significance values for metal and drug quantifications in the tissues and BCF
(bioconcentration factor) of the assay conducted with R. philippinarum exposed to different
conditions (CTL, Cd, CTZ, CTZ+Cd, CBZ, CBZ+Cd), after 28 days exposure period. Significant

differences (p < 0.05, n=3 for Cd samples and n=6 for drug samples) are in bold.

Conditions Comparisons Significance values

CTLvs Cd 0.0182

CTLvs CTZ+Cd | 0.0198

Cd concentration in tissue CTL vs CBZ+Cd 0.0354

Cd vs CTZ+Cd 0.369

Cd vs CBZ+Cd 0.3206

Cd vs CTZ+Cd 0.8353
BCF for Cd
Cd vs CBZ+Cd 0.3063

Drugs concentration in CTZvs CTZ+Cd | 0.0001

tissues CBZ vs CBZ+Cd | 0.3741

CTZvs CTZ+Cd | 0.0001
BCF for Drugs
CBZ vs CBZ+Cd | 0.6555
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Table 5. Significance values for biomarkers of the assay conducted with R. philippinarum

exposed to different conditions (CTL, Cd, CTZ, CTZ+Cd, CBZ, CBZ+Cd), after 28 days

exposure period. Significant differences (p < 0.05, n=6) are in bold.

Biomarkers

ETS GLY PROT LPO GSH/GSSG SOD CAT GSTs
CTL vs

0.3977 0.6053 0.0880 0.1727 0.2086 0.1817 0.2736 0.1456
Cd
CTL vs

0.6661 0.8528 0.7557 0.6013 0.4782 0.1947 0.6685 0.9209
CTz
CTL vs

0.7824 0.9131 0.8100 0.4278 0.3584 0.5160 0.0524 0.0411
CTZ+Cd
CTzZ+Cd

0.8077 0.6100 0.1057 0.1574 0.6522 0.3516 0.8734 0.7071
vs Cd
CTZ+Cd

0.5905 0.8795 0.9326 0.7270 0.2385 0.1593 0.2575 0.0446
vs CTZ
CTL vs

0.3542 0.7088 0.5787 0.0459 0.3603 0.0928 0.1429 0.0228
CBz
CTL vs

0.2783 0.5534 0.3095 0.3884 0.2844 0.7058 0.2202 0.9115
CBz+Cd
CBZ+Cd

0.1253 0.4270 0.0513 0.6290 0.9153 0.3056 0.9023 0.1336
vs Cd
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CBz+Cd




ACCEPTED MANUSCRIPT

vs CBZ

49



