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a  b  s  t  r  a  c  t

In the past  decade  the  presence  of  psychopharmaceuticals,  including  fluoxetine  (FLU),  in  the aquatic
environment  has  been  associated  with  the  increasing  trend  in  human  consumption  of  these  substances.
Aquatic  organisms  are usually  exposed  to chronic  low  doses  and,  therefore,  risk  assessments  should
evaluate  the  effects  of  these  compounds  in  non-target  organisms.  Teleost  fish  possess  an  array  of  active
defence  mechanisms  to  cope  with the  deleterious  effects  of xenobiotics.  These  include  ABC  transporters,
phase  I  and  II  of cellular  detoxification  and  oxidative  stress  enzymes.  Hence,  the  present  study  aimed  at
characterising  the  effect  of  FLU  on  embryo  development  of the  model  teleost  zebrafish  (Danio  rerio)  con-
comitantly  with  changes  in  the detoxification  mechanisms  during  early  developmental  phases.  Embryos
were  exposed  to  different  concentrations  of  FLU  (0.0015,  0.05, 0.1,  0.5 and  0.8  �M)  for  80  hours  post  fer-
tilization.  Development  was screened  and  the  impact  in the  transcription  of  key  genes,  i.e., abcb4,  abcc1,
abcc2,  abcg2,  cyp1a,  cyp3a65,  gst, sod,  cat,  ahr,  pxr,  ppar˛,  pparˇ,  ppar� ,  rxraa,  rxrab,  rxrbb,  rxrga,  rxrgb,
raraa,  rarab,  rarga  evaluated.  In  addition,  accumulation  assays  were  performed  to  measure  the  activity  of
ABC  proteins  and  antioxidant  enzymes  (CAT and  Cu/ZnSOD)  after exposure  to FLU.  Embryo  development
was  disrupted  at the  lowest  FLU  concentration  tested  (0.0015  �M), which  is in  the range  of  concen-
trations  found  in WWTP  effluents.  Embryos  exposed  to  higher  concentrations  of  FLU  decreased  Cu/Zn
SOD,  and increased  CAT  (0.0015  and  0.5  �M)  enzymatic  activity.  Exposure  to higher  concentrations  of
FLU decreased  the  expression  of most  genes  belonging  to  the  detoxification  system  and  upregulated  cat
at 0.0015  �M of FLU.  Most  of the  tested  concentrations  downregulated  ppar˛,  pparˇ,  ppar� ,  and  raraa,

rxraa,  rxrab,  rxrbb  rxrgb and  ahr  gene  expression  while  pxr was  significantly  up  regulated  at  all  tested
concentrations.  In conclusion,  this  study  shows  that  FLU  can  impact  zebrafish  embryo  development,  at
concentrations  found  in  effluents  of WWTPs,  concomitantly  with  changes  in  antioxidant  enzymes,  and
the  transcription  of key  genes  involved  in  detoxification  and  development.  These  finding  raises  additional
concerns  supporting  the  need  to monitor  the  presence  of  this  compound  in  aquatic  reservoirs.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction
Psychopharmaceuticals are one of the classes of therapeu-
ic drugs most commonly detected in the aquatic environment
Santos et al., 2010). Fluoxetine (FLU), commercial name Prozac®,

∗ Corresponding author at: CIIMAR—Centro Interdisciplinar de Investigaç ão Mar-
nha e Ambiental, Coastal and Marine Environmental Toxicology Lab, Rua dos Bragas,
89,  4050−123 Porto, Portugal.

E-mail address: vfpmc83@gmail.com (V. Cunha).

ttp://dx.doi.org/10.1016/j.aquatox.2016.08.003
166-445X/© 2016 Elsevier B.V. All rights reserved.
is one of the most prescribed psychopharmaceuticals (Mennigen
et al., 2011; Winder et al., 2012) to treat depression, compulsive
behaviour and eating disorders (Dulawa et al., 2004).

The presence of FLU in the environment was first reported by
Kolpin et al. (2002), in USA surface waters, and since then numer-
ous reports have shown the presence of this drug in different
water bodies, in concentrations ranging from 12 to 929 ng/L (Fent

et al., 2006; Lajeunesse et al., 2012; Barry, 2013; Silva et al., 2012).
Previous studies have reported negative impacts of psychopharma-
ceuticals (including FLU), such as impaired reproduction, mortality

dx.doi.org/10.1016/j.aquatox.2016.08.003
http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquatox.2016.08.003&domain=pdf
mailto:vfpmc83@gmail.com
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nd behavioural changes like decreased aggressiveness and feed-
ng responses, on invertebrates and fish species (Lister et al., 2009;
antos et al., 2010; Schultz et al., 2011). Nonetheless, the phys-
ological consequences of the exposure to FLU are still not fully
nderstood in non-target aquatic organisms.

Fish have well-developed mechanisms that contribute to cell
etoxification and counteract the effects of environmental pollu-
ants. Among these are ATP − binding cassette (ABC) transporter
roteins (ABCB, ABCC and ABCG families), phase I (cytochrome
450 family, CYPs) and phase II (eg. glutathione-S-transferase, GST)
iotransformation enzymes, and antioxidant enzymes (eg. super-
xide dismutase, SOD, catalase, CAT) (van der Oost et al., 2003; Bard,
000; Stegeman et al., 1992; Lopez-Torres et al., 1993). In aquatic
rganisms the multixenobiotic resistance (MXR) mechanism incor-
orates members of the ABC transporter family (Kurelec, 1992)
hat are considered to be the first line of defence against toxicants
Bard, 2000; Ferreira et al., 2014). Nonetheless, the MXR system can
e inhibited by certain chemicals (chemosensitisers) known to be
resent in the aquatic ecosystems, potentially increasing the tox-

city of other chemicals that would normally be effluxed from the
ells.

Some psychopharmaceuticals, including FLU, have been
escribed to be P-gp (P-glycoprotein, ABCB1) inhibitors in mam-
als (Peer and Margalit, 2006; O’Brien et al., 2013; Schrickx and

ink-Gremmels, 2014). Moreover, it was reported that FLU can
nhibit P-gp and biotransformation enzymes in both mammals and
sh (Peer and Margalite, 2006; Smith et al., 2012; Thibaut and Porte,
008). Hence, given the central role of detoxification in influenc-

ng the toxicity of both endogenous and man-made chemicals, it is
mportant to understand the regulation of detoxification signalling
athways. In mammals, this defence system is mostly regulated
y nuclear receptors (NRs), which include pregnane X receptors
PXR), peroxisome proliferated activated receptors (PPAR), retinoid

 receptors (RXR), constitutive androstane receptors (CAR), gluco-
orticoid receptors (GR), and aryl hydrocarbon receptors (AhR) (Xu
t al., 2005; Ferreira et al., 2014). Among other pathways, NRs are
nvolved in xenobiotic metabolism, regulating the transcription of
enes belonging to the detoxification process (Wang and LeCluyse,
003; Robinson-Rechavi et al., 2003; Xu et al., 2005; Castro and
antos, 2014).

Danio rerio is a well-known model fish species that has been
sed in different fields of research, including ecotoxicology. There-
ore, it was selected for the present study due to characteristics
uch as embryo transparency, that allows the observation of devel-
pment and the assessment of embryo toxicity, and the availability
f a full genome sequence.

This study aimed at (i) evaluating the effects of FLU in embryo
evelopment; (ii) characterizing the expression and response pat-
erns of genes belonging to the detoxification mechanism as well
s MXR  and antioxidant activities on D. rerio embryos exposed to
LU; (iii) evaluating the transcriptional modulation of genes encod-
ng key transcription factors (ppars, pxr, rxrs, rars and ahr) after FLU
xposure; and (iv) assessing the potential chemosensitiser effect of
LU using D. rerio embryos as a model species.

. Material and methods

.1. Chemicals

Fluoxetine (FLU) (CAS #56296-78-7), rhodamine 123 (RH123),

erapamil (VER) and vinblastine were purchased from Sigma-
ldrich (Germany) and MK571 from VWR  International. All the
ther chemicals were of analytical grade, and were purchased from
ocal companies.
ogy 178 (2016) 182–189 183

2.2. Parental animals

Adult wild-type zebrafish, obtained from local suppliers, were
used as breeding stocks. The stock was kept at a water temperature
of 27 ± 1 ◦C and in a photoperiod of 12:12 h (light:dark), in 60 L
aquaria with dechlorinated and aerated water in a recirculation
system with both mechanical and biological filters. The fish were
fed ad libitum twice a day with a commercial fish diet Tetramin
(Tetra, Melle, Germany), and supplemented once a day with live
brine shrimp (Artemia spp.).

2.3. Rearing conditions and exposures

For reproduction, females and males (ratio 1:2) were trans-
ferred to a spawning tank, and submitted to acclimatization for
12 h in a cage with a net bottom covered with glass marbles within
a 30 L aquarium. On the day after egg-laying, the breeders were
removed after the beginning of the light period. Experiments were
performed according to the protocols described in Cunha et al.
(2016). Briefly, for the toxicological assays (Section 2.4), embryos
(1 hpf) were transferred to a 24-well plate (10 embryos per well)
and exposed until 80 hpf to FLU at different concentrations (0.0015,
0.05, 0.1, 0.5 and 0.8 �M;  diluted in DMSO 0.004% (ranging from 519
to 2.8 × 105 ng/L). One of the tested concentrations is in the range of
environmentally relevant concentrations, (0.0015 �M = 519 ng/L).
Prior to embryo exposures, the test solutions were placed into
the plates for 24 h so that the chemicals could adsorb to the plas-
tic, and the solutions renewed after preadsorption. The medium
(water plus FLU solutions) was  renewed daily for the duration of
the experiment. For the determination of the biochemical parame-
ters (Section 2.5), 100 embryos (1 hpf) were placed in glass beakers
at 26 ± 1 ◦C with aeration, and exposed to the test solutions until
80 hpf. For the accumulation assays (MXR activity) (Section 2.6)
the embryos (1 hpf) were transferred to new aquaria (3.5 L) and
were kept at 26 ± 1 ◦C with aeration for 24 h, until the execution of
the assay. Experimental controls used in all the assays were water
controls and solvent controls (DMSO 0.004%).

2.4. Toxicological assay − FLU effects on zebrafish embryo
development

During the exposure period (as described in Section 2.3.)
embryos were observed with an inverted microscope (Nikon
Eclipse TS100) and the selected endpoints (mortality, 75% epiboly,
delay/arrest of the division, abnormal cell masses, development
delay, pericardial edema, head, eye and tail abnormalities) were
recorded at 8 hpf, 32 hpf and 80 hpf (Soares et al., 2009; Cunha
et al., 2016). The percentage mortality and the total percentage of
abnormalities were calculated after the data collection. After 80 h
of exposure, 30 embryos were collected and preserved in RNAlater
for gene expression analysis. Each assay was replicated at least
six times. Data on mortality and abnormalities are presented as
percentage (%) in relation to the water control measured in each
assay.

2.5. Antioxidant enzyme activity

After exposure to FLU, 100 embryos (80 hpf) were homogenized
in ice-cold 100 mM potassium phosphate buffer pH 7.4, 150 mM
KCl, 1 mM dithiothreitol (DTT), 0.1 mM phenylmethylsulfonyl flu-
oride (PMSF) and 1 mM disodium ethylenediaminetetra acetic acid
(Na2EDTA). Post-mitochondrial fractions were obtained after cen-

trifugation at 15,000g for 20 min  at 4 ◦C. Superoxide dismutase
(SOD) activity was determined by the degree of inhibition of the
reduction of cytochrome c by superoxide anions generated by the
xanthine oxidase/xanthine system. Cytochrome c reduction was
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ollowed through the measurement of the absorbance at 550 nm.
n this assay, the concentrations of the reaction components were
odium phosphate buffer 50 mM,  pH 7.8, with Na2EDTA 0.1 mM,
anthine 50 �M,  xanthine oxidase 5.2 mU/mL  and cytochrome c
8 �M.  250 �L of these components were reacted with the sample
protein concentration 4 mg/mL) diluted in phosphate buffer to a
nal volume of 300 �L. To obtain linearity, the volumes of sam-
le and phosphate buffer per well were adjusted for each sample.
OD standards were used in each assay to calculate the activity
iven in SOD Units (1 SOD Unit = 50% inhibition of the reduction of
ytochrome c) per mg  of protein. The samples were divided in two
liquots, one to measure the total SOD activity and the other to mea-
ure MnSOD activity by adding 2 mM  KCN to the reaction. To obtain
he Cu/ZnSOD activity we then deducted the MnSOD activity from
he total SOD activity. Catalase (CAT) activity was determined by

easuring the consumption of H2O2 at 240 nm (� = 40 M−1 cm−1)
s described in Ferreira et al. with slight modifications. The reac-
ion mixture contained 65 mM potassium phosphate buffer, pH
.8, 15.5 mM H2O2 and 0.01% TritonX-100. In the cuvette, 950 �L
f reaction mixture was added to the sample (protein concentra-
ion 4 mg/mL), diluted in phosphate buffer to a final volume of
000 �L. To obtain linearity, the volumes of sample and phosphate
uffer were adjusted for each sample. CAT activity is expressed as
mol/min/mg protein. All measurements were performed in trip-

icate for each sample. Protein determinations were performed by
he Lowry method using bovine serum albumin (BSA) as a standard.

.6. RH123 accumulation assay on zebrafish embryos exposed to
LU

The accumulation of the fluorescent substrate (RH123) in
ebrafish embryo tissue was used as a measure for MXR  transporter
ctivity. This assay was performed according to Cunha et al. (2016).
riefly, ABC transporter activity was determined by means of accu-
ulation assays using RH123 (8 �M)  in presence of FLU (0.0015,

.05, 0.1, 0.5 and 0.8 �M),  and standard ABC protein inhibitors
VER (10 �M),  MK571 (10 �M),  and Vinblastine (10 �M)). Each
ype of exposure was made separately and no mixture (FLU plus
nhibitor) was performed. The assay was performed with 24 hpf
mbryos when the organism has most of the organs formed and
ll the genes targeted in this study are transcriptionally active.
mbryos (24 hpf) were incubated in the dark at 26 ± 1 ◦C for 2 h.
fter the 2 h exposure period, embryos were washed three times
ith ice-cold water and mechanically disrupted. The fluorescence

f RH123 accumulated inside the embryos was measured in the
omogenate of 10 embryos (water control, solvent control, positive
ontrols and FLU at the different concentrations) using a fluorescent
icroplate reader (excitation/emission −485/538 nm)  (Fluoroskan
scent, Labsystems). Each assay was replicated at least four times.
he data is presented in percentage (%) of RH123 fluorescence in
elation to the water control measured in each assay.

.7. RNA isolation and cDNA synthesis

Embryos from the toxicological and accumulation assays, pre-
erved in RNAlater, were used to isolate total RNA according to
osta et al. Briefly, total RNA was isolated using Illustra RNAspin
ini RNA Isolation kit (GE Healthcare), according to the manu-

acturer’s protocol. RNA quality was verified by electrophoresis
n agarose gel and by the measurement of the ratio of optical
ensity at �260/�280 nm.  RNA was quantified using Quant-IT Ribo-
reen RNA Reagent and Assay Kit (Invitrogen) using a fluorescent

icroplate reader (Fluoroskan Ascent, Labsystems). One micro-

ram of total RNA was subjected to digestion of genomic DNA using
eoxyribonuclease I, Amplification Grade (Invitrogen) and synthe-

is of cDNA was performed using Iscript cDNA Synthesis (Biorad).
ogy 178 (2016) 182–189

Extractions of six different pools of embryos per treatment were
performed.

2.8. Quantitative real-time PCR (qRT-PCR)

Gene expression of abcb4, abcc1, abcc2, abcg2a, cyp1a1, cyp3a65,
Cu/Zn sod, cat, gst�, ahr, pxr, ppar˛, pparˇ, ppar� , rxraa, rxrab, rxrbb,
rxrga, rxrgb, raraa, rarab, rarga was  assessed by means of quantita-
tive real time PCR (qRT-PCR). Primer pairs for each target gene were
designed using Primer 3 software available in http://www.ncbi.
nlm.nih.gov/, based on available sequences in GeneBank. Primer
sequences, amplicon lengths, efficiencies and Genebank accession
numbers of target sequences are given in Table 1 Table 1S. Identi-
ties of the amplicons were confirmed by cloning and sequencing of
the DNA fragments as described by Costa et al. (2012). To determine
the efficiency of the PCR reactions, standard curves were made, with
6 serial dilutions of the template (concentrations range from 0.05
to 50 ng/�l), and the slopes and regression curves were calculated.
Reactions for qRT-PCR were conducted in an iQ5 BioRad, with 10 �L
of SYBR Green Supermix (BioRad), 2 �L of each primer (final con-
centrations ranging from 0.001 �M to 0.6 �M)  and 2 �L of cDNA, in
a total volume of 20 �L, in duplicate. Conditions were as follows:
95 ◦C for 3 min, followed by 40 cycles of 95 ◦C for 10 s, 54 ◦C with
exception of rxr and rar (60 ◦C) for 30 s and 72 ◦C for 30 s. At the end
of each run a melting curve analysis was done (from 55 to 95 ◦C)
to determine the formation of the specific products. No template
controls were run to exclude contamination and the formation of
primer dimers. Gene expression was  quantified by normalization
with multiple reference genes (elongation factor 1 (ef1) and actin ˇ1
(actb1)) using Normfinder algorithm. The relative expression ratio
was calculated considering the efficiency of each gene using the
Pfaffl mathematical model. To calculate ��ct, the control group
comprised the average of Cts of the controls from each group. Data
are presented as mean of mRNA level in relation to the reference
genes.

2.9. Statistical analysis

Differences in mRNA expression and the differences between
treatments in accumulation assays were evaluated by means of a
one-way ANOVA, followed by a multiple comparison test (Dun-
nett’s test) at a 5% significance level. Data were log (mRNA
expression and enzyme activities) or square root (accumulation
assays) transformed in order to fit ANOVA assumptions. All tests
were performed with Statistica 7 (Statsoft, Inc). Differences in the
frequency of each type of abnormality among treatments were ana-
lysed in the toxicological assays and were evaluated by means of
cross table �2 tests at 5% significance level. The above test was done
at each of the time points. No cells had expected frequencies ≤ 5
fulfilling the second test assumptions. Tests were performed with
SPSS 22 (IBM, Inc). Data are presented as mean ± standard error.

3. Results

3.1. Toxicological assay

Cumulative mortality and cumulative abnormalities after expo-
sure to FLU (0.0015, 0.05, 0.1, 0.5 and 0.8 �M)  at different
development stages (8, 32 and 80 hpf) of embryos are presented
in Fig. 1A. The percentage of abnormalities represents the percent-
age of embryos with 1 or more abnormalities in comparison to
the control. No significant differences in mortality were observed

in embryos exposed to FLU in comparison to the control groups
(water and solvent control), and there was no increased mortality
between 32 and 80 hpf. Regarding the development of abnormal-
ities, no differences were observed at 8 hpf in the presence of FLU

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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ig. 1. Cumulative mortality and abnormality percentages at 8, 32 and 80 hpf of D. r
.8  �M)  for 80 h. Results are expressed as mean ± SE, n = 6. Bars with asterisk are sig

s compared to the controls. However, at 32 and 80 hpf a signifi-
ant increase in cumulative abnormalities was detected in treated
mbryos (p < 0.05). In Fig. 1B some of the abnormalities found
fter exposure to FLU at 32 and 80 hpf are represented. At 32 hpf,
he highest percentage (48%) of abnormalities was  registered at
.8 �M of FLU (p < 0.05), where 35% of the embryos exhibited
igmentation anomalies (see Fig. 1S and 2S, Supplementary mate-
ial for more detailed information). In addition, a high percentage
26–30%) of embryos exposed to the lower concentrations (0.0015
nd 0.05 �M)  displayed other abnormalities such as pericardial
dema and tail abnormalities (see Fig. 1S, Supplementary material
or more detailed information). At the end of the assay (80 hpf), and
imilar to the results observed at 32 hpf, pigmentation, pericardial
dema and tail abnormalities were the most prevalent anomalies
n embryos exposed to FLU (see Fig. 2S, Supplementary material for

ore detailed information).

.2. Antioxidant enzyme activity

To address the question of correlation of the morphological
ffects of FLU with toxicity parameters, we assayed two  anti-
xidant defences, SOD and CAT, in zebrafish embryos after 80 h

f exposure to FLU (Fig. 2). Cu/ZnSOD activity (Fig. 2A) was sig-
ificantly decreased in the presence of FLU, at 0.1 �M and above
p < 0.05), while the CAT activity (Fig. 2B) was stimulated both at the
owest tested concentration (0.0015 �M)  and at 0.5 �M (p < 0.05).
mbryos exposed to different concentrations of fluoxetine (0.0015, 0.05, 0.1, 0.5 and
ntly different from the solvent control group (p < 0.05).

3.3. Accumulation assay

As the toxicity can be due to the accumulation of the drug,
ABC transporter activity was  determined by means of accumulation
assays using the fluorescent substrate RH123 in the presence of the
test chemicals (Fig. 3). A significant increase in RH123 accumulation
inside the embryos was observed in the presence of ABC trans-
porter inhibitors (MK571, VER and Vinblastine (10 �M)) (p < 0.05)
whereas no differences were observed in RH123 accumulation in
embryos exposed to FLU.

3.4. Gene expression in embryos exposed to FLU

To evaluate if the levels of the detoxification components were
dependent on transcription, mRNA transcription levels of abcb4,
abcc1, abcc2, abcg2a, cyp1a1, cyp3a65, Cu/Zn sod, cat, gst� and NR
genes (pxr, ppar˛, pparˇ, ppar� , rxraa, rxrab, rxrbb, rxrga, rxrgb,
raraa, rarab, rarga), and ahr in embryos exposed to FLU for 80 h
were assayed (Figs. 4 and 5). A pattern of downregulation was
observed for most of the genes coding for detoxification compo-
nents in embryos exposed to the different concentrations of FLU,
with exception of cat that was upregulated in the presence of
the lowest concentration of FLU (0.0015 �M)  (p < 0.05). Moreover,
abcb4, abcc1, cyp1a1, Cu/Zn sod showed a concentration-dependent
downregulation pattern. Interestingly, abcc2 mRNA was signifi-

cantly downregulated at all tested concentrations (Fig. 4). The
transcription of genes encoding most nuclear receptors (ppar˛,
pparˇ, raraa, rxraa, rxrab, rxrbb rxrgb) was also downregulated in
embryos exposed to all FLU concentrations while pxr transcription
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Fig. 2. SOD (A) and CAT (B) activity in (100) D. rerio embryos exposed to FLU (0.0015,
0.05, 0.1, 0.5 and 0.8 �M)  for 80 h. Results are given as mean ± SE, n = 3. Bars with
asterisk are significantly different from the control group (p < 0.05).
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Fig. 4. Relative mRNA expression of abcb4, abcc1, abcc2, abcg2a, cyp1a1, cyp3a65,
as upregulated (p < 0.05) and exhibited the highest transcrip-
ion levels of all genes encoding NRs evaluated after FLU exposure
Fig. 5). ahr and ppar� displayed a downregulation pattern with
he exception of embryos exposed to 0.05 �M of FLU. mRNA levels
f rarab, rarga were significantly decreased in embryos exposed to
.05 and 0.8 �M of FLU (p < 0.05), whereas rxrga demonstrated an
pregulation pattern at 0.0015, 0.5 and 0.8 �M of FLU.
ig. 3. Accumulation of rhodamine 123 in D. rerio embryos exposed to ABC trans-
orter inhibitors (MK571 (10 �M),  VER (10 �M)  and Vinblastine (10 �M)), FLU
0.0015, 0.05, 0.1, 0.5 and 0.8 �M)  for 2 h (%). Results are given as mean ± SE, n = 4.
ars with asterisk are significantly different from the control group (p < 0.05).

gst�,  Cu/Zn sod and cat in (30) D. rerio embryos exposed to FLU (0.0015, 0.05, 0.1, 0.5

and 0.8 �M)  for 80 h. Bars with asterisk are significantly different from the control
group (p < 0.05). Results are given as mean ± SE, n = 6.

4. Discussion

4.1. Effects of FLU on zebrafish embryo development

Previous studies on the effects of FLU in zebrafish focused mainly
in the neuroendocrine disruption and the behaviour changes
induced by this psychopharmaceutical in adults (Airhart et al.,
2007; Pan et al., 2012; Wong et al., 2013; Connors et al., 2014).
However, previous studies showed that FLU also affected the devel-
opment of fish, such as Oryzias latipes.  Hence, in this study we
evaluated the effects of FLU in zebrafish embryo development.
Clearly, FLU leads to developmental abnormalities, even within
the range of concentrations found in aquatic systems, such as in
WWTP  effluents (Silva et al., 2012). A previous study also demon-

strated that FLU, at 99 �g/L, affected the initial development of
zebrafish (Kalichak et al., 2016). A high percentage of pigmentation
anomalies were observed in exposed embryos. One hypothesis is
that FLU might interfere with pigmentation by modulating embryo
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Fig. 5. Relative mRNA expression of ppar˛, pparˇ, ppar� , pxr, ahr, raraa, rarab, rarga,
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xraa, rxrab, rxrbb, rxrga and rxrgb in (30) D. rerio embryos exposed to FLU (0.0015,
.05, 0.1, 0.5 and 0.8 �M) for 80 h. Bars with different letters indicate significant
ifferences among treatments (p < 0.05). Results are given as mean ± SE, n = 6.

drenoceptors present in the melanophores. This has been shown
ith other pharmaceuticals, such as propranolol and phento-

amine, in fish including zebrafish (Fujii, 2000; Xu and Xie, 2011).
n agreement, a previous study performed in our lab demonstrated
hat zebrafish embryos exposed for 80 h at the same FLU con-
entrations tested here, showed changes in the transcription of
drenoceptors (unpublished data). Overall, it was shown that FLU
an impair embryo development even at low concentrations.

.2. Effects of FLU n detoxification mechanisms

Disturbed regulation of detoxification genes can compromise
he animal’s ability to withstand toxic stressors. Therefore, it is
mportant to understand the interaction of FLU with the compo-
ents of cellular detoxification mechanisms. A general pattern of
ownregulation of genes, involved in detoxification mechanisms,
as observed in embryos after exposure to FLU. Detoxification
echanisms include the function of ABC transporters and bio-

ransformation enzymes of phase I and II. A similar pattern of
ownregulation of ABC transporter expression was also reported

n aquatic invertebrates (Franzellitti et al., 2014; Chen et al., 2015)
nd mammalian cell lines (Zhang et al., 2013). In adult zebrafish,
LU inhibited CYP1 expression and EROD activity (Smith et al.,
012; Laville et al., 2004), and our results show a downregulation

f cyp1a1 and cyp3a65 in zebrafish embryo.

FLU has also been found to induce ROS production in fish
ell lines (Laville et al., 2004) and the increase in ROS produc-
ion, like H2O2, can inhibit CYP enzymes and their transcriptional
ogy 178 (2016) 182–189 187

regulation (Barker et al., 1994; Risso-de Faverney et al., 2000). In
fact, an inhibition of Cu/Zn SOD and induction of CAT were observed
at transcriptional and activity levels after exposure to FLU. A similar
response to FLU was  also reported in invertebrates (Gonzalez-Rey
and Bebianno, 2013; Franzellitti et al., 2014; Chen et al., 2015).
This coincided with the increase in superoxide anions that stim-
ulated the consumption of SOD and H2O2 formation inducing CAT
activity (Chen et al., 2015; Gonzalez-Rey and Bebianno, 2013). Alto-
gether, these results suggest that FLU can disrupt the detoxification
mechanism in fish during different developmental phases.

4.3. Effects of FLU on NR and AhR

Aiming to understand the regulation of expression of the genes
that code for detoxification proteins it is important to dissect the
associated signalling cascades. NRs are one of the largest classes
of transcriptional regulators, providing a direct link between sig-
nalling molecules and the transcriptional responses (Wang and
LeCluyse, 2003; Robinson-Rechavi et al., 2003; Castro and Santos,
2014).

In mammals, the NRs PXR, CAR, and AhR are the most well-
known xenosensors and regulate CYP mRNA and protein expression
(Xu et al., 2005; Aleksunes and Klaassen, 2012). CAR is absent in
most teleost fish, including zebrafish, nonetheless other NRs, such
as PXR and AhR were shown to mediate cyp3a65 transcription.

The present results showed that FLU leads to a downregula-
tion pattern of ahr in zebrafish embryos that could explain the
observed downregulation pattern of cyp1a and cyp3a65. Previous
studies with Oncorhynchus mykiss and Salmo salar reported that
ahr and pxr transcription can be decreased or increased by certain
pharmaceuticals thus changing transcriptional regulation of cyp1a
and cyp3a (Mortensen and Arukwe, 2007; Wassmur et al., 2010).
Notwithstanding, more studies have to be performed to verify this
hypothesis.

The modulation of these NRs can also affect downstream path-
ways as previously demonstrated in mammalian models (Janani
and Ranjitha Kumari, 2015; Ipseiz et al., 2014; Xu et al., 2005).
Therefore, the present results may  suggest that FLU can impact
the regulation pathways of other metabolic functions, impor-
tant to development, through the modulation of NRs. Studies in
vertebrates have demonstrated that nuclear receptors, especially
retinoic acid (RA) receptors (RAR and RXR), play an important role
in embryonic development, since both an excess and a deficiency of
vitamin A can lead to a wide range of abnormalities in the develop-
ing embryos (Klymkowsky et al., 2010; Clagett-Dame and Knutson,
2011; André et al., 2014; Xavier-Neto et al., 2015; Samarut et al.,
2015). AHR also plays an important role in the development of
blood vessels and bone in fish embryos. This has been shown in
medaka treated with an AHR antagonist and a cytochrome P450
inhibitor (Kawamura and Yamashita, 2002).

4.4. Potential chemosensitiser effect of FLU

The presence of chemosensitising xenobiotics in aquatic envi-
ronments can influence the toxicity of other chemicals that are
normally effluxed. As previously mentioned, FLU is found in water
systems in concentrations up to 929 ng/L (0.0027 �M).  Hence, in
this study we  evaluated if FLU can be considered an inhibitor of
MXR. Yet, no inhibitory effect on MXR  activity was  observed in
embryos exposed to FLU. In mammalian models, the effects of FLU
in multidrug resistance (MDR) are not univocal, since some studies
describe FLU as an inhibitor of MDR  activity (Peer et al., 2004; Peer

and Margalit, 2006; Zhang et al., 2013), while others have found
no effects (Kapoor et al., 2013; O’Brien et al., 2013), similar to the
results reported in this study. The MXR  assay is not limited to one
efflux protein and therefore the inhibitory effect can involve other
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roteins beside Abcb4, a zebrafish protein with the same functional
roperties as ABCB1 in mammals (Fischer et al., 2013). Neverthe-

ess, a downregulation of abc transporter gene mRNA was  observed,
amely the decrease of abcc2 mRNA levels, at environmentally
elevant concentration, showing that even in the absence of trans-
orter activity inhibition, FLU influences the transcription of genes
elonging to the MXR  system. Hence, the possibility that longer
xposure could impact the activity of ABC transporters cannot be
xcluded.

. Conclusions

In conclusion, the results presented here show a clear effect
f FLU on zebrafish embryo development in the range of levels
ound in effluents of WWTPs (0.0015 �M = 519 ng/L). These effects
ere observed concomitantly with changes in the transcription of

enes encoding NRs and genes involved in detoxification mech-
nisms. Evidence suggests that FLU can disrupt the MXR  system
hrough downregulation of ABC transporter transcription. These
ffects, at both developmental (embryo) and transcriptional lev-
ls, have been observed in parallel with changes on the enzymatic
ctivity of Cu/Zn SOD and CAT. Ultimately, the results indicate that
LU can disrupt detoxification mechanisms, which can impair both
mbryo development and the overall cell defence system. This can
otentially affect ecologically relevant endpoints, which highlights
he relevance of monitoring the presence of FLU in the aquatic
nvironment.
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