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Abstract The transcription and protein activity of defence
mechanisms such as ABC transporters, phase I and II of cel-
lular detoxification and antioxidant enzymes can be altered in
the presence of emerging contaminants such as pharmaceuti-
cals impacting the overall detoxification mechanism. The
present work aimed to characterise the effects of simvastatin
on the detoxification mechanisms of embryonic stages of
Danio rerio. In a first approach, constitutive transcription of
key genes involved in detoxification was determined.
Embryos were collected at different developmental stages,
and transcription patterns of genes coding for ABC

transporters, phase I and II and oxidative stress were analysed.
With exception of abcc2, all genes seem to be from maternal
transfer (0–2 hpf). Embryos were then exposed to different
concentrations of simvastatin (5 and 50 μg/L), verapamil
and MK571 (10 μM; ABC protein inhibitors) and a combina-
tion of simvastatin and ABC inhibitors. mRNA expression
levels of abcb4, abcc1, abcc2, abcg2, cyp1a, cyp3a65, gst,
sod, catwas evaluated. Accumulation assays to measure ABC
proteins activity and activity of EROD, GST, CAT and Cu/
ZnSOD, were also undertaken. Simvastatin acted as a weak
inhibitor of ABC proteins and increased EROD and GST ac-
tivity, whereas Cu/ZnSOD and CAT activity were decreased.
Simvastatin up-regulated abcb4 and cyp3a65 transcription
(both concentrations), as well as abcc1 and abcc2 at
50 μg/L, and down-regulated gst, sod, cat at 5 μg/L. In con-
clusion, our data revealed the interaction of simvastatin with
detoxification mechanisms highlighting the importance of
monitoring the presence of this emerging contaminant in
aquatic environments.
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Introduction

The aquatic environment is a known sink for a vast array of
chemicals including emerging contaminants. Pharmaceuticals
and their metabolites are often detected in surface waters in
concentrations in the nanogramme to the microgramme per
litre range (Kolpin et al. 2002; Wiegel et al. 2004).
Pharmaceuticals are designed to be bioactive and act on se-
lected signalling pathways in humans. Given the conservation
of several signalling pathways across metazoans, some
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pharmaceuticals are expected to impact an array of taxa
(Bound and Voulvoulis 2004; Castro and Santos 2014;
Santos et al. 2016). In addition, other adverse effects can also
arise, such as elevated mortality and anomalies in reproduc-
tion and behaviour (Ribeiro et al. 2015; Neuparth et al. 2014;
Ortiz de García et al. 2014). Genes and proteins required for
detoxifying environmental contaminants that include efflux
transporters (ATP—binding cassette (ABC) transporters),
phase I (cytochrome P450 family, e.g. CYP1A, CYP3A) and
phase II (g luta th ione-S- t ransferase , GST, UDP-
glucuronlytransferases (UGTs), sulfotransferases (SULTs))
biotransformation enzymes, and antioxidant enzymes are
known to be present or genome predicted in several fish spe-
cies (van der Oost et al. 2003; Bard 2000; Stegeman et al.
1992; Lopez-Torres et al. 1993). ABC transporters are consid-
ered to be the first line of defence against toxicants and are
grouped in seven different families (Bard 2000; Ferreira et al.
2014a; Luckenbach et al. 2014). The most relevant in the
toxicological context are the ABCB, ABCC and ABCG fam-
ilies (Epel et al. 2008). ABCB1 effluxes mainly unmodified
compounds from the cells (phase 0 of cellular detoxification;
Epel et al. 2008). Zebrafish, Danio rerio, as in other fish spe-
cies, have a well-developed Bdetoxifying machinery^; how-
ever, it has some specificities such as the absence of abcb1
orthologues. Nevertheless, it has recently been reported that
Abcb4 has the same functional properties as ABCB1 (P-gly-
coprotein, P-gp) in mammals (Fischer et al. 2013). In a second
line of defence, xenobiotics are biotransformed in phase I and
II, increasing their hydrophobicity facilitating excretion (Lech
and Vodicnik 1985). In phase III, the metabolites resulting
from biotransformation are effluxed by transport proteins
from ABCC and ABCG families (Bard 2000; Ferreira et al.
2014a). However, the biotransformation process mediated by
CYPs enzymes can generate reactive oxygen species (ROS) as
unwanted side products (Sapone et al. 2007). Therefore, anti-
oxidant defences such as superoxide dismutase (SOD) and
catalase (CAT) enzymes contribute to neutralise and detoxify
ROS (Stegeman et al. 1992; Lopez-Torres et al. 1993). These
biological responses have been widely used as biomarkers in
environmental monitoring of aquatic ecosystems (van der
Oost et al. 2003). Anti-cholesterolemic drugs are amongst
the most prescribed drugs in western countries and have been
found in increasing concentrations in aquatic ecosystems
ranging from 0.1 to 7,000 ng/L (Hernando et al. 2006;
Corcoran et al. 2010; Santos et al. 2010; Pereira et al. 2015).
Simvastatin (SIM) is one of the lipid regulator drugs common-
ly identified in water systems and previous studies have al-
ready reported that SIM can induce negative effects in non-
target aquatic organisms at environmentally relevant concen-
trations (Ribeiro et al. 2015; Neuparth et al. 2014; Ellesat et al.
2011). Some pharmaceuticals have the potential to act as in-
hibitors of ABC transporters, i.e. chemosensitisers (Caminada
et al. 2008), decreasing transporter activity and thus causing

the accumulation of toxic chemicals inside the cells (Epel et al.
2008). P-glycoprotein (P-gp, ABCB1) is a transmembrane
protein and direct correlations were found between the cho-
lesterol content of the membranes and ATPase activity of P-gp
in mammals (Kimura et al. 2007; Eckford and Sharom 2008).
Interestingly, some studies have reported the interaction be-
tween statins and P-gp (Kopecka et al. 2011; Wang et al.
2001), raising the hypothesis that statins may have a
chemosensitising effect on the efflux activity by lowering cho-
lesterol in the plasma membrane (Kopecka et al. 2011).
Alternatively, statins can also act as substrates and/or as direct
inhibitors of this protein (Wang et al. 2001). Therefore, the
reported interaction of statins with human ABC transporters
and its prevalence in the aquatic environment highlights the
need for more detailed studies on the chemosensitiser poten-
tial using additional animal models.

The zebrafish (D. rerio) has emerged as a suitable model
species in ecotoxicology and was selected for the present
study given several favourable characteristics. For example,
the transparency of the embryos allows for easy observation of
the embryonic development and the assessment of toxicity, in
addition to the extensive genomic data available. Moreover,
previous studies demonstrate that zebrafish embryos are sen-
sitive to SIM exposure (Ribeiro et al. 2015).

Hence, this preliminary study aimed to (1) characterise the
basal transcription profile of key genes coding for proteins
involved in the detoxification pathways in different develop-
ment stages of zebrafish embryos, (2) assess the potential
chemosensitiser effect of SIM and the toxicity of SIM in the
presence of known chemosensitisers and (3) evaluate the ef-
fects and interaction of SIM with the components of the de-
toxification mechanism on zebrafish embryos.

Material and methods

Chemicals

β-Naphthoflavone (β-NF), rhodamine 123 (RH123),
Simvastatin (SIM; CAS # 79902-63-9), verapamil (VER),
α-Dithiothreitol (99 % purity), reduced glutathione (GSH,
99 % purity), 1-cloro-2,4-dinitrobenzene (CDNB, 97 % puri-
ty), hydrogen peroxide (30 % w/w), cytochrome c (95 % pu-
rity), xanthine (99 % purity), xanthine oxidase, bovine serum
albumin (BSA, 99 % purity) were purchased from Sigma-
Aldrich (Germany) and MK571 from VWR International.
All the other chemicals were of analytical grade, and were
purchased from local companies.

Parental animals

Adult wild-type zebrafish, obtained from local suppliers, were
used as breeding stocks. The stock was kept at a water
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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 bi-
ological 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.; Machado et al. 2014; Soares et al. 2012).

Rearing conditions and exposures

For reproduction, females and males (ratio 1:2) were trans-
ferred to a spawning tank, and submitted to acclimatisation
for 12 h in a cagewith a net bottom covered with glass marbles
within a 30-L aquarium. After spawning, the following day,
the breeders were removed after the beginning of the light
period. To assess the transcription of genes belonging to the
detoxification system in zebrafish early development phases,
the eggs were collected, counted, cleaned and preserved in
RNALater (30 embryos per time-period) at 0, 2, 3, 6, 14, 24,
48 and 72 h post fertilisation (hpf), for transcription profiling.
Different clutches were used to reduce variability in the devel-
opment stages. Time-points for embryo and larvae collection
were chosen based on the developmental embryonic and lar-
val stages of D. rerio as described by Kimmel et al. (1995).
Accordingly, embryos were grouped in eight development
stages—zygote (0 hpf), cleavage (2 hpf), blastula (3 hpf), gas-
trula (6 hpf), segmentation (14 hpf), pharyngula (24 hpf),
hatching (48 hpf) and larvae (72 hpf). For the toxicological
assays (Section 2.4), embryos (1 hpf) were transferred to a 24
well plate (10 embryos per well) and exposed to the different
chemicals. For the accumulation assays (MXR activity;
Section 2.6) the embryos were transferred to new aquaria
(3.5 L) and were kept for 24 h, at 26±1 °C with aeration, until
exposure. Prior to embryo exposures, the test solutions were
placed into the plates for 24 h so that the chemicals could
adsorb to the plastic, and the solution renewed after
preadsorption. For the determination of the biochemical pa-
rameters, 1 hpf embryos (100 for antioxidant enzymes activ-
ities and 200 embryos for EROD activity) were placed in glass
beakers at 26±1 °C with aeration, and exposed to the test
solutions until 80 hpf with the test chemicals. In all assays,
the embryos were exposed to different concentrations of SIM
(5 and 50 μg/L), chosen based on concentrations of previous
studies that include the NOEC (5 μg/L) and the LOEC
(50 μg/L) concentrations in zebrafish embryos (Ribeiro et al.
2015; Torres 2013; Key et al. 2008). Exposures were also
performed with two ABC transporter inhibitors (VER
(10 μM) and MK571 (10 μM); previous accumulation tests
using different concentrations of inhibitors were performed to
choose the best inhibition concentration in zebrafish embryos,
data not shown) and the combination of simvastatin with the
two ABC transporters inhibitors.

Toxicological assay

Embryos were exposed from 1 to 80 hpf to SIM, verapamil
and MK571 (all diluted in DMSO), as previously described
(Section 2.3). The medium (water plus the tested compounds)
was renewed daily during the experiment. Embryos were ob-
served with an inverted stereoscope (Nikon Eclipse TS100) at
8, 32 and 80 hpf and several parameters were recorded (mor-
tality rate, 75% epiboly, delay/arrest of the division, abnormal
cell masses, development delay, pericardia edema, head, eyes
and tail abnormalities) at each time-point. The criteria such as
heartbeat frequency, coagulation, pigmentation, involuntary
movement and observedmalformations were used to establish
mortality and abnormality parameters. After the 80 h of expo-
sure, the embryos were collected and preserved in RNALater
for gene expression analysis. Each assay was replicated at
least six times. Data is presented as total percentage (%) of
individuals that presented abnormalities or mortality.

EROD, GST and antioxidant enzymes activity

After 80 h of exposure, embryos were homogenised in
ice-cold 100 mM potassium phosphate buffer pH 7.4,
150 mM KCl, 1 mM dithiothreitol (DTT), 0.1 mM
phenylmethylsulfonyl fluoride (PMSF) and 1 mM disodic
ethylenediaminetetra acetic acid (Na2EDTA; Fernandes
et al. 2008). Post-mitochondrial fractions were obtained
after centrifugation at 15,000×g for 20 min at 4 °C.
Glutathione S-transferase (GST) activity was determined
as described in Ferreira et al. (2008), using GSH 10 mM
in potassium phosphate buffer 0.1 M, pH 6.5 and CDNB
60 mM in ethanol prepared just before the assay. Reaction
mixture consisted of phosphate buffer, GSH solution and
CDNB solution in the proportion 4.95:0.9:0.15, respec-
tively. The reaction mixture (200 μL) was added to the
sample (protein concentration 4 mg/mL) diluted in phos-
phate buffer, with a final concentration of 1 mM GSH and
1 mM CDNB and a final of volume 300 μL. The absor-
bance was measured immediately every 20 s, at 340 nm,
over the course of 5 min. GST activity was calculated
through the slope of linear change in absorbance and
expressed in nmol/min/mg protein. Since CDNB is a
non-specific GST substrate total GST activity was mea-
sured. Superoxide dismutase (SOD) activity was deter-
mined by the degree of inhibition on the reduction of
cytochrome c by superoxide anion generated by the xan-
thine oxidase/xanthine system (Ferreira et al. 2005).
Cytochrome c reduction was followed via the measure-
ment of the absorbance at 550 nm. In the assay, concen-
tration of the components were as follows ; sodium phos-
phate buffer 50 mM, pH 7.8, with Na2EDTA 0.1 mM,
xanthine 50 μM, xanthine oxidase 5.2 mU/mL and cyto-
chrome c 18 μM. Two hundred and fifty microliters of
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this mixture was reacted with the sample (protein concen-
tration 4 mg/mL) diluted in phosphate buffer to a final
volume of 300 μL. To obtain linearity, the volume of
sample and phosphate buffer per well were adjusted for
each sample. SOD standards were used in each assay to
calculate the activity given in SOD units (1 SOD
Unit = 50 % inhibition of the reduction of cytochrome c)
per milligramme of protein. The samples were divided in
two aliquots, one to measure the total SOD activity and in
the other MnSOD activity by adding to the reaction KCN
2 mM. To obtain the Cu/ZnSOD activity we then
deducted the MnSOD from the total SOD activity.
Catalase (CAT) activity was determined by measuring
the consumption of H2O2 at 240 nm (ε= 40 M−1cm−1)
as described in Ferreira et al. (2008) with slight modifi-
cations. The reaction mixture contained 65 mM potassium
phosphate buffer, pH 7.8, 15.5 mM H2O2 and 0.01 %
TritonX-100. In the cuvette, 950 μL of reaction mixture
was added to the sample (protein concentration 4 mg/mL)
and diluted in phosphate buffer to a final volume of
1000 μL. To obtain linearity, the volumes of sample and
phosphate buffer were adjusted for each sample. CAT ac-
tivity is expressed as micromole per minute per
milligramme of protein. Ethoxyresorufin O-deethylase
(EROD) activity was measured in the protein fraction as
described by Otte et al. (2010), with some modifications.
Fifty microlitres of each sample was incubated with
ethoxyresorufin 0.5 μM for 1 min, and the enzymatic
reaction was initiated by the addition of 45 μM
NADPH. β-NF (10 μg/L) was used as a positive control
of EROD. EROD activity was measured for 5 min at
λex = 530 nm and λem= 585 nm, and determined by com-
parison to a resorufin standard curve. EROD activity was
expressed in picomole per minute milligramme of protein.
All measurements were performed in triplicate for each
sample. Protein determinations were performed by the
Lowry method using bovine serum albumin (BSA) as a
standard (Lowry et al. 1951).

Accumulation assay

Fluorescent dye, RH123 acts as a proxy for efflux trans-
porter activity in the fish embryos. When this activity is
absent due to transporter inhibition, accumulation of dye
in the embryo increases, resulting in a stronger fluores-
cence signal. Prior to conducting dye accumulation assays
with the test substances the best concentration of RH123
and the time of exposure to be used in the assays were
determined. Different concentrations of RH123 (1, 2, 5, 8,
16 μM) and different incubation time (30 min, 1, 2 and
3 h) were tested with standard MXR transporter inhibitors
(MK571 and VER). Based on the results of these assays,
8 μM of RH123 and a 2-h incubation period was used in

subsequent experiments (data not shown). ABC transport-
er activity was determined by means of accumulation as-
says using the fluorescent substrate RH123 (8 μM) in the
presence of the chemicals, as previously described
(Section 2.3). This assay was performed with 24-hpf em-
bryos because the organism has most of the organs devel-
oped and all the genes targeted in this study are transcrip-
tionally active. Embryos (24 hpf) were incubated in the
dark, at 26 ± 1 °C, for 2 h. After the 2-h exposure period,
embryos were washed three times with ice-cold water and
mechanically disrupted. The fluorescence of RH123 accu-
mulated inside the embryos was measured in the homog-
enate of 10 embryos using a fluorescent microplate reader
(excitation/emission—485/538 nm) reader (Fluoroskan
Ascent, Labsystems). In each replicate (at least four
times), RH123 accumulation in water and positive con-
trols (MXR inhibitors) was also measured. Data is pre-
sented in percentage (%) of fluorescence in relation to
the control (established as 100 %). After the 2-h exposure,
30 embryos of each treatment were collected and pre-
served in RNALater for gene expression analysis.

RNA isolation and cDNA synthesis

Embryos preserved in RNALater from the toxicological
and accumulation assays were used to extract total RNA
according to Costa et al. (2012a). Briefly, total RNA was
isolated using Illustra RNAspin Mini RNA Isolation kit
(GE Healthcare), according to the manufacturer’s proto-
col. RNA quality was verified by electrophoresis in aga-
rose gel and by the measurement of the ratio of optical
density at λ260/ λ280 nm. RNA was quantified using
Quant-IT RiboGreen RNA Reagent and Assay Kit
(Invitrogen) using a Fluoroskan Ascent, Labsystems.
One microgram of total RNA was subjected to digestion
of genomic DNA using deoxyribonuclease I, amplifica-
tion grade (Invitrogen) and synthesis of cDNA was per-
formed using Iscript cDNA Synthesis (Biorad).

Quantitative real-time PCR (qRT-PCR)

Gene expression levels of abcb4, abcc1, abcc2, abcg2a,
cyp1a1, cyp3a65, gstπ, Cu/Zn sod, cat were assessed by
means of quantitative real time PCR (qRT-PCR). Primer
pairs for each target gene were designed with Primer 3
software available at http://www.ncbi.nlm.nih.gov/, based
in available sequences in GenBank, or described by others
such as abcb4 (Fischer et al. 2013), abcc2 (Long et al.
2011), Cu/Zn sod (Banni et al. 2011) and gstπ (Timme-
Laragy et al. 2009). Identities of the amplicons were con-
firmed by cloning and sequencing of the DNA fragments
as described by Costa et al. (2012a, b). Primer sequences,
amplicon lengths, efficiencies and Genbank accession
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numbers of target sequences are given in Electronic sup-
plementary material (ESM) Supplementary file 1:
Table S1. To determine the efficiency of the PCR reac-
tions, standard curves were made, with six serial dilutions
of the template (concentrations range from 0.05 to 50 ng/
μl), and the slopes and regression curves calculated.
Reactions for qRT-PCR were conducted in a iQ5
BioRad apparatus, with 10 μl of SYBR Green Supermix
(BioRad), 2 μl of each primer (final concentrations rang-
ing from 10 to 300 nM, in ESM Supplementary file 1:
Table S1) and 2 μl of cDNA, in a total volume of 20 μl,
in duplicate. Conditions were as follows: 95 °C for 3 min,
followed by 40 cycles of 95 °C for 10 s, 54 °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 con-
trols were run to exclude contamination and the formation
of primer dimers. Reference gene data for fish species
suggest transcription can be significantly dependent on
tissue types, life stages or treatment (Filby and Tyler
2007; Zhang and Hu 2007; McCurley and Callard 2008;
Mo et al. 2014). For these reasons, commonly used refer-
ence genes (elongation factor 1 (ef1), RNA polymerase II
(pol II) and ribosomal protein l8 (rpl8) were tested (ESM
Supplementary file 1: Fig. S1, supplementary material for
more detailed information) and gene expression was
quantified by normalisation with multiple reference genes
using Normfinder algorithm(s; Urbaztka et al. 2013). For
characterisation of the transcription profile, ef1 and pol II
were used as reference genes and ef1 and rpl8 were used
for the accumulation and toxicology assays. The relative
expression ratio was calculated with efficiencies using the
Pfaffl mathematical model (Pfaffl 2001). Despite this nor-
malisation for gene transcription pattern, there were sig-
nificant differences between zygote and cleavage stages
(to be referred as group 1) and the other development
stages (to be referred to as group 2). For this reason, no
comparison was preformed of gene transcription data
from cleavage to blastula. To calculate ΔΔct, the control
group comprised the average of Cts from each group.
Data is presented in mean of ΔΔct normalised to the
reference genes.

Statistical analysis

Differences in mRNA transcriptional levels between treat-
ments in the embryos from 2- to 80-h exposure and the
differences between treatments in accumulation assay and
enzyme activities were evaluated by means of a one-way
ANOVA, followed by a multiple comparison test (Tukey’s
test) at a 5 % significance level. Data were log (mRNA
expression and enzyme activities) or sqrt (accumulation
assay) transformed in order to fit ANOVA assumptions.

Correlations between gene expression of embryos ex-
posed for 2 and 80 h were tested by Pearson analysis.
All tests were performed using software Statistica 7
(Statsoft, Inc). Differences between frequencies of treat-
ments in the toxicological assay were evaluated by means
of cross table χ2 test at 5 % significance level. Tests were
performed using software SPSS 22 (IBM, Inc). Data is
presented as mean ± standard error.

Results

Characterisation of the transcription profile

To establish the constitutive expression levels of genes
involved in the detoxification mechanism during zebrafish
embryo development, mRNA levels of abcb4, abcc1,
abcc2, abcg2a, cyp1a1, cyp3a65, gstπ, Cu/Zn sod and
cat, were assessed in the different development stages
(Fig. 1). All target genes were expressed at the initial
phases of development of D. rerio, with the exception of
abcc2 that was detected only at gastrula phase (6 hpf). In
group 1, mRNA transcription levels and patterns where
similar for all genes measured (Fig. 1) whereas in group
2 different patterns of mRNA levels were recorded (ESM
Supplementary file 1: Figs. S2–S10, supplementary mate-
rial for more detailed information). abcb4 (ESM
Supplementary file Fig. 1: Fig. S2) exhibited the highest
mRNA expression in comparison to the other ABC trans-
porters and cyp3a65 exhibited the highest mRNA expres-
sion of all studied genes at larvae phase.

Toxicological Assay

Cumulative mortality and abnormalities after exposure to
SIM (5 and 50 μg/L), MK571 (10 μM), VER (10 μM)
alone and the combination of SIM plus MK571 or VER,
at different embryo development stages (8, 32 and
80 hpf), are presented in Fig. 2a. Increased mortality
and developmental abnormalities were recorded in embry-
os treated with SIM (both concentrations) alone and in
combination with ABC transporter inhibitors. The highest
mortality rates were observed in embryos treated with
SIM plus VER (p< 0.05), at 8 hpf. The most severe ef-
fects were observed at the delay/arrest of division in em-
bryos exposed to SIM alone and SIM in combination with
VER, the latter condition also increased significantly the
presence of abnormal cell masses in exposed embryos
(ESM Supplementary file 1: Fig. S11a, supplementary
material for more detailed information).

At 32 hpf, exposure to SIM alone (5 μg/L) and the combi-
nation of SIM (50 μg/L) plus VER (p<0.05) significantly
increased embryo mortality rate. A high percentage of
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abnormalities, mainly delay in development and tail abnor-
malities (Fig. 2 b2), was detected in embryos exposed to
SIM (5 μg/L) plus both efflux protein inhibitors. One hundred
percent of severe development delay and abnormalities
(p<0.05; Fig. 2 b3) were observed in embryos treated with
SIM (50 μg/L) alone and in combination with ABC transport-
er inhibitors (MK571 or VER; ESM Supplementary file 1:
Fig. S11b, supplementary material for more detailed
information).

After 80 h of exposure to SIM at 50 μg/L, alone and in
combination with MK571 or VER, led to a 100 % mortality
rate. Also, SIM (5 μg/L) alone or in combination withMK571
or VER has significantly increased (p<0.05) embryo mortal-
ity rate and abnormalities (such as tail deformities and peri-
cardium edema; Fig. 2 b6; p<0.05; ESM Supplementary file
1: Fig. S11b, supplementary material for more detailed
information).

EROD activity, GST and antioxidant enzymes

EROD, GST, SOD and CAT activities were measured in
zebrafish embryos after 80-h exposure to SIM and the
ABC transporter inhibitors at the same conditions as for
the toxicology assay (Fig. 3). EROD activity (Fig. 3a)
was significantly induced by SIM and both ABC protein
inhibitors (MK571 and VER; p< 0.05) showing a level
of activity higher than the positive control (β-NF). GST
activity (Fig. 3b) was also significantly stimulated

(p < 0.05) in the presence of SIM and the inhibitors.
Cu/ZnSOD (Fig. 3c) and CAT (Fig. 3d) activities were
significantly inhibited in all treatments in comparison
with control. No significant correlations were observed
between the activity of the GST, antioxidant enzymes
and EROD and the mRNA levels of the genes encoding
for these enzymes.

Accumulation Assay

ABC transporter activity was determined by means of accu-
mulation assays using the fluorescent substrate RH123, and
results are presented in Fig. 4. As expected, an increase on
RH123 accumulation inside the embryos was observed after
the exposure to ABC transporter’s inhibitors being significant-
ly different in embryos exposed to MK571 (p < 0.05).
Embryos exposed to SIM showed a pattern of increased accu-
mulation of RH123, similar to VER, but lower than MK571.
Embryos exposed to the combination of SIM plus MK571,
and SIM plus VER exhibited a significant increase in RH123
accumulation similar to the one observed in embryos under
SIM exposure alone.

Transcription of target genes in exposed embryos

In order to increase our understanding on the impact of
SIM in the detoxification mechanisms, we evaluated
mRNA transcripts of a set of genes encoding proteins

Fig. 1 Relative mRNA expression of abcb4, abcc1, abcc2, abcg2a,
cyp1a1, cyp3a65, gstπ, Cu/Zn sod and cat during the different stages of
embryonic development in D. rerio. This comprises the zygote and
cleavage (Group 1), blastula, gastrula, segmentation pharyngula,

hatching and larvae periods (Group 2). The grey bars represent the
major significant differences between the development phases
(p < 0.05). Results are given as mean± SE, n= 6
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that play a key role in the detoxification mechanisms.
mRNA levels of the selected genes in embryos (24 hpf)
exposed for 2 h (accumulation assay) to SIM and ABC
transporter inhibitors are presented in Fig. 5. MK571 and
VER have significantly increased mRNA transcripts of
abcb4 and abcc2 (p< 0.05), while no changes were ob-
served for abcc1 and abcg2a. The higher concentration
of SIM (50 μ/L) led to an increased mRNA expression
of abcb4, abcc1, abcc2, abcg2a, cyp1a1, cyp3a65 and
cat. In embryos exposed to the combination of SIM
(both concentrat ions) plus MK571, the mRNA

transcription of abcb4, abcc1, abcc2, abcg2a and
cyp3a65 was up-regulated, while cyp1a1, gstπ, Cu/Zn
sod and cat were down-regulated. abcb4, abcc2 and
abcg2a mRNA expression was down-regulated in embry-
os treated with SIM (5 ug/L) plus VER, while the oppo-
site occurred with SIM at 50 ug/L. cyp1a1, gstπ and Cu/
Zn sod mRNA transcription were down-regulated by the
combination of SIM (5 and 50 μg/L) plus VER, whereas
cyp3a65 and cat were down-regulated only in the com-
bination of the lower concentration (5 μg/L) of SIM plus
VER.

Fig. 2 Cumulative mortality and abnormality rates at 8, 32 and 80 hpf
(a), examples of abnormalities observed in the different treatments (b)
control at 32 hpf (b1), development delay with head and tail abnormalities
at 32 hpf (b2), severe development delay with head abnormalities at
32 hpf (b3), control at 80 hpf (b4), blood in the pericardium (b5),
multiple abnormalities (pericardia edema and tail abnormalities) at

80 hpf (b6) of D. rerio embryos exposed to different concentrations of
SIM (SIM 5–5 μg/L and SIM 50–50 μg/L), verapamil (10 μM) and
MK571 (10 μM) and the combination with SIM and ABC transporters
inhibitors, for 80 h (%). Results are expressed as mean ± SE, n = 6. Bars
with asterisk are significantly different from the control (p< 0.05)
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Gene expression at 80 hpf was assessed only in em-
bryos exposed to the lower SIM concentration (Fig. 6),
due to 100 % mortality in embryos exposed to SIM at
50 μg/L. In embryos exposed to MK571, mRNA ex-
pression of abcb4, abcc1 and abcc2 (p< 0.05) was sig-
nificantly up-regulated, whereas no differences were de-
tected for abcg2a. In the presence of VER, only abcc2
mRNA transcription was increased, whereas for abcb4,
abcc1 and abcg2a no differences were observed. In em-
bryos exposed to SIM, mRNA transcripts of abcb4,
abcc1, gstπ and Cu/Zn sod were increased, and cyp3a65
and cat were down-regulated, while no differences were
observed for abcc2, abcg2a, cyp1a1 transcript levels. In
embryos exposed to the combination of SIM plus
MK571, mRNA expression of abcb4, cyp3a65 and cat

was down-regulated, while gstπ was up-regulated. Cu/
Zn sod and gstπ mRNA expression was significantly
up-regulated (p< 0.05) in embryos exposed to SIM plus
VER, and cyp3a65 and cat were down-regulated, while
no differences were observed for the other analysed
genes.

Discussion

Characterisation of the transcription profile in early
embryo development stages

The determination of constitutive transcription patterns for
the detoxification components will increase background

Fig. 3 EROD (a), GST (b) and antioxidant enzymes (c, d) activity in
D. rerio embryos exposed to SIM (SIM 5–5 μg/L), verapamil (10 μM),
MK571 (10μM) andβ-FN (10 μg/L) for 80 h. Results are given asmean

± SE, n= 4.Bars with different letters are significantly different from each
other (p < 0.05)
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knowledge for future toxicity studies, enabling a better
understanding of the interaction of chemicals with detoxi-
fication mechanisms in early embryo development stages
of zebrafish.

In the two first stages of development, zygote (0 hpf) and
cleavage (2 hpf), mRNA of all the selected genes (with the
exception of abcc2) was detected indicating maternal transfer.
Accordingly, Long et al. (2011) have also shown that abcc2
mRNA transcripts are not from maternal origin. Embryo gene
transcription begins only after cleavage, in midblastula transi-
tion (Abrams and Mullins 2009), thus the presence of tran-
scripts of these genes in such early stages of development,
confirm their maternal origin. A decreased pattern of mRNA
transcription was observed after blastula (3 hpf) until gastrula
(6 hpf), increasing afterwards due to new transcripts of em-
bryo origin. After blastula, primary germ layer and embryonic
axis are produced and coincide with the major wave of em-
bryo genome activation in fish (Tadros and Lipshitz 2009).
Thus, the fluctuations in gene expression are related with em-
bryo development that lead to a low mRNA expression before
6 hpf, due to the degradation of maternal mRNA, followed by
an increase due to new transcripts being produced by the em-
bryos. After hatching, mRNA expression of all the evaluated
genes was increased suggesting that at this stage the larvae
require additional protection against the environmental
stressors. These results are in line with other studies with
aquatic organisms that also reported increased transcription
of genes involved in detoxification processes after hatching
(Costa et al. 2012b; Faria et al. 2011; Minier et al. 2002).

Potential chemosensitiser effect of SIM

To evaluate the chemosensitisation potential of simvastatin,
two known ABC transporter inhibitors (MK571 and VER)

were used to assess the degree of inhibition of SIM in com-
parison to model inhibitors. MK571 has been described as an
ABCC inhibitor (Navarro et al. 2012) but recent studies
showed that it may also inhibit other ABC proteins (Mease
et al. 2012), including Abcb4 in zebrafish (Fischer et al.
2013); while verapamil is a P-gp competitive inhibitor and
substrate (Fischer et al. 2013; Ferreira et al. 2014b). SIM
and/or their metabolites may have a weak inhibitory effect
on the ABC proteins that is comparable to VER as shown
by the increase in accumulation of RH123 inside the embryos
when exposed to SIM. Indeed, an inhibitory effect of SIM on
ABCB1 protein was already reported in mammals and fish
cell lines (Caminada et al. 2008; Bogman et al. 2001; Wang
et al. 2001; Sieczkowski et al. 2010). In contrast, other studies
have demonstrated that statins can be transported by ABCC2
in humans and rats and also by ABCG2 in humans (Ellis et al.
2013; Hirano et al. 2005). To our knowledge this is the first
study to evaluate the chemosensitising potential of SIM in
in vivo fish embryos and the results also point to a potential
inhibitory effect on ABC transporters by SIM. Moreover, in
humans it has been shown that certain statins metabolites in-
hibit P-gp, increasing the systemic exposure to statins
(Lemahieu et al. 2005). However, the accumulation assay
does not show which efflux proteins are being inhibited and
further studies should be performed in order to understand
which ABC transporters can possibly be inhibited by this
pharmaceutical. In mammals, statins inhibit the CYP3A and
P-gp activity which was related to an increase in the bioavail-
ability of other pharmaceuticals (Yang et al. 2011; Lee et al.
2015). This demonstrates that statins, including SIM, can di-
minish the cells capability to efflux other drugs. Nevertheless,
to some extent statins can have a weak chemosensitiser poten-
tial on ABC transporters, and SIM and/or its metabolites
might, to some extent, impact the toxicity of other pollutants

Fig. 4 Accumulation of
rhodamine 123 in D. rerio
embryos (24 hpf) exposed to
ABC transporters inhibitors
(MK571 (10 μM) and VER
(10 μM)), SIM (SIM 5–5 μg/L
and SIM 50–50 μg/L), and the
combination of SIM and ABC
transporters inhibitors, for 2 h
(%—percentage of accumulation
compared to the controls). Results
are given as mean± SE, n= 4.
Bars with different letters are
significantly different from each
other (p < 0.05)
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and consequently have an effect in the detoxification potential
in aquatic organisms. However, further studies must be per-

formed to fully understand the potential of SIM to inhibit
ABC transporters.

Fig. 5 Relative mRNA
expression of abcb4, abcc1,
abcc2, abcg2a, cyp1a1, cyp3a65,
gstπ, Cu/Zn sod and cat in
D. rerio embryos exposed to SIM
(SIM 5–5 μg/L and SIM 50–
50 μg/L), verapamil (10 μM) and
MK571 (10 μM) at 24 hpf for 2 h.
Bars with different letters are
significantly different from each
other (p < 0.05). Results are given
as mean ± SE, n = 6
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Simvastatin effects on zebrafish embryos
and on transcription of genes involved in detoxification
processes

The toxicity of simvastatin to D. rerio embryos has been pre-
viously reported (Ribeiro et al. 2015; Neuparth et al. 2014;

Dahl et al. 2006). Here, MK571 and VER were used as a
proxy of a chemosensitiser to test if SIM, in the presence of
other chemosensitisers, could bemore toxic. However, despite
the use of NOEC (5 μg/L) and LOEC (50 μg/L) concentra-
tions found in a previous study (Ribeiro et al. 2015; Torres
2013), our results revealed that embryos treated with SIM

Fig. 6 Relative mRNA
expression of abcb4, abcc1,
abcc2, abcg2a, cyp1a1, cyp3a65,
gstπ, Cu/Zn sod and cat in
D. rerio embryos exposed to SIM
(SIM 5–5 μg/L), verapamil
(10 μM) andMK571 (10 μM) for
80 h. Bars with different letters
are significantly different from
each other (p< 0.05). Results are
given as mean± SE, n= 6
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(50 μg/L) presented severe developmental delays and abnor-
malities that resulted in increased mortality. Nevertheless, our
results identify SIM as a weak inhibitor, hence SIM can act as
a competitive inhibitor and/or SIM can selectively inhibit only
some efflux proteins entering the cells and exerting its toxic
effects. SIM plus MK571, led to a higher inhibitory effect
when compared with SIM plus VER, probably related to the
higher inhibitory effect of MK571. Also, in humans, the co-
administration of SIM and VER increased the risk of adverse
drug reactions like statin-induced toxicity (Holtzman et al.
2006; Knauer et al. 2010) which is in line with our results.
mRNA ofABC transporters, mainly abcb4, were up-regulated
after 2 h exposure to SIM, which correlated with the MXR
assay where a weak chemosensitiser potential was observed.
A cross-talk mechanism where the inhibition of efflux
proteins triggers the transcription of ABC transporters
can be the cause of this increase. In agreement, in vitro
studies in mammals and fish described an up-regulation
and inhibition of ABCB1 (Yamasaki et al. 2009; Ellesat
et al. 2012; Caminada et al. 2008; Wang et al. 2001).
Additionally, an up-regulation of genes coding for bio-
transformation and antioxidant enzymes was also ob-
served, mainly in embryos treated with the higher con-
centration of SIM (50 μg/L), demonstrating that SIM
can also interact with the transcription of other genes
of the detoxification mechanism. Supporting the present
findings, the up-regulation of cyp3a, cyp2b6 and sod,
under exposure to SIM and other statins such as ator-
vastatin, was also reported in in vitro studies in mam-
mal and fish cell lines (Kocarek et al. 2002; Ellesat
et al. 2012). After 80-h exposure to SIM, embryos
maintained the abcb4 up-regulated pattern observed.
An induction of EROD activity was observed after
80 h of exposure to SIM but no effect on the transcrip-
tion of cyp1a1 was detected. Phase II gene and enzyme
activity levels were both increased in the presence of
SIM. In vitro studies, with different fish species, also showed
induction of phase I and II transcription and catalysis by dif-
ferent pharmaceuticals (such as rifampicin or diclofenac;
Gröner et al. 2015; Ku et al. 2014; Wassmur et al.
2013). Although to our knowledge there are no studies
addressing the effects of statins, our results show that
SIM, like other pharmaceuticals, can influence the bio-
transformation mechanism at a transcriptional and cata-
lytic level.

In the presence of SIM, antioxidant enzyme activity de-
creased while a pattern of up-regulation was observed for
Cu/Zn sod mRNA expression that can result from a tran-
scription level response to compensate the diminished cat-
alytic activity. In a study performed with rainbow trout
gills, atorvastatin has also up-regulated sod expression
(Ellesat et al. 2012). SIM also appears to interact with
antioxidant protein synthesis and mRNA levels showing

different dynamics over time. Our results showed that
SIM effects on antioxidant enzymes are different than
those reported in in vivo and in vitro mammalian studies
where these proteins were induced in the presence of
statins (Hsieh et al. 2008; Landmesser et al. 2005;
Sanchez et al. 2008). These contrasting results may be
due to different times of exposure and/or the use of differ-
ent model organisms. Even though concentrations above
the ones observed in the environment were used in the
present study, the results described herein showed that
statins can possibly interfere with the detoxification mech-
anism which can result in negative effects to the organism.
Overall, our results demonstrated that transcripts of detox-
ification genes are present in early development stages and
their transcription can be altered in the presence of xeno-
biotics (e.g. pharmaceuticals). Therefore the results pre-
sented in this study showed that SIM can impact gene
expression and enzyme activities (such as MXR, phase I
and antioxidant enzyme activities) important features for
cellular defence against harmful compounds.

Conclusions

In conclusion, the majority of the target genes evaluated in
these studies appear to be from maternal origin supporting
their importance in the protection of the organism in early life
stages of development. This preliminary study focused on the
effects of SIM on the detoxification mechanisms demonstrat-
ing that in the presence of common ABC inhibitors, SIM can
bemore toxic toD. rerio embryos. Also, SIM appears to act as
a weak inhibitor of MXR, and to influence the mRNA tran-
scription of key genes and enzymes belonging to the detoxi-
fication process which can increase the potential toxicity of
other chemicals present in the water, supporting the impor-
tance of monitoring the presence of this class of substance in
the aquatic environment.
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