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Abstract

Background: Zebrafish have been increasingly used for monitoring and assessing the effects of different con-
taminants in the aquatic environments. In the present study, zebrafish embryos and larvae were used to study the
effects of the insecticide diazinon and the herbicide diuron in regard to occurrence of oxidative stress-related cellular
responses, multixenobiotic resistance (MXR)-related efflux transporter activity—which represents the first line of
defense against xenobiotics in many aquatic organisms—and responses of different molecular and biochemical
biomarkers.

Results: The recently established non-invasive quantitative plate assay, which uses the fluorescent probes CM-
H,DCFDA and CellTracker” Green CMFDA and measures the fluorescence in whole zebrafish larvae, was applied to
assess changes in reactive oxidative species (ROS) and glutathione (GSH) after exposure to the investigated pesticides.
The results showed a significant increase of GSH after 1 h exposure of zebrafish larvae to both diazinon and diuron.
Regarding the ROS induction, no significant increases in fluorescence could be detected after 2 h exposure to the
investigated pesticides. Applying a newly adapted assay for MXR activity, it was determined that diuron caused no
change after a 24-h exposure, but caused a significant induction of MXR activity after a 48-h exposure (indicated by

a decreased amount of accumulated rhodamine B). On the other hand, diazinon caused an inhibition of MXR activ-
ity after both 24 h and 48 h exposure (indicated by an increased amount of accumulated rhodamine B). Regarding
the biomarkers, different set-ups and exposure periods were applied and both molecular (gene expression) and
biochemical (enzymatic activities) responses were assessed. Diazinon caused an inhibition of carboxylesterase (CES)
and acetylcholinesterase (AChE) activity in zebrafish larvae, diuron inhibited AChE activity in in vitro testing, and both
pesticides significantly affected gene expression and activities of some of the cytochrome P450 (CYP) family enzymes.

Conclusions: The obtained results show various effects of the investigated pesticides and will help to elucidate how
aquatic animals cope with pesticides present in their environment. Additionally, the recently developed fluorescence-
based assay and the newly adapted MXR activity assay proved to be useful tools for ecotoxicological risk assessment
to further investigate pesticide effects.
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Background

The zebrafish (Danio rerio) is a widely studied model
organism for aquatic (eco)toxicology that can be used for
the assessments of effects on various levels of biological
organization. Especially the fish embryo toxicity test with
zebrafish has been proven to be a useful alternative to the
common fish toxicity test [1]. The fish embryo toxicity
test [2] can be seen as a refinement or, to some extent,
even replacement of animal experiments according to the
3R principle (refinement, reduction, replacement) [3] as
the embryos are assumed to experience less or no pain at
all compared to adult fish. Lately, more applications have
been developed to further investigate toxicity mecha-
nisms and different endpoints regarding the toxicity of
xenobiotics on zebrafish larvae. Hence, they have become
an important tool in assessing the modes of action and
effects of various xenobiotics [4, 5]. Not only have they
been used for the assessment of toxicant effects on
embryonic development [6], but they have also been uti-
lized to analyze changes in behavior (e.g., [7—10]), altered
enzyme activities [4, 11], as well as changes on a gene
expression level [5, 11-14] and oxidative stress induc-
tion [15], providing valuable data for the risk assessment
of xenobiotics and their potential adverse effects on the
aquatic environment.

Xenobiotics can be found in various environmental
compartments and pesticides are one of the main groups
which are present in the environment, especially in riv-
ers in agricultural areas. In order to understand their
environmental impact better, it is necessary to investi-
gate different modes of action to identify any potential
effects on the environment [16]. Namely, even though
main modes of action by which pesticides impact target
organisms are known, pesticides can have many addi-
tional effects and might also adversely affect non-target
organisms. Because of the risk they pose to ecosystems
and non-target organisms it is important to conduct an
in-depth analysis of their effects, which is why in the pre-
sent study two commonly used pesticides were selected
for a comprehensive toxicity assessment—the organo-
phosphate insecticide diazinon and the phenylurea her-
bicide diuron. Diuron is an inhibitor of photosystem II
and although the effects on animal organisms would not
be expected, it has been previously established that in
zebrafish diuron affects behavior and the changes were
more pronounced for diuron compared to diazinon [10].
In zebrafish both diazinon and diuron affect gene expres-
sion [14], and diazinon also causes morphological and
physiological effects, inhibits AChE activity and increases
the abundance of stress protein (Hsp70) [4, 6, 17-19].
As the modes of action of pesticides are diverse, it is
possible that these pesticides cause even more effects,
which can reveal the specific actions and enable better
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characterization of their impacts on zebrafish as a model
species for aquatic vertebrates. Additional effects could
also contribute to the toxicity of pesticides and such
information is crucial for prediction of the overall effects
of pesticides in the environment.

Oxidative stress is caused by environmental factors
or stressors which lead to the imbalance of ROS mol-
ecules and antioxidants (e.g., low molecular weight anti-
oxidant GSH) in favor of prooxidants (reviewed in [20])
and it plays an important role in the toxicity of various
pesticides, since the exposure to pesticides can lead to
an increased production of free radicals that further
accumulate in the cell, cause alterations in antioxidant
defense mechanisms, including detoxification and scav-
enging enzymes, and induce lipid peroxidation as a result
of the interaction between reactive oxygen species (ROS)
and cellular or subcellular membranes [21]. The occur-
rence of oxidative stress can be monitored using fluores-
cent probes which react with ROS with a certain degree
of specificity modifying their chemical structure so they
emit fluorescence. In the present study, a recently devel-
oped non-invasive quantitative plate assay using the fluo-
rescent probes CM-H,DCFDA and CellTracker™ Green
CMFDA [15] has been applied to measure the fluores-
cence in whole zebrafish larvae and investigate the effects
of diazinon and diuron. The usage of whole zebrafish
larvae for measurements eliminates the need for pool-
ing of larvae for each sample, and it thereby reduces the
number of samples required for measurement. Conse-
quently the protocol using whole zebrafish larvae was
adjusted for the detection of multixenobiotic resistance
(MXR) activity. MXR is an important mechanism of cel-
lular efflux mediated by ATP binding cassette (ABC)
transporters with MXR efflux proteins being involved in
the elimination of xenobiotics from cells (e.g., [22-24]).
The molecular mechanism of the MXR, which involves
a transmembrane P-glycoprotein that binds the xenobi-
otics, is known as an important first line of defense for
most organisms and has been shown to exist in various
aquatic organisms [25]. Xenobiotics with a high affin-
ity for P-glycoprotein may inhibit efflux of low levels of
toxic compounds which normally would not adversely
affect the cell [26]. Since it has been previously reported
that some pesticides can influence the MXR activity,
including diazinon affecting MXR activity in Dreis-
sena polymorpha [27] and diuron affecting MXR activ-
ity in Oreochromis niloticus [28], this study determined
whether diazinon and diuron affect the MXR activity in
zebrafish and therefore disturb the defense mechanism of
the cells.

Finally, the responses of zebrafish larvae exposed to
diazinon and diuron were assessed by means of already
established molecular and biochemical biomarkers. The
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evaluation of biochemical alterations can be used for an
early detection of environmental contamination. Bio-
transformation enzymes, which include cytochrome
P450 enzymes (CYP) and glutathione S-transferase
(GST), are relevant parameters for evaluation of toxicity
since they may condition the final outcome (i.e. toxicity
vs. inactivation) of a vast array of xenobiotics [29]. Also,
as already mentioned, oxidative stress can substantially
contribute to the toxicity of xenobiotics. The responses of
organisms can be assessed by monitoring changes in their
antioxidant defenses such as changes in the activities of
superoxide dismutase (SOD), glutathione peroxidase
(GPx) or catalase (CAT) (e.g., [30]). Organophosphates,
such as diazinon, are known to inhibit the activity of
acetylcholinesterase (AChE) [31], so this biomarker was
also included in the assessment. Hence, the effects of
diazinon and diuron were assessed by measuring bio-
transformation enzymes, oxidative stress biomarkers and
AChE activity in vivo, complemented with the measure-
ment of biotransformation enzymes and AChE activity
in vitro. Besides the biochemical responses, the effects of
diazinon and diuron were also assessed on a molecular
level. Namely, experimental studies have shown that toxi-
cant responsive genes, such as cytochrome P450s (cyp)
and glutathione S-transferases (gsz) play a critical role in
pesticide-induced toxicity [32] and were, therefore, used
for the evaluation of diazinon and diuron effects.

Considering the previously determined effects of
diazinon and diuron on zebrafish, the objective of this
work was to assess how these pesticides can impair
physiological mechanisms of zebrafish. The present
study evaluated the effects of diazinon and diuron on
the occurrence of oxidative stress, changes in the MXR
activity and several biochemical and molecular biomark-
ers primarily related to the biotransformation process.
The results will further elucidate mechanisms of action
of diazinon and diuron and will contribute in explaining
how aquatic animals cope with pesticides present in their
environment.

Methods

Chemicals and reagents

The following chemicals were used: acetonitrile (CH;CN,
CAS Number 75-05-8); acetylthiocholine iodide (CAS
Number 6050-81-3); 4-aminobenzoic acid ethyl ester
(benzocaine) (CAS Number 94-09-7); bovine serum
albumin (CAS Number 9048-46-8), calcium chloride
dihydrate (CAS Number 10035-04-8); dimethyl sul-
foxide (DMSO) (CAS Number 67-68-5); disodium
hydrogen phosphate (CAS Number 7558-79-4); O,0-
diethyl O-[4-methyl-6-(propan-2-yl)pyrimidin-2-yl]
phosphorothioate (diazinon) (CAS Number 333-41-
5), 3-(3,4-dichlorophenyl)-1,1-dimethylurea  (diuron)
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(CAS Number 330-54-1); Dulbecco’s phosphate buff-
ered saline (PBS); ethanol (CAS Number 64-17-5);
glutathione reductase (CAS Number 9001-48-3); L-glu-
tathione oxidized disodium salt (GSSG) (CAS Number
103239-24-3); hydrogen peroxide (CAS Number 7722-
84-1); magnesium sulfate heptahydrate (CAS Number
10034-99-8); methanol (CAS Number 67-56-1); sodium
hydrogen carbonate (CAS Number 144-55-8); potas-
sium chloride (CAS Number 7447-40-7); magnesium
chloride (CAS Number 7786-30-3 7791-18-6); sodium
phosphate monobasic (CAS 7558-80-7); 4-nitrophenyl
acetate (CAS Number 830-03-5); reduced glutathione
(GSH) (CAS Number 70-18-8); 7-hydroxy-3H-phenoxa-
zin-3-one (Resorufin) (CAS Number 635-78-9); sodium
bicarbonate (CAS Number 144-55-8); sulfosalicylic acid
(CAS Number 97-05-2); tert-butyl hydroperoxide (tert-
BHP) (CAS Number 75-91-2); B-nicotinamide adenine
dinucleotide 2’-phosphate reduced tetrasodium salt
hydrate (B-NADPH) [CAS Number 2646-71-1 (anhy-
drous)]; 1-chloro-2,4-dinitrobenzene (CDNB) (CAS
Number 97-00-7); 2-vinylpyridine (CAS Number 100-
69-6); 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB)
(CAS Number 69-78-3); 7-ethoxyresorufin (CAS Num-
ber 5725-91-7); rhodamine B (RB) (CAS Number
81-88-9); a-naphthoflavone (CAS Number 604-59-1);
(£)-1-[2-(2,4-dichlorobenzyloxy)-2-(2,4-dichlorophenyl)
ethyl]-1H-imidazole (miconazole, CAS Number 22916-
47-8); (&£)-cis-1-acetyl-4-(4-[(2-[2,4-dichlorophenyl]-2-
[1H-imidazol-1-ylmethyl]-1,3-dioxolan-4-yl)-methoxy)
phenyl)piperazine (ketoconazole, CAS Number 65277-
42-1); quinidine (CAS Number 56-54-2).

5-Chloromethylfluorescein ~ diacetate (CellTracker
Green CMFDA) and CM-H,DCFDA were obtained from
Molecular Probes (Oregon, USA).

Microsomes from baculovirus-infected cells coex-
pressing human CYP1A2, CYP2A6, CYP2B6, CYP2D6,
CYP2C9, CYP2C19 and CYP3A4, together with
NADPH-cytochrome P450 reductase (P450 bacu-
losomes) and the NADPH regeneration system con-
taining glucose-6-phosphate and glucose-6-phosphate
dehydrogenase were purchased from Life Technologies
(Carlsbad, CA, USA). The following Vivid" Cytochrome
P450 Fluorogenic Probe Substrates from Life Technolo-
gies were used: 7-ethoxymethoxy-3-cyanocoumarin
(EOMCC, CAS Number 277309-36-1), 3-cyanocoumarin
(CC, CAS Number 15119-34-3) and 7-benzyloxymethyl-
oxy-3-cyanocoumarin (BOMCC).

Amplex Red Acetylcholine/Acetylcholinesterase Assay
Kit from Molecular Probes (Oregon, USA) contained the
following: N-acetyl-3,7-dihydroxyphenoxazine (Amplex®
Red reagent, Cas Number 119171-73-2); horserad-
ish peroxidase (HRP); 2-amino-2-(hydroxymethyl)-
1,3-propanediol hydrochloride (Tris—HCIl, CAS Number
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1185-53-1); choline oxidase from Alcaligenes sp.; acetyl-
choline chloride (CAS Number 60-31-1); acetylcholinest-
erase from electric eel. TRIzol® was from Sigma-Aldrich.

Test organism

Zebrafish (Danio rerio) were held in glass aquaria at
26£1 °C and each tank contained an external filtration
system (biological, chemical, and physical filtration), sup-
plemented by an ultraviolet lamp. Zebrafish experiments
were performed partly in Germany at the Institute for
Environmental Research, RWTH Aachen University, and
partly in Spain at AZTI Zebrafish Facility (REGA Num-
ber ES489010006105; Derio, Spain). The fish embryos
that were used for the experiments in Germany were
from a wildtype zebrafish stock maintained at the Fraun-
hofer IME institute (Aachen) for more than 20 years, with
original stocks obtained in 1992 from West Aquarium
GmbH (Bad Lauterberg, Germany). The fish embryos
used for experiments in Spain were from a wildtype stock
that were bred at the AZTI facility more than 10 years
ago. Zebrafish maintenance and egg production was
according to standard procedures and is described in
detail in a previous study [15]. The embryos were selected
visually using a binocular microscope and only fertilized
and normally developed eggs undergoing division and
showing no obvious irregularities during cleavage (e.g.,
asymmetry, vesicle formation) or injuries of the chorion
were selected [2]. Selected fertilized eggs of the same cell
stage were placed in embryo medium prepared accord-
ing to ISO standards (294 mg/L CaCl,-2H,0, 123.3 mg/L
MgSO,-7H,0, 63 mg/L NaHCO,, 5.5 mg/L KCl) [33]
at 27 °C and were used in further testing. The use of
zebrafish was in accordance with the animal welfare act.
Namely, zebrafish embryos and larvae below 120 h post
fertilization (hpf) are still feeding on their yolk [34], and
hence are not considered animals, so that no animal
test authorization is required according to European
legislation (EU Directive, 2010/63/EU); Real Decreto
53/2013 in Spain and TierSchG (Tierschutzgesetz) and
the respective regulation TierSchVersV (Tierschutz-
Versuchstierverordnung) in Germany. All experiments
were terminated at 120 hpf and the larvae were immedi-
ately euthanized by prolonged immersion in a solution of
benzocaine in ethanol. The used term “larvae” refers to
hatched embryos up to 120 hpf that do not feed exter-
nally yet and are still using up the yolk-sac reserves.

Exposure for oxidative stress assessment using
CellTracker™ Green CMFDA and CM-H,DCFDA
Oxidative stress was assessed in whole zebrafish lar-
vae (zebrafish embryos were incubated in embryo
medium until 96 hpf and the medium was renewed
every 24 h) using the fluorescent probes CellTracker™
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Green CMFDA and CM-H,DCFDA. The stock solu-
tions of both fluorescent probes were prepared in
DMSO, stored at —20 °C and protected from light,
with the working solutions being prepared freshly dur-
ing the experiment. Diazinon and diuron were dis-
solved in DMSO (final concentration was 0.1%), and
the following concentrations for both pesticides were
tested: 1, 2, 5 and 10 mg/L (equaling 3.3, 6.6, 16.5 and
33 uM diazinon and 4.3, 8.6, 21.5 and 43 puM diuron).
In order to detect the early effects of pesticides, expo-
sures were conducted for 1 or 2 h (depending on the
probe) and the assays were performed according to
Lackmann et al. [15]. Even though the tested concen-
trations were relatively high, the exposure period was
short, so they did not cause mortality at the end of the
exposure. The standard pro-oxidant fert-butyl hydrop-
eroxide (tert-BHP) was used as a positive control. Since
the pesticides and probes were dissolved in DMSO, a
solvent control (0.1% DMSO) was tested as well. Exper-
iments were repeated six times and repetitions were
conducted as independent experiments (for every rep-
etition zebrafish embryos from different batches were
used and solutions were freshly prepared).

For the GSH probe (CellTracker” Green CMFDA)
30 hatched larvae (96 hpf) were exposed to pesticides
for 1 h and for the positive control 30 hatched larvae
were exposed to 1.5 mM tert-BHP solution prepared in
embryo medium for 1 h. Exposures were performed in
the absence of light. After 1 h of exposure, larvae were
washed twice with embryo medium and incubated with
5 nM CellTracker " Green CMFDA for 40 min. Larvae
were then washed twice with embryo medium, anesthe-
tized using 200 mg/L benzocaine (dissolved in water) and
transferred to conical 96-well microplates (one larva per
well).

For the ROS probe (CM-H,DCEDA) 30 hatched lar-
vae (96 hpf) were first incubated with 1.73 mM CM-
H,DCFDA for 2 h and afterwards exposed to pesticides
for 2 h. For the positive control 30 hatched larvae were
exposed to 1 mM tert-BHP solution prepared in embryo
medium for 2 h. The exposure period for this probe was
prolonged to 2 h since it was observed that it takes longer
for the positive control to induce significant changes [15].
Exposures were performed in the absence of light. After
2 h of exposure, larvae were washed twice with embryo
medium, anesthetized using 200 mg/L benzocaine (dis-
solved in water) and transferred to conical 96-well micro-
plates (one larva per well).

The fluorescence in zebrafish larvae was measured
using a Tecan M200 reader. The settings of the multi-well
plate reader were according to Lackmann et al. [15] with
excitation wavelength of 470 nm and emission wave-
length of 525 nm.
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Measurement of MXR activity

Protocols for measuring MXR activity have been
already established (e.g., [35, 36]) and they include
exposure of zebrafish embryos to toxicants followed by
exposure to fluorescent substrates such as rhodamine
B. Embryos are then washed, pooled (e.g., 10 per sam-
ple), homogenized and centrifuged, and the fluores-
cence is measured in the obtained supernatant. In the
present study an adapted assay was applied in which the
fluorescence is measured in whole zebrafish embryos
avoiding the pooling, homogenization and centrifuga-
tion. This simplified method allows the measurement
of fluorescence in each zebrafish embryo, and thus
reduces the total number of zebrafish embryos required
for the experiment. This is in accordance with the 3R
principle of animal research (replacement, reduction
and refinement) [3].

The activity of MXR was measured applying an accu-
mulation assay which is based on the measurement of
the level of accumulation of a model P-glycoprotein sub-
strate, the fluorescent dye rhodamine B (RB), in zebrafish
embryos. Higher level of MXR activity results in a lower
accumulation of RB [37]. After visually selecting the fer-
tilized and normally developed eggs (~2 hpf) they were
exposed for 24 and 48 h to 1 and 2 mg/L diazinon and
diuron (equaling 3.3 and 6.6 pM diazinon and 4.3 and
8.6 pM diuron). Since determined 96 h-NOEC for both
pesticides is 2 mg/L [10], the tested concentrations
were sublethal and did not cause any visible effects. In
the control group embryos were incubated in embryo
medium only and since the pesticides were dissolved in
DMSO (final concentration was 0.1%), a solvent control
(0.1% DMSO) was also prepared. Additionally, a positive
control was tested, where embryos were exposed to the
pharmacological inhibitor of P-glycoproteins—cyclo-
sporine A (CYC, 10 uM). After 24 and 48 h of exposure,
zebrafish embryos were incubated in the presence of
the fluorescent dye—rhodamine B (RB)—for 90 min in
the dark to prevent photo degradation. Embryos were
placed in a mixture of the respective pesticide and 5 uM
RB, a mixture of CYC and 5 pM RB (positive control), a
mixture of DMSO and 5 pM RB (solvent control), or in
5 uM RB only (control). After incubation with RB, the
embryos were washed three times with embryo medium
and transferred to the conical 96-well microplates (one
embryo per well). The fluorescence in the zebrafish
embryos was measured using a Tecan M200 reader with
an excitation wavelength of 530 nm and emission wave-
length of 595 nm. Exposures were repeated five times
(independent experiments) with 12 embryos per condi-
tion in each experiment.

Additionally, after measurements in Tecan M200
reader, zebrafish embryos were transferred to flat 96-well
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microplates and using BioTek Cytation 5 with RFP filter
the localization of RB in zebrafish embryos was observed.

Assessment of biochemical biomarkers

Response of biochemical biomarkers in zebrafish larvae

For the biochemical biomarker measurements 96 hpf
zebrafish larvae (zebrafish embryos were incubated
in embryo medium until 96 hpf and the medium was
renewed every 24 h) were exposed for 1 h to diazinon
and diuron (same concentrations as for the assessment
of oxidative stress, i.e. 1, 2, 5 and 10 mg/L). After the
exposure the larvae (40 per concentration) were anes-
thetized in 200 mg/L benzocaine (dissolved in water) and
then washed twice in PBS. The larvae were transferred
to Eppendorf tubes, the remaining PBS was removed
and 480 pL 0.1 M phosphate buffer (pH 7.8) added.
Tubes were immediately snap frozen in liquid nitrogen
and placed in a freezer at — 80 °C until homogenization.
After all replicates were collected (five independent rep-
etitions), the samples were homogenized, centrifuged at
10,000x g for 15 min at 4 °C and the supernatants were
used for biomarker measurements.

The EROD activity was measured according to Schiwy
et al. [38] and adapted for kinetic measurements. For
the measurement 35 pL of sample and 60 uL of 0.6 uM
7-ethoxyresorufin (in methanol) were added to a micro-
well plate. The plate was protected from light and shaken
in the dark at 28 °C for 10 min. Afterwards, 45 pL of
3.35 mM NADPH (dissolved in EROD buffer) was added
and the plate again incubated in the dark for 2 min at
room temperature. The fluorescence was measured at
530 nm excitation and 590 nm emission for 30 min with
readings every 30 s. All measurements were done in
triplicates. The amount of proteins in each sample was
determined and the specific EROD activity (pmol of
resorufin produced in 1 min/mg of proteins) was calcu-
lated according to a standard curve with resorufin.

The acetylcholinesterase (AChE) activity was meas-
ured using a protocol established by Ellman et al. [39]
and adapted for the measurement in a microwell plate.
For the measurement 7.5 pL of sample, 180 pL of 0.1 M
sodium phosphate buffer (pH 7.2), 10 puL of 1.6 mM
5,5’-dithiobis-(2-nitrobenzoic acid) DTNB (dissolved in
phosphate buffer) and 10 pL of 156 mM acetylthiocholine
iodide (dissolved in water) were added to the microwell
plate. The increase in absorbance was recorded at 412 nm
for 5 min. Measurements were performed in triplicates
and the specific enzyme activity was expressed as nmol of
acetylthiocholine iodide hydrolyzed in 1 min/mg of pro-
teins (¢=13.6 x 10* M~ ! cm™).

The carboxylesterase (CES) activity was measured
using a protocol established by Hosokawa and Satoh
[40] and adapted for measurement in a microwell plate.
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For the measurement 15 pL of sample and 150 uL of
1 mM p-nitrophenyl acetate (dissolved in acetonitrile
and diluted with water) were added to a microwell plate.
The increase in absorbance was recorded at 405 nm for
2 min. The measurements were performed in triplicates
and the specific enzyme activity was expressed as nmol
of 4-nitrophenol produced per min per mg of protein
(6=164x10° M tem™).

The catalase (CAT) activity was measured using a pro-
tocol established by Claiborne [41]. For the measurement
400 pL of 0.02 M hydrogen peroxide (dissolved in 0.1 M
sodium phosphate buffer, pH 7.2) and 40 pL of sample
were added to a cuvette, and the decrease in absorbance
was recorded at 240 nm for 2 min. The measurements
were performed in duplicate and the specific enzyme
activity was expressed as pmol of degraded hydrogen per-
oxide per minute per mg of proteins (¢=42.6 M~* cm™!).

The glutathione S-transferase (GST) activity was meas-
ured using a protocol established by Habig and Jakoby
[42]. For the measurement 15 uL of sample, 50 pL of
25 mM GSH and 180 pL of 1 mM 1-chloro-2,4-dini-
trobenzene CDNB (dissolved in 96% ethanol and diluted
in 0.1 M sodium phosphate buffer, pH 7.2) were added
to a microwell plate. The increase in absorbance was
recorded at 340 nm for 3 min. The measurements were
performed in duplicate and the specific enzyme activity
was expressed as nmol of conjugated GSH in one minute
per mg of proteins (¢=9.6 x 10> M~* cm™).

The protein content was determined using the Bicin-
choninic Acid Protein Assay Kit from Sigma Aldrich and
expressed in mg/mL. The samples were added to a micro-
well plate followed by the addition of the BCA working
solution. After a 30-min incubation period at 37 °C, the
absorbance was measured at 562 nm and the protein
concentrations were calculated based on the calibration
curve constructed with BSA.

Response of biochemical biomarkers in vitro

For the measurement of biochemical biomarkers’
response in vitro the protocol provided by the manu-
facturer of the kits (Life Technologies) was followed.
All solutions containing diazinon and diuron were pre-
pared in 200 mM phosphate buffer pH 8 containing 2%
DMSO and three concentrations were tested: 0.01, 0.05
and 0.1 mg/L (equaling 33, 165 and 330 nM diazinon
and 43, 215 and 430 nM diuron). Concentrations were
selected to be around the values of maximum residue
limits (MRL) and for diazinon and diuron most MRLs
are established at 0.01 and 0.05 mg/kg [43]. 40 uL of these
solutions was added to the plate in triplicate. P450 Regen-
eration system® 1 pL and P450 Baculosomes® 0.5 L and
200 mM phosphate buffer pH 8 were mixed obtaining
10 pL of enzyme solution which was added to each well
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of the microplate. After 15-min incubation and shak-
ing at 30 °C, 10 pL of Vivid fluorogenic substrates was
added (EOMCC for CYP1A2, CYP2D6 and CYP2C19;
CC for CYP2A6 and BOMCC for CYP2B6, CYP2C9 and
CYP3A4). Fluorescence was measured in 1-min inter-
vals for 60 min setting the excitation and emission wave-
lengths at 410 and 460 nm, respectively. For each enzyme
a blank sample (without diazinon or diuron) and a solu-
tion of a strong inhibitor (a-naphtoflavone for CYP1A2;
miconazole for CYP2B6, CYP2C9 and CYP2C19; qui-
nidine for CYP2D6 and ketoconazole for CYP2A6 and
CYP3A4) were also measured, all in triplicate.

Same concentrations, prepared in 50 mM Tris—HCI
buffer pH 8, were also exposed to acetylcholinesterase
(AChE) following the protocol provided by the manu-
facturer of the kit (Molecular Probes). Briefly, 50 pL of
sample was added to the plate in triplicate. 100 pL of
0.2 U/mL AChE and 100 pL of working solution (400 uM
Amplex® Red reagent, 2 U/mL HRP, 0.2 U/mL choline
oxidase and 100 pM acetylcholine) were added to each
well. Fluorescence was measured at room temperature
in 1-min intervals for 60 min setting the excitation and
emission wavelengths at 560 and 585 nm, respectively.
Blank samples without pesticides were used to establish
the maximum signal, whereas a blank without enzyme
was used to establish the minimum signal.

Percentage of inhibition was always calculated from the
following equation:

F, sample — F, strong inhibitor

%Inhibition = 100 —

’

Folank — Fstrong inhibitor

where F is the fluorescence measured after 60 min in a
Varioskan® Flash (Thermo Scientific, Finland).

Assessment of molecular biomarkers

RNA isolation and cDNA synthesis

Pools of 25 embryos at 72 hpf were exposed for 48 h to
pesticides and three independent replicates were con-
ducted. Diazinon and diuron were tested in concentra-
tions of 0.005 and 0.05 mg/L (equaling 16.5 and 165 nM
diazinon and 2.15 and 215 nM diuron), which is substan-
tially lower than the concentrations tested in the case
of MXR activity. The reasoning for discrepancies in the
concentrations tested is the fact that even though the
exposure period was 48 h for both endpoints, different
zebrafish embryo stages were used. Namely, for MXR
activity 2 hpf embryos were used, and for gene expression
level 72 hpf embryos were used. Since it was previously
determined that the later stage had a higher sensitivity
to diazinon exposure [14], it was decided to use lower
concentrations of pesticides for assessment of gene
expression.
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After 48 h of exposure embryos were visually exam-
ined for any morphological changes (such as irregular
heart beat) and then the RNA was extracted from the
pooled embryos using TRIzol® following the instruc-
tions of the manufacturer. RNA concentration and
quality were determined using a BioAnalyzer 2100
(Agilent, Santa Clara, CA, USA). Reverse transcrip-
tion reactions were carried out using 20 ng of total
RNA using a TagMan Reverse Transcriptase Reagents
kit (Applied Biosystems, Carlsbad, CA, USA). Reaction
conditions were as follows: 25 °C for 10 min, 48 °C for
30 min and 95 °C for 5 min. The corresponding cDNA
was used as a template for qRT-PCR.

Quantitative real-time PCR analysis (QRT-PCR)

Quantitative PCR was carried out with a LightCycler®
480 Real-Time PCR System (Roche, Mannheim, Ger-
many). Genes cyplcl, cyp3c4, cyp3a65 and gstpl
were evaluated with B-actin as a housekeeping gene
(Table 1). Each reaction was performed in a 10-uL
solution, containing 300 mM of each pair of primers,
5 pL SYBR Green PCR master mix (Roche) and 4 pL
of the cDNA obtained in the previous step. Reaction
conditions were as follows: 95 °C for 10 min, followed
by 40 cycles of 95 °C for 15 s and 60 °C for 30 s. A final
cycle at 95 °C for 1 min and 65 °C for 1 min, followed
by 40 °C for 30 s was performed. The expression lev-
els of RNAs were calculated according to Livak and
Schmittgen [44].

Gene sequences for primer design were taken from
Ensembl Genome Browser 94. Primers were designed
to span an exon-exon junction using the Primer
Express software (Applied Biosystems), and primers
were further checked with the Oligo analysis tool from
Eurofins Genomics (https://www.eurofinsgenomic
s.eu/en/ecom/tools/oligo-analysis.aspx).
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Analysis of diazinon and diuron in the exposure solutions

by LC-MS

Diazinon and diuron were analyzed using a high-per-
formance liquid chromatographic system (HPLC) which
consisted of an Agilent (Santa Clara, CA, USA) 1200
Series liquid chromatograph equipped with a degasser, a
quaternary pump, an auto sampler, a column oven and a
diode array detector coupled to an Agilent Ion trap XCT-
Plus operating in positive ion mode with electrospray
ionization (ESI). The following ions were monitored in
MS1 mode: diazinon (m/z: 305) and diuron (m/z: 233).
The separation was conducted on a Gemini C18 column
(150 mm x 2 mm L.D., 5 pm) purchased from Phenom-
enex (Torrance, CA, USA) with a guard column filled
with the same stationary phase. The column oven was set
to 40 °C and the mobile phase was constituted by metha-
nol (A) and water (B). Both phases were modified with
0.1% formic acid. The following elution conditions were
applied: from 0 to 5 min a linear gradient from 20 to 80%
of A, 80% of A was maintained for 5 min before return-
ing the system to the initial conditions. Flow rate was
0.3 mL/min and 40 pL of sample was injected.

Data analysis

Data analyses were performed using GraphPad Prism
software. The data were checked for normality prior to
further analysis (Shapiro—Wilk normality test). Since
in the assessment of oxidative stress, MXR activity and
biomarker responses some of the data were not normally
distributed, nonparametric statistics was considered
adequate for the statistical analysis. Therefore, the non-
parametric Kruskal-Wallis one-way analysis of variance
by ranks was performed followed by the post hoc Dunn’s
test to determine the significant difference between the
experimental groups. Because DMSO was used as a sol-
vent (the same DMSO concentration of 0.1% was kept in
all pesticide exposures and solvent control conditions),
the analyses of pesticide effects were made in compari-
son to the DMSO solvent control condition. Since for

Table 1 Sequences and efficiencies of primers used in quantitative real-time PCR experiments

Gene Accession number Forward primer Reverse primer Primers Coefficient Annealing
efficiency of determination temperature
(°Q)
B-actin NM_131031 TGCTGTTTTCCCCTCCATTG TTCTGTCCCATGCCAACCA 0.97 0.99 60
cyplcl®  NM_001020610 TGGAGGCTGAGTTTGGACTGA GAGGAAGAAGAGGATGACGAA 0982 0.99 60
AGA GGATG
cyp3c4  NM_001077548 TTAACAGAAGGGTAAGCTCTC GCCAGCCAGTCCTGTCGT 0.942 0.98 60
CAAA
cyp3A65 NM_001037438.1 GTTCTTGGTGGCGCTGCT AAGTACCTATGAGGCCAGGATCC 1 0.99 60
gstpl NM_131734.3 ATGAAGGGCGACTTGAAAGC CATGGCGTTGGACTGAAACA 0.995 0.99 60

2 Primers designed by Timme-Laragy et al. [77]
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the analysis non-parametric statistics were used, the data
were presented as median =+ interquartile range.

In the case of the in vitro assessment of enzyme activity,
ANOVA and post hoc Tukey test were used to determine
statistical differences between different concentrations.
Data from LC-MS analysis were subjected to Dunnett’s
test to detect significant differences between different
times of exposure and the control (initial values). The
significance of the expression levels of RNAs was meas-
ured using the Relative Expression Software Tool (REST)
of Qiagen (Hilden, Germany; http://www.REST.de.com)
based on the pair wise fixed reallocation randomization
test [45]. These results were presented as mean = stand-
ard deviation.

The probability level for statistical significance was
p<0.05 throughout the study.

Results

Quantitative GSH detection

The results of exposures (1 h) to both pesticides for flu-
orescent GSH detection CellTracker’” Green CMFDA
are shown in Fig. 1. For easier comparison between pes-
ticides, the figures were prepared with relative values
(i.e. all values are divided by the average of the negative
control group). The larvae were exposed to the con-
centrations of 1, 2, 5 and 10 mg/L diazinon and diuron.
Zebrafish larvae exposed to diazinon showed a significant
increase in relative fluorescence after exposure to 5 and
10 mg/L (Fig. 1a). After exposure to diazinon the average
fluorescence of the DMSO group was 4700 and average
values of groups exposed to 5 and 10 mg/L diazinon were
8000 and 9500, respectively. Diuron caused a significant
increase in relative fluorescence as well after exposure
to 2, 5 and 10 mg/L (Fig. 1b). After exposure to diuron

Page 8 of 18

the average fluorescence of the DMSO group was 4500
and average values of groups exposed to 2, 5 and 10 mg/L
diuron were 7000, 6800 and 6500, respectively. A sig-
nificant increase in relative fluorescence could also be
detected in the positive control (tert-BHP). The highest
increase in relative fluorescence, i.e. the strongest effect,
was observed after exposure to the highest concentration
of diazinon (10 mg/L).

The results of exposures (2 h) to both pesticides for
fluorescent ROS detection using fluorescence probe
CM-H,DCEDA are shown in Fig. 2. For easier compari-
son between pesticides, the figures were prepared with
relative values (i.e. all values are divided by the average
of the negative control group). The larvae were exposed
to the concentrations of 1, 2, 5 and 10 mg/L diazinon and
diuron. Exposure of zebrafish larvae to the investigated
pesticides have yielded no significant changes in fluo-
rescence. The average fluorescence of the DMSO group
was 3400 and of the exposed groups varied from 2800 to
3500. A significant increase in relative fluorescence could
only be detected in the positive control (ferz-BHP).

MXR activity

The results of the MXR activity in zebrafish embryos
exposed for 24 and 48 h to 1 and 2 mg/L diazinon
and diuron are shown in Fig. 3. For easier comparison
between pesticides, the figures were prepared with rela-
tive values (i.e. all values are divided by the average of
the negative control group). MXR activity was assessed
as a difference in the accumulation of the fluorescent
dye RB (indicated by fluorescence intensity) with higher
accumulation showing an inhibition and lower accu-
mulation showing an induction of the MXR activity.
Zebrafish embryos exposed to diazinon for both 24 and
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Fig. 1 Fluorescence measured in zebrafish larvae (96 hpf) exposed to diazinon (a) and diuron (b) for 1 h and incubated with CellTracker™ Green
CMFDA (40 min) for GSH detection. NC: negative control; DMSQ: solvent control, 0.1% DMSO; PC: positive control (tert-BHP). Bars represent medians
with interquartile range of six repeated experiments (12 larvae per condition in each repetition). Analyses were made in comparison to the DMSO
solvent control condition and significant differences are labeled with *p <0.05, **p <0.01 and ***p <0.001
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Fig. 2 Fluorescence measured in zebrafish larvae (96 hpf) exposed to diazinon (a) and diuron (b) for 2 h and incubated with CM-H,DCFDA (2 h) for
ROS detection. NC: negative control; DMSQ: solvent control, 0.1% DMSQO; PC: positive control (tert-BHP). Bars represent medians with interquartile
range of six repeated experiments (12 larvae per condition in each repetition). Analyses were made in comparison to the DMSO solvent control
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(90 min) for MXR activity assessment. NC: negative control; DMSO: solvent control, 0.1% DMSO; DIA: diazinon; DIU: diuron; PC: positive control (CYC).
Bars represent medians with interquartile range of five repeated experiments (12 embryos per condition in each repetition). Analyses were made in
comparison to the DMSO solvent control condition and significant differences are labeled with *p <0.05, **p <0.01 and ***p <0.001
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48 h showed significant increase in accumulated RB,
thus demonstrating that diazinon caused an inhibition
of MXR activity (Fig. 3a). After exposure to diazinon
for 24 h the average fluorescence of the DMSO group
was 11,000, and average values of groups exposed to 1
and 2 mg/L diazinon were 15,500 and 16,500, respec-
tively. For the 48-h exposure, the average fluorescence
of the DMSO group was 15,000, and average values of
groups exposed to 1 and 2 mg/L diazinon were 18,000
and 24,000, respectively. In the case of diuron, 24 h
after exposure no significant differences in RB accumu-
lation could be detected. But after the 48-h exposure to
diuron zebrafish embryos showed a significant decrease

in accumulated RB demonstrating that diuron caused
an induction of MXR activity (Fig. 3b). For the 48-h
exposure, the average fluorescence of the DMSO group
was 15,000, and average values of groups exposed to
1 and 2 mg/L diuron were 13,000 and 12,000, respec-
tively. A significant increase in accumulated RB could
also be detected for the positive control (CYC) after
both exposure periods.

Additionally, after the quantitative measurement of
fluorescence in zebrafish embryos, they were observed
using a BioTek Cytation 5 with an RFP filter, to deter-
mine the localization of accumulated RB. Figure 4 shows
that accumulated RB is entirely localized in the yolk sac.
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Fig.4 Localization of rhodamine B in zebrafish embryos and larvae exposed for 24 and 48 h. Control—zebrafish in embryo medium; RB—zebrafish
in embryo medium followed by incubation in rhodamine B; DMSO—zebrafish in DMSO followed by incubation in rhodamine B; CYC—zebrafish in

control 48 h

cyclosporine A followed by incubation in rhodamine B

Enzymatic biomarker responses

The short exposure (1 h) yielded significant increase in
GSH, so in order to determine if pesticides also cause
changes at biochemical level zebrafish larvae (96 hpf)
were exposed for 1 h to 1, 2, 5 and 10 mg/L diazinon and
diuron. The measured enzymatic biomarker responses
are shown in Fig. 5. After exposure to diazinon for 1 h sig-
nificant differences could be detected for CES and AChE
activities, where significant inhibition was observed.
Namely, at all applied concentrations diazinon inhibited
CES activity, with the highest inhibition of 61% measured
at the highest concentration applied (10 mg/L). In the
case of AChE activity, diazinon caused a significant inhi-
bition of 45% at the two highest concentrations applied
(5 and 10 mg/L). Other enzymatic biomarkers showed no
significant changes after exposure to diazinon. Also, no
significant changes could be detected for any of the meas-
ured enzymatic biomarkers after exposure to diuron.

The inhibition of AChE activity and seven different
enzymes from the CYP450 family was assessed in vitro
after exposure to 0.01, 0.05 and 0.1 mg/L diazinon and
diuron. Three enzymes from CYP450 family showed no
inhibition (CYP2D6, CYP2A6, CYP2C9) so the data are
not shown. Inhibition of the other four CYP450 enzymes
and AChE were dependent on the pesticide and are
shown in Fig. 6. The results showed that both pesticides
caused inhibition of CYP1A2 activity with slight inhibi-
tion observed after diazinon exposure and stronger inhi-
bition after diuron exposure. The activity of CYP2B6
and CYP3A4 was strongly affected by the presence of
diazinon, whereas diuron had basically no effect on these
enzymes. The highest concentration of both pesticides

caused strong inhibition of CYP2CI19. In the case of
AChE, diazinon had no effect, whereas diuron caused
inhibition of AChE activity. Contrary to that, the results
obtained in zebrafish larvae (96 hpf) exposed to diazinon
and diuron for 1 h showed inhibition of AChE activity
after diazinon exposure and no effect on AChE activity
after diuron exposure (Fig. 5).

Gene expression measurements (QRT-PCR results)

Changes in the gene expression level have been assessed
after exposure of zebrafish embryos (72 hpf) for 48 h to
0.005 and 0.05 mg/L diazinon and diuron and results
are shown in Fig. 7. Exposure to diazinon caused the
downregulation of genes cyp3c4 and cyp3a65; however,
only at the lower concentration tested (0.005 mg/L). At
both concentrations it caused the slight induction of the
gene gstpl. Exposure to diuron caused a slight induc-
tion of gene cyp3c4 at the higher concentration tested
(0.05 mg/L). For the other genes, no effect of diuron was
detected. The downregulation of cyp3c4 after diazinon
exposure is in agreement with the inhibition of CYP3A4
activity observed in vitro (Fig. 6).

Measured concentrations of diazinon and diuron

Zebrafish embryos of 72 hpf were exposed to two con-
centrations of diazinon and diuron during 48 h for
the assessment of the gene expression changes. The
concentrations of diazinon and diuron were moni-
tored in the exposure solutions at 0 h, 24 h and 48 h.
In both cases a small decrease of their concentration
was observed at 48 h and it was not dependent on the
initial concentration of exposure (Fig. 8). Only at 48 h
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Fig. 5 Enzymatic biomarker responses in zebrafish larvae (96 hpf) exposed to diazinon and diuron for 1 h. NC: negative control; DMSO: solvent
control, 0.1% DMSO; DIA: diazinon; DIU: diuron. Bars represent medians with interquartile range of five repeated experiments (40 larvae pooled into
one sample per condition in each repetition). Analyses were made in comparison to the DMSO solvent control condition and significant differences
are labeled with *p<0.05 and **p < 0.01

metabolites of diazinon [diazoxon and 2-isopropyl-
4-methyl-6-hydroxypyrimidine (IMHP)] and diuron
[1-(3,4-dichlorophenyl)-3-methylurea (DCPMU)] were
detected. These metabolites are the result of oxidation
and demethylation processes commonly assigned to
cytochrome P450 enzymes.

Discussion

In the present study the occurrence of oxidative stress-
related responses, MXR activity, activities of several
enzymatic biomarkers in vivo and in vitro and changes
in toxicant responsive genes after exposure to the pes-
ticides diazinon and diuron were assessed (an overview
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of measured endpoints and obtained responses can be
found in Table 2). Assessment of these parameters ena-
bled gaining insight into the pesticide effects at different
biological levels—from the changes at molecular and bio-
chemical level to the changes in the cellular detoxifica-
tion mechanism. The fluorescent detection of GSH and
ROS was conducted using multiwell plates (one larva
per well) by applying a recently established protocol [15]
which provided the possibility for quantitative measure-
ment of oxidative stress induction in whole zebrafish lar-
vae exposed to the investigated pesticides. This protocol
for fluorescent detection in whole zebrafish larvae has
also been proven to be highly adaptable, as it was deter-
mined that the MXR activity could be also measured in
whole zebrafish embryos avoiding the need for homog-
enization and reducing the number of organisms neces-
sary for the assessment. Measurement of responses on
both biochemical and molecular level provided valuable

insight into the effects of the investigated pesticides and
confirmed that besides the main mode of actions, these
pesticides can affect non-target organisms in multiple
ways and at different levels.

The occurrence of oxidative stress after exposure to
diazinon and diuron was assessed using fluorescent
probes to detect GSH and ROS. The fluorescence probe
Celltracker " Green CMFDA was used for the detection
of GSH and it proved to be sensitive for the detection of
early effects of pesticides. Namely, only after 1 h of expo-
sure a significant increase in GSH was detected for both
investigated pesticides and after exposure to the highest
concentration of diazinon the increase was substantially
higher than the increase observed in the positive control.
Due to its role as one of the major antioxidants and main
antagonists of ROS molecules, the results obtained with
Celltracker " Green CMFDA for GSH detection indicate
the potential induction of oxidative stress in zebrafish
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larvae exposed to diazinon and diuron. This is in accord-
ance with findings from Altuntas et al. [46] who observed
induction of lipid peroxidation and changes in the activi-
ties of antioxidant enzymes in vitro after diazinon expo-
sure, suggesting the involvement of oxidative stress in the
unspecific toxic effects of diazinon on non-target organ-
isms. On the other hand, Isik and Celik [47] observed
fluctuating GSH levels in different tissues of rainbow
trout Omncorhynchus mykiss after diazinon exposure.
Regarding diuron, similar results were obtained by Feli-
cio et al. [28] who proved that diuron triggered oxidative
stress in the gills of Oreochromis niloticus. For the detec-
tion of ROS the fluorescent probe CM-H,DCFDA was
used; however, no significant changes could be observed.
The results indicate that either the investigated pesticides
do not substantially induce ROS, or this probe may not
be sensitive enough to detect changes in the produc-
tion of ROS molecules after diazinon and diuron expo-
sure. However, as increases in GSH levels were observed
for both pesticides, another explanation could also be
that the ROS molecules were already scavenged by the

Table 2 Overview of measured endpoints and obtained responses

Endpoint Exposure period

Response to diazinon Response to diuron

Fluorescent GSH detection 1 h (96-97 hpf)
2 h (96-98 hpf)
24 h (2-26 hpf)

48 (2-50 hpf)

Fluorescent ROS detection
multixenobiotic resistance activity (MXR)
Multixenobiotic resistance activity (MXR)
In vivo enzymatic responses

EROD activity

CES activity

GST activity

CAT activity

AChE activity
In vitro enzymatic activities

CYP2D6 activity Th

CYP2A6 activity

CYP2C9 activity

CYP1A2 activity

CYP2B6 activity

CYP2C19 activity

CYP3A4 activity

AChE activity
Gene expression measurements

cyplal

cyp3c4

1h (96-97 hpf)

48 h (72-120 hpf)

cyp3a6s
gstpl
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1 Indicates induction
| Indicates inhibition

- Indicates no significant change
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elevated antioxidative defense system of zebrafish, since
the increased GSH levels indicate the occurrence of oxi-
dative stress.

Assessing the MXR activity is an important tool to get
a more detailed insight into the defense mechanisms of
cells as these can be highly effective in protecting organ-
isms from potential harm due to a high xenobiotic expo-
sure [48]. Fischer et al. [36] showed that Abcb4 is the
main ABC transporter responsible for MXR in zebrafish.
In the present study an adjusted protocol using whole
zebrafish embryos for assessment was applied in order
to evaluate the effects of diazinon and diuron on MXR
activity. Additionally, the zebrafish embryos with the
accumulated RB were microscopically inspected, and
it was determined that the accumulated RB is entirely
localized in the yolk sac. Both pesticides affected the
MXR activity; however, different trends were observed.
Diazinon caused a significant inhibition of MXR activity
both after 24- and 48-h exposure, whereas diuron did not
cause any changes in MXR activity after 24-h exposure,
but after 48 h it caused an induction of MXR activity.
Obviously, the mechanisms of action of the investigated
pesticides on MXR activity are different, with diazinon
causing immediate inhibition and diuron needing more
time to cause effects but then inducing the MXR activity.
The inhibition of MXR observed after diazinon exposure
can compromise the effectiveness of the defense system,
since diazinon that would normally be pumped out will
remain longer in the cells and can exert its toxic effect for
longer [23, 28, 36, 49]. Smital et al. [27] observed an inhi-
bition of MXR activity in Cyprinus carpio after diazinon
exposure which is in accordance with our results. How-
ever, Felicio et al. [28] determined that diuron decreased
MXR activity in Oreochromis niloticus showing that the
effect of diuron on MXR activity is also species depend-
ent. Considering the obtained results, MXR activity
assessment should be included in the investigation of
pesticide toxicity on aquatic organisms.

In addition to the fluorescent detection of oxidative
stress after short exposure to diazinon and diuron, the
early effects of these pesticides were assessed also by
measurement of several enzymatic biomarkers, namely
the activities of EROD and CES (phase I detoxification
enzymes), GST (phase II detoxification enzyme and
oxidative stress biomarker), CAT (oxidative stress bio-
marker) and AChE (biomarker of exposure to organo-
phosphates). The oxidative stress-related biomarkers,
i.e. CAT and GST, did not yield any significant results,
indicating that for the investigated pesticides the flu-
orescence-based assay seems to be more sensitive in
detecting oxidative stress-related responses. It is also
possible that the GSH reaction (increase in GSH detected
by fluorescent dye) is earlier compared to the enzymatic
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biomarker response. Namely, studies have suggested that
GST, for example, is not a highly sensitive biomarker
regarding organophosphate exposures and can often only
be used as a biomarker for long-exposure scenarios, as
it seems to need a longer exposure period to be inhib-
ited by organophosphates [50—52]. So the absence of an
effect on enzymatic biomarkers could be due to a short
exposure time. Regarding the CES and AChE activities,
a significant inhibition was detected after exposure to
diazinon. This result was expected since diazinon is an
organophosphate and it is known that organophosphorus
compounds cause the inhibition of both AChE and CES
activity (reviewed in [53]). Although most commonly
AChE is screened as a biomarker to organophosphate
exposure (e.g., [54, 55]), several studies have shown that
CES can be a more sensitive indicator to organophos-
phates than AChE (e.g., [56, 57]). In a previous study
assessing diazinon effects on zebrafish, a higher sensi-
tivity of CES was demonstrated and it was concluded
that later stages of zebrafish have higher sensitivity to
diazinon exposure [14]. Higher sensitivity of CES com-
pared to AChE was also confirmed after short expo-
sure in the present study, since CES was inhibited at all
diazinon concentrations applied (AChE only at the two
highest concentrations) and the inhibition was stronger
compared to AChE. In addition, Keizer et al. [58] sug-
gested that although AChE might be a useful biomarker,
there are rather high enzymological differences of AChE
between different fish species and among the fish spe-
cies tested, zebrafish AChE was the most insensitive after
exposure to diazinon. Therefore, in future assessments of
pesticide effects, a combination measuring both AChE
and CES should be applied and the selection of fish spe-
cies should be taken into account. No significant changes
in AChE and CES activities after diuron exposure and no
response in EROD activity after exposure to both pesti-
cides indicate that some enzymatic biomarkers were not
adequate for detection of early effects of the investigated
pesticides.

Enzymatic activity was tested in vitro using human
CYP450 and AChE enzymes to determine the effect of
diazinon and diuron. Several human cytochrome P450
(CYP) enzymes have direct orthologs in zebrafish, sug-
gesting that zebrafish xenobiotic metabolic profiles may
be similar to those in mammals [59]. As a matter of fact
zebrafish CYPs belonging to families 1-3 possess two of
the three regulatory mechanisms of human CYPs, spe-
cifically the pregnane X receptor (PRX) and the carbon
aryl receptor (AHR) [60] showing that zebrafish can be
used as a close model to test the effect of xenobiotic in
vertebrates.

Cytochrome P450s are one of the most important
groups of hemoproteins which are involved in reduction
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and oxidation reactions, especially in drug-metabolizing
and in the metabolism of the endogenous substances
[61]. Pesticides can be metabolized by CYP450 enzymes
to generate less toxic compounds, but they can also
inhibit CYP450 activity increasing the amount of active
substances with the capacity of causing an adverse effect
since they are not metabolized [62, 63]. For the catalytic
reaction to occur, affinity between the active substance
compound and the CYP isoform is necessary to undergo
the catalytic reaction, but also the accessibility of the
compound to the active site, the orientation and the
facility to react with the heme group are important [64].
AChE shows also changes in the presence of xenobiotic
substances including pesticides such as organophospho-
rus compounds and carbamates [65]. The inhibition of
the enzymatic activity was studied measuring the reduc-
tion of a fluorescence signal, which was produced by the
metabolism of choline, the reaction product of AChE.
The activity of three of the enzymes studied (CYP2AS6,
CYP2D6 and CYP2C9) was not affected by the pres-
ence of diuron or diazinon at the concentration levels
studied. Despite this fact, these enzymes are known to
be involved in the N-demethylation of diuron and in the
desulfuration of diazinon [66, 67]. Diuron showed inhibi-
tion of CYP1A2 and CYP2C19; however, Abass et al. [66]
only reported inhibitory activity for CYP1A2, whereas in
the case of CYP2C19 and other CYP enzymes no effect
was observed. This inconsistency of the results might be
due to the different enzyme activity assessed. Most of the
enzymes of this family are able to catalyze a variety of
reactions. In this work we determined the O-deethylase
activity, whereas Abass et al. [66] detected the omepra-
zole hydroxylation. The in vivo EROD assay measured
in zebrafish larvae is also a O-deethylase activity associ-
ated with the activity of CYP1 enzymes in several organ-
isms [68]. However, EROD activity was not affected,
whereas the CYP1A2 enzyme was inhibited. This dis-
crepancy cannot be linked only to a short exposure time,
as significant differences in EROD activity after similar
exposure times to other xenobiotics have been reported
in zebrafish [69]. One possible reason might be the dif-
ference in CYP1 structures between zebrafish and the
human CYP1 used in the in vitro study that probably
affects its catalytic properties and the potential inhibition
by xenobiotics [70]. Due to the activity of CYP enzymes
diuron undergoes N-demethylation, and the metabolite
1-(3,4-dichlorophenyl)-3-methylurea was detected in
the exposure media while the concentration of diuron
decreased. Diazinon showed a different inhibition pat-
tern and it was able to somehow decrease the activity of
CYP2C19, CYP2B6 and CYP3A4 as other organophos-
phorous compounds do [62]. In the case of CYP1A2 the
inhibition was very weak (<20%) and not concentration
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dependent, which correlates well with the result of EROD
activity. Regarding AChE, in the presence of these sub-
stances, diuron showed inhibition but diazinon did not.
Consequently, these results are not in accordance with
the results obtained in vivo. Diazinon did not present
inhibition because the inhibitor compound is the oxon
metabolite [71]. The previous oxidation of diazinon to
diazoxon is necessary to cause the inhibition [58, 72],
and the in vitro assay does not include such an oxidation
process prior to the enzymatic reaction. The in vivo assay,
on the other hand, showed a significant effect on AChE
activity in zebrafish larvae, because diazinon is previously
oxidized by its metabolism by CYP enzymes. Indeed, the
concentration of diazinon in the exposure media was sig-
nificantly reduced after 48 h, and diazoxon and IMHP
were detected. Diuron was also able to inhibit the activ-
ity of AChE, as reported by Ahmed et al. [73], in contrast
to the results in zebrafish. Diuron might follow another
pathway (e.g., metabolisation) before affecting the AChE
and probably needs a longer exposure time. El-Nahhal
and Lubbad [74] observed inhibition of AChE activity in
chicken after administration of diuron for longer periods.

The effects of diazinon and diuron were also tested at
molecular level. A few genes were selected based on their
response to toxicants and on their homology to humans.
Specifically, gene cyplcl was selected because in spite of
not having a counterpart in humans [75], it is involved
in the metabolization of a very wide spectrum of sub-
stances that are metabolized in humans by CYPI, CYP2
and CYP3 [60]. Genes cyp3c4 and cyp3a65 share synteny
with human CYP3A4 [70, 76]. Gstpl encodes for its cor-
respondent phase II detoxification enzyme that plays
an important role in detoxification in fish and humans.
Diazinon caused the downregulation of gene cyp3c4 at
the lowest concentration tested and this result is in agree-
ment with the results obtained in the inhibition detected
in vitro for the corresponding human CYP3A4 enzyme.
Additionally, it caused the downregulation of cyp3a65. At
the highest concentrations tested both diazinon and diu-
ron caused the induction of gstpI. The induction caused
by diazinon confirmed the results obtained by Velki et al.
[14] even though in that case higher concentrations of
pesticides were applied.

Conclusions

The results obtained in the present study demon-
strated various impacts of the investigated pesticides,
diazinon and diuron, on different zebrafish embryo
stages. Assessment of early effects of pesticides showed
significant effects leading to increased GSH levels and
alterations in the responses of some enzyme activities
(inhibition of CES and AChE activity after diazinon
exposure). The recently established protocol for
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fluorescent detection in whole zebrafish larvae proved
to be applicable for assessment of pesticide effects
(detected increase in GSH levels after short exposure)
and demonstrated that the fluorescence-based assay
could be sensitive for the detection of early effects of
pesticides. Additionally, it showed to be adaptable to
other protocols, as the MXR activity was measured
using the whole zebrafish embryos, and significant
changes in the MXR activity were observed after expo-
sure to both pesticides. Changes in MXR activity are
of great importance in predicting the toxicity of pesti-
cides since the inhibition of MXR activity can lead to
the increase in toxicity. Obtained results and applica-
tion of the adapted protocol open up the possibility of
future research into the influence of MXR activation/
inhibition on the toxicity of pesticides, in single sub-
stance testing as well as co-exposure of several pesti-
cides. In vivo and in vitro assessed enzymatic activities,
together with gene expression changes, confirmed the
complex responses of zebrafish to pesticide exposure.
For the in-depth investigation and proper understand-
ing of pesticide effects it is necessary to assess a range
of different endpoints, and, therefore, a battery of assays
that will involve different mechanisms is recommended.
The recently developed and adapted fluorescence-based
assays, which are in accordance with the 3R principle
due to the reduction of required organisms, proved to
be helpful tools to further investigate the effects of pes-
ticides and prediction of their toxicity. These protocols
will be further expanded to a multi-endpoint bioassay
and improved towards parallel measurement of a set of
different signals.

Abbreviations

AChE: acetylcholinesterase; CAT: catalase; CDNB: 1-chloro-2,4-dinitrobenzene;
CYP: cytochrome P450; DMSO: dimethy! sulfoxide; GPx: glutathione peroxi-
dase; GSH: reduced glutathione; GSSG: L-glutathione oxidized disodium salt;
GST: glutathione S-transferase; hpf: hours post fertilization; MXR: multixeno-
biotic resistance; PBS: Dulbecco’s phosphate-buffered saline; RB: rhodamine
B; resorufin: 7-hydroxy-3H-phenoxazin-3-one; ROS: reactive oxygen species;
tert-BHP: tert-butyl hydroperoxide; B-NADPH: 3-nicotinamide adenine dinu-
cleotide 2"-phosphate reduced tetrasodium salt hydrate.

Authors’ contributions

MV and CL performed and analyzed results of quantitative GSH and ROS
detection, MXR activity and enzymatic biomarker responses, and drafted

the manuscript. AB, AEA and SR performed and analyzed results of in vitro
enzymatic activities, gene expression measurements and concentrations of
diazinon and diuron. TBS supervised the study. TBS and HH contributed to the
interpretation of the results and to the writing of the manuscript. All authors
read and approved the final manuscript.

Author details

! Department of Biology, Josip Juraj Strossmayer University of Osijek, Cara
Hadrijana 8/A, 31000 Osijek, Croatia. % Institute for Environmental Research,
RWTH Aachen University, Worringerweg 1, 52074 Aachen, Germany. 3 Food
Research Division, AZTI, Parque Tecnoldgico de Bizkaia, Astondo bidea 609,
48160 Derio, Spain.

Page 16 of 18

Acknowledgements

The authors would like to kindly thank the Tecan Group Ltd. for their contribu-
tion to this study as a partner of the Students Lab “Fascinating Environment” at
Aachen Biology and Biotechnology (ABB).

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets obtained and analyzed in the current study are available from the
corresponding author on reasonable request.

Consent for publication
Not applicable.

Ethics approval and consent to participate

The use of zebrafish was in accordance with the animal welfare act. All
experiments were terminated at 120 hpf and since zebrafish embryos and
larvae below 120 h post fertilization are not considered animals, no animal
test authorization is required according to European legislation (EU Directive,
2010/63/EU); Real Decreto 53/2013 in Spain and TierSchG (Tierschutzgesetz)
and the respective regulation TierSchVersV (Tierschutz-Versuchstierverord-
nung) in Germany.

Funding

The research stay of Mirna Velki at Department of Ecosystem Analysis, Institute
for Environmental Research, RWTH Aachen University was supported by
Alexander von Humboldt Foundation (Research Fellowship for postdoctoral
researchers).

This research was partly funded by the Agriculture and Fisheries Depart-
ment of the Basque Government (project NEWKIT), by the European Union
H2020 research and innovation programme under the EU-China-Safe project
(Grant Agreement No. 727864) and by the Spanish Ministry of Economy and
Competitiveness (Grant No. CTQ2017-83569-C2-2-R).

Amaia Erefo Artabe wishes to thank the Basque Government for a PhD
grant (fellowship for research personnel in the scientific-technological and
business environment of the Basque agro-fisheries and food sector of the
Department of Economic Development and Infrastructure).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 26 October 2018 Accepted: 4 January 2019
Published online: 16 January 2019

References

1. Lammer E, Carr GJ, Wendler K, Rawlings JM, Belanger SE, Braunbeck T
(2009) Is the fish embryo toxicity test (FET) with the zebrafish (Danio rerio)
a potential alternative for the fish acute toxicity test? Comp Biochem
Physiol C: Toxicol Pharmacol 149:196-209

2. OECD (2013) Guidelines for the testing of chemicals—Test No. 236: fish
embryo toxicity (FET) test. Paris, France

3. Russell WMS, Burch RL (1959) The principles of humane experimental
techniques. Methuen, London

4. YenJ, Donerly S, Levin ED, Linney EA (2011) Differential acetylcholinester-
ase inhibition of chlorpyrifos, diazinon and parathion in larval zebrafish.
Neurotoxicol Teratol 33:735-741

5. Yul, Chen M, LiuY, GuiW, Zhu G (2013) Thyroid endocrine disruption in
zebrafish larvae following exposure to hexaconazole and tebuconazole.
Aquat Toxicol 138-139:35-42

6. Osterauer R, Kohler HR (2008) Temperature-dependent effects of the
pesticides thiacloprid and diazinon on the embryonic development of
zebrafish (Danio rerio). Aquat Toxicol 86:485-494

7. Awoyemi OM, Kumar N, Schmitt C, Subbiah S, Crago J (2018) Behavio-
ral, molecular and physiological responses of embryo-larval zebrafish
exposed to types | and Il pyrethroids. Chemosphere 219:526-537



Velki et al. Environ Sci Eur

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

(2019) 31:4

Nusser LK, Skulovich O, Hartmann S, Seiler TB, Cofalla C, Schuettrumpf

H, Hollert H, Salomons E, Ostfeld A (2016) A sensitive biomarker for the
detection of aquatic contamination based on behavioral assays using
zebrafish larvae. Ecotoxicol Environ Saf 133:271-280

Richendrfer H, Pelkowski SD, Colwill RM, Créton R (2012) Developmental
sub-chronic exposure to chlorpyrifos reduces anxiety-related behavior in
zebrafish larvae. Neurotoxicol Teratol 34:458-465

Velki M, Di Paolo C, Nelles J, Seiler T-B, Hollert H (2017) Diuron and
diazinon alter the behavior of zebrafish embryos and larvae in the
absence of acute toxicity. Chemosphere 180:65-76

. ShiX,GuA,JiG,LiY,DiJ, JinJ,HuF LongV, XiaY, Lu C, Song L, Wang S,

Wang X (2011) Developmental toxicity of cypermethrin in embryo-larval
stages of zebrafish. Chemosphere 85:1010-1016

Chow WS, Chan WK, Chan KM (2013) Toxicity assessment and vitellogenin
expression in zebrafish (Danio rerio) embryos and larvae acutely exposed
to bisphenol A, endosulfan, heptachlor, methoxychlor and tetrabromobi-
sphenol A. J Appl Toxicol 33:670-678

Schittler A, Reiche K, Altenburger R, Busch W (2017) The transcriptome of
the zebrafish embryo after chemical exposure: a meta-analysis. Toxicol Sci
157:291-304

Velki M, Meyer-Alert H, Seiler T-B, Hollert H (2017) Enzymatic activity and
gene expression changes in zebrafish embryos and larvae exposed to
pesticides diazinon and diuron. Aquat Toxicol 193:187-200

Lackmann C, Martinez Santos M, Rainieri S, Barranco A, Hollert H, Spirhan-
zlova P, Velki M, Seiler T-B (2018) Novel procedures for whole organism
detection and quantification of fluorescence as a measurement for oxida-
tive stress in zebrafish (Danio rerio) larvae. Chemosphere 197:200-209
Lushchak VI (2011) Environmentally induced oxidative stress in aquatic
animals. Aquat Toxicol 101:13-30

Modra H, Vrskova D, Macova S, Kohoutkova J, Hajslova J, Haluzova |, Svo-
bodova Z (2011) Comparison of diazinon toxicity to embryos of Xenopus
laevis and Danio rerio; degradation of diazinon in water. Bull Environ
Contam Toxicol 86:601-604

Scheil V, Kienle C, Osterauer R, Gerhardt A, Kéhler H-R (2009) Effects

of 3,4-dichloroaniline and diazinon on different biological organisa-

tion levels of zebrafish (Danio rerio) embryos and larvae. Ecotoxicology
18:355-363

Watson FL, Schmidt H, Turman ZK, Hole N, Garcia H, Gregg J, Tilghman J,
Fradinger EA (2014) Organophosphate pesticides induce morphological
abnormalities and decrease locomotor activity and heart rate in Danio
rerio and Xenopus laevis. Environ Toxicol Chem 33:1337-1345

Rahal A, Kumar A, Singh'V, Yadav B, Tiwari R, Chakraborty S, Dhama K
(2014) Oxidative stress, prooxidants, and antioxidants: the interplay.
Biomed Res Int 2014:761264

Abdollahi M, Ranjbar A, Shadnia S, Nikfar S, Rezaiee A (2004) Pesticides
and oxidative stress: a review. Med Sci Monit 10:RA141-RA147

Klobucar R, Zaja R, Franjevié D, Brozoviae A, Smital T (2010) Presence

of ecotoxicologically relevant Pgp and MRP transcripts and proteins in
cyprinid fish. Arch Ind Hyg Toxicol J 61:175-182

Luckenbach T, Corsi |, Epel D (2004) Fatal attraction: synthetic musk
fragances compromise multixenobiotic defense systems in mussels. Mar
Environ Res 58:215-219

Van der Oost R, Beyer J, Vermeulen NPE (2003) Fish bioaccumulation and
biomarkers in environmental risk assessment: a review. Environ Toxicol
Pharmacol 13:57-149

Kurelec B (1992) The multixenobiotic resistance mechanism in aquatic
organisms. Crit Rev Toxicol 22:23-43

Bard SM (2000) Multixenobiotic resistance as a cellular defense mecha-
nism in aquatic organisms. Aquat Toxicol 48:357-389

Smital T, Luckenbach T, Sauerborn R, Hamdoun AM, Vega RL, Epel D
(2004) Emerging contaminants—pesticides, PPCPs, microbial degradation
products and natural substances as inhibitors of multixenobiotic defense
in aquatic organisms. Mutat Res 552:101-117

Felicio AA, Freitas JS, Scarin JB, de Souza Ondei L, Teresa FB, Schlenk D, de
Almeida EA (2018) Isolated and mixed effects of diuron and its metabo-
lites on biotransformation enzymes and oxidative stress response of Nile
tilapia (Oreochromis niloticus). Ecotoxicol Environ Saf 149:248-256

Nebbia C (2001) Biotransformation enzymes as determinants of xenobi-
otic toxicity in domestic animals. Vet J 161:238-252

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 17 of 18

Lopez-Torres M, Perez-Campo R, Cadenas S, Rojas C, Barja G (1993) A
comparative research of free radicals in vertebrates-Il. Non-enzymatic
antioxidants and oxidative stress. Comp Biochem Physiol 105:757-763
Thompson HM (1999) Esterases as markers of exposure to organophos-
phates and carbamates. Ecotoxicology 8:369-384

Herndndez AF, Lacasana M, Gil F, Rodriguez-Barranco M, Pla A, Lépez-
Guarnido O (2013) Evaluation of pesticide-induced oxidative stress from a
gene-environment interaction perspective. Toxicology 307:95-102

ISO (2007) International standard water quality—determination of
the acute toxicity of waste water to zebrafish eggs (Danio rerio). 1ISO
15088:2007

Stréhle U, Scholz S, Geisler R, Greiner P, Hollert H, Rastegar S, Schu-
macher A, Selderslaghs |, Weiss C, Witters H, Braunbeck T (2012)
Zebrafish embryos as an alternative to animal experiments—a
commentary on the definition of the onset of protected life stages in
animal welfare regulations. Reprod Toxicol 33:128-132

Babié S, Barisi¢ J, Visi¢ H, Klobucar Sauerborn R, Topié Popovié N,
Strunjak-Perovié |, Coz-Rakovac R, Klobuéar G (2017) Embryotoxic
and genotoxic effects of sewage effluents in zebrafish embryo using
multiple endpoint testing. Water Res 115:9-21

Fischer S, Kltver N, Burkhardt-Medicke K, Pietsch M, Schmidt A, Wellner
P Schirmer K, Luckenbach T (2013) Abcb4 acts as multixenobiotic
transporter and active barrier against chemical uptake in zebrafish
(Danio rerio) embryos. BMC Biol 11:69

Smital T, Kurelec B (1998) The activity of multixenobiotic resistance
mechanism determined by rhodamine B-efflux method as a biomarker
of exposure. Mar Environ Res 46:443-447

Schiwy S, Braunig J, Alert H, Hollert H, Keiter SH (2015) A novel contact
assay for testing aryl hydrocarbon receptor (AhR)-mediated toxicity
of chemicals and whole sediments in zebrafish (Danio rerio) embryos.
Environ Sci Pollut Res Int 22:16305-16318

Ellman GL, Courtney KD, Andreas V Jr, Featherstone RM (1961) A new
and rapid colorimetric determination of acety!l cholinesterase activity.
Biochem Pharm 7:88-95

Hosokawa M, Satoh T (2002) Measurement of carboxylesterase (CES)
activities. Curr Protoc Toxicol 10:4.7.1-4.7.14

Claiborne A (1985) Catalase activity. In: Greenwald RA (ed) CRC hand-
book of methods in oxygen radical research. CRC Press, Boca Raton, pp
283-284

Habig WH, Jakoby WB (1981) Assays for differentiation of glutathione
S-transferases. Methods Enzymol 77:398-405

EU Pesticides Database (2018) http://ec.europa.eu/food/plant/pesti
cides/eu-pesticides-database/public/?event=homepage&langu
age=EN. Accessed 29 May 2018

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2-AACTMethod. Meth-
ods 25:402-408

Pfaffl MW, Horgan GW, Dempfle L (2002) Relative expression software
tool (REST) for group-wise comparison and statistical analysis of rela-
tive expression results in real-time PCR. Nucleic Acids Res 30:e36
Altuntas |, Kilinc I, Orhan H, Demirel R, Koylu H, Delibas N (2004) The
effects of diazinon on lipid peroxidation and antioxidant enzymes in
erythrocytes in vitro. Hum Exp Toxicol 23:9-13

Isik 1, Celik 1 (2008) Acute effects of methyl parathion and diazinon as
inducers for oxidative stress on certain biomarkers in various tissues of
rainbowtrout (Oncorhynchus mykiss). Pestic Biochem Physiol 92:38-42
Epel D, Luckenbach T, Stevenson CN, MacManus-Spencer LA, Ham-
doun A, Smital T (2008) Efflux transporters: newly appreciated roles in
protection against pollutants. Environ Sci Technol 42:3914-3920
Ferreira M, Costa J, Reis-Henriques MA (2014) ABC transportes in fish
species: a review. Front Physiol 5:266

Bond J-A, Bradley BP (1997) Resistance to malathion in heat shocked
Daphnia magna. Environ Toxicol Chem 16:705-712

McLoughlin N, Yin D, Maltby L, Wood RM, Yu H (2000) Evaluation of
sensitivity and specificity of two crustacean biochemical biomarkers.
Environ Toxicol Chem 19:2085-2092

Steevens JA, Benson WH (1999) Toxicological interactions of chlorpy-
rifos and methyl mercury in the amphipod, Hyalella azteca. Toxicol Sci
52:168-177

Bosak A (2006) Enzymatic reactions with organophosphorus com-
pounds. Arh Hig Rada Toksikol 57:445-457


http://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/public/%3fevent%3dhomepage%26language%3dEN
http://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/public/%3fevent%3dhomepage%26language%3dEN
http://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/public/%3fevent%3dhomepage%26language%3dEN

Velki et al. Environ Sci Eur

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

(2019) 31:4

Eder KJ, Leutenegger CM, Wilson BW, Werner | (2004) Molecular and
cellular biomarker responses to pesticide exposure in juvenile chinook
salmon (Oncorhynchus tshawytscha). Mar Environ Res 58:809-813
Hamm JT, Wilson BW, Hinton DE (2001) Increasing uptake and bioacti-
vation with development positively modulate diazinon toxicity in early
life stage medaka (Orzyias latipes). Toxicol Sci 61:304-313
Henson-Ramsey H, Schneider A, Stoskopf MK (2011) A comparison of
multiple esterases as biomarkers of organophosphate exposure and
effect in two earthworm species. Bull Environ Contam Toxicol 86:373-378
Wheelock CE, Eder KJ, Werner |, Huang H, Jones PD, Brammell BF, Elskus
AA, Hammock BD (2005) Individual variability in esterase activity and
CYP1A levels in Chinook salmon (Oncorhynchus tshawytscha) exposed to
esfenvalerate and chlorpyrifos. Aquat Toxicol 74:172-192

Keizer J, D’Agostino G, Nagel R, Volpe T, Gnemi P, Vittozzi L (1995) Enzymo-
logical differences of AChE and diazinon hepatic metabolism: correlation
of in vitro data with the selective toxicity of diazinon to fish species. Sci
Total Environ 171:213-220

De Souza Anselmo C, Sardela VF, de Sousa VP, Pereira HMG (2018)
Zebrafish (Danio rerio): a valuable tool for predicting the metabolism of
xenobiotics in humans? Comp Biochem Physiol C: Toxicol Pharmacol
212:34-46

Saad M, Cavanaugh K, Verbueken E, Pype C, Casteleyn C, Van Ginneken
C,Van Cruchten S (2016) Xenobiotic metabolism in the zebrafish: a
review of the spatiotemporal distribution, modulation and activity of
cytocrhrome P450 families 1 to 3. J Toxicol Sci 41:1-11

Dutour R, Poirier D (2017) Inhibitors of cytochrome P450 (CYP) 1B1. Eur J
Med Chem 135:296-306

Abass K, Pelkonen O (2013) The inhibition of major human hepatic
cytochrome P450 enzymes by 18 pesticides: comparison of the N-in-one
and single substrate approaches. Toxicol In Vitro 27:1584-1588
Werck-Reichhart D, Hehn A, Didierjean L (2000) Cytochromes P450 for
engineering herbicide tolerance. Trends Plant Sci 5:116-123

Olsen L, Oostenbrink C, Jergensen FS (2015) Prediction of cytochrome
P450 mediated metabolism. Adv Drug Deliv Rev 86:61-71

Colovié MB, Krstié DZ, Lazarevié-Pasti TD, Bondzi¢ AM, Vasi¢ VM (2013)
Acetylcholinesterase inhibitors: pharmacology and toxicology. Curr
Neuropharmacol 11:315-335

Abass K, Reponen P, Turpeinen M, Jalonen J, Pelkonen O (2007) Charac-
terization of diuron N-demethylation by mammalian hepatic microsomes

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Page 18 of 18

and cDNA-expressed human cytochrome P450 enzymes. Drug Metab
Dispos 35:1634-1641

Mutch E, Williams FM (2006) Diazinon, chlorpyrifos and parathion are
metabolised by multiple cytochromes P450 in human liver. Toxicology
224:22-32

Siebert MN, Mattos JJ, Toledo-Silva G, Razzera G, Bainy ACD (2017) Candi-
date cytochrome P450 genes for ethoxyresorufin O-deethylase activity in
oyster Crassostrea gigas. Aquat Toxicol 189:142-149

Kais B, Schiwy S, Hollert H, Keiter SH, Braunbeck T (2017) In vivo EROD
assays with the zebrafish (Danio rerio) as rapid screening tools for the
detection of dioxin-like activity. Sci Total Environ 590:269-280

Goldstone JV, McArthur AG, Kubota A, Zanette J, Parente T, Jonsson ME,
Nelson DR, Stegeman JJ (2010) Identification and developmental expres-
sion of the full complement of Cytochrome P450 genes in Zebrafish. BMC
Genom 11:643

Dzul-Caamal R, Dominguez-Lopez ML, Olivares-Rubio HF, Garcia-Latorre
E, Vega-Lépez A (2014) The relationship between the bioactivation

and detoxification of diazinon and chlorpyrifos, and the inhibition of
acetylcholinesterase activity in Chirostoma jordani from three lakes with
low to high organophosphate pesticides contamination. Ecotoxicology
23:779-790

Sultatos LG (1994) Mammalian toxicology of organophosphorus pesti-
cides. J Toxicol Environ Health A 43:271-289

Ahmed M, Latif N, Khan RA, Ahmad A (2012) Toxicological effect of herbi-
cides (diuron and bentazon) on snake venom and electric eel acetylcho-
linesterase. Bull Environ Contam Toxicol 89:229-233

El-Nahhal Y, Lubbad R (2018) Acute and single repeated dose effects of
low concentrations of chlorpyrifos, diuron, and their combination on
chicken. Environ Sci Pollut Res Int 25:10837-10847

Uno T, Ishizuka M, Itakura T (2012) Cytochrome P450 (CYP) in fish. Environ
Toxicol Pharmacol 34:1-13

Qiu H, Taudien S, Herlyn H, Schmitz J, Zhou Y, Chen G, Roberto R, Rocchi
M, Platzer M, Woknowski L (2008) CYP3 phylogenomic: evidence for
positive selection of CYP3A4 and CYP3A7. Pharmacogenet Genomics
18:53-66

Timme-Laragy AR, Cockman CJ, Matson CW, Di Giulio RT (2007) Syner-
gistic induction of AHR regulated genes in developmental toxicity from
co-exposure to two model PAHSs in zebrafish. Aquat Toxicol 85:241-250

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Pesticides diazinon and diuron increase glutathione levels and affect multixenobiotic resistance activity and biomarker responses in zebrafish (Danio rerio) embryos and larvae
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Chemicals and reagents
	Test organism
	Exposure for oxidative stress assessment using CellTracker™ Green CMFDA and CM-H2DCFDA
	Measurement of MXR activity
	Assessment of biochemical biomarkers
	Response of biochemical biomarkers in zebrafish larvae
	Response of biochemical biomarkers in vitro

	Assessment of molecular biomarkers
	RNA isolation and cDNA synthesis
	Quantitative real-time PCR analysis (qRT-PCR)
	Analysis of diazinon and diuron in the exposure solutions by LC–MS
	Data analysis


	Results
	Quantitative GSH detection
	MXR activity
	Enzymatic biomarker responses
	Gene expression measurements (qRT-PCR results)
	Measured concentrations of diazinon and diuron

	Discussion
	Conclusions
	Authors’ contributions
	References




