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Introduction: Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) is a prominent
herbicide in Brazilian agriculture, particularly in sugarcane farming. This herbicide
persists in the environment and is transformed into potentially toxic metabolites,
such as 3,4-dichloroaniline (DCA) and 3-(3,4-dichlorophenyl)-1-methylurea
(DCPMU), raising concerns that encompass environmental contamination and
One Health, which unites environmental and human health. Zebrafish are an
appropriate experimental model to evaluate toxicity: they metabolically and
genetically resemble humans and can be applied in ecotoxicology.

Methods: In this study, we have employed multiparameter evaluation to
characterize the toxicity of environmentally relevant concentrations (0.5—
100 M) of Diuron, DCA, or DCPMU in Brazil, a developing country. In the early
stages of zebrafish development, we performed the fish embryo toxicity test
according to the guidelines established in OECD Protocol No. 236, extended
to 144 h post fertilization (hpf). We also investigated the oxygen consumption
rate in zebrafish embryos at 24 hpf, evaluated the acetylcholinesterase (AChE)
enzymatic activity in zebrafish larvae at 96 hpf, and used the Comet Assay to
assess DNA fragmentation in zebrafish larvae at 96 hpf. We subjected adult
zebrafish to acute exposure for 96 h in accordance with OECD protocol no.
203 for the Acute Toxicity Test in Fish. Following this exposure, we analyzed
mutagenicity by using the micronucleus test, which was complemented by
quantification of nuclear anomalies (NA) in erythrocytes and further confirmed
by histopathological investigations.

Results and discussion: Exposure to any of the tested Diuron concentrations
damaged DNA, and NA became significant beyond 10 wM Diuron. At 10 uM,
DCA altered AChE activity, suggesting neuromuscular toxicity. Between 0.5
and 5uM, DCA was potentially genotoxic, and 5-10 uM DCA induced nuclear
pleomorphism. At all the tested concentrations, DCPMU damaged DNA, and
NA emerged between 1 and 10uM DCPMU. Adult zebrafish exposed to any
of the tested Diuron, DCA, or DCPMU concentrations for 96 h did not exhibit
significant histopathological alterations. Erythrocyte morphology analysis did
not reveal mutagenicity. Although we observed non-mutagenic genotoxicity,
chromosomalinstability is of concern. The findings of this study contribute to our
understanding of how Diuron and its metabolites affect zebrafish and highlights
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the need for multiparametric assessment to elucidate how herbicides and their
metabolites impact the environment and human health. This endeavor informs
regulatory measures for safely using Diuron and similar herbicides and reveals
substantial implications for developing nations grappling with escalating water
contamination due to pesticide use.
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histopathology

1 Introduction

Pesticides are employed in agricultural production to manage,
prevent, and eliminate pests, thereby increasing quality and
productivity (Atwood and Paisley-Jones, 2017). Brazil, a developing
country that relies heavily on agricultural exports, is a major
consumer of pesticides, accounting for 20% of the global market
(equivalent to approximately US$ 10 billion per year (Barizon et al.,
2020).

Diuron, a systemic herbicide belonging to the phenylurea
group, is commonly used in large sugarcane, soybean, corn, and
eucalyptus plantations and various fruit crops such as bananas,
pineapples, and grapes in both the pre-emergent and post-
emergent phases. This herbicide is also applied in urban areas
(EFSA, 2005). Diuron acts by inhibiting water photolysis, thereby
preventing photosynthesis (Field et al., 2003) and regulating weed
growth. However, its worldwide application has environmental
consequences due to its moderate to high permanence in
sediments, soils, and surface waters. Indeed, Diuron has been
identified in numerous environmental compartments, particularly
aquatic environments, which has raised concerns about potential
human and animal exposure to this herbicide by several means,
including water and food consumption and occupational activities
(Herndndez et al., 2013).

Diuron has consistently been detected in emerging countries. In
South Korea, 0.1501-5.831 nM Diuron has been detected in marine
areas and waters (Kim et al., 2014). In Australia, up to 0.3nM
Diuron has been detected in the surface waters of Queensland
(Ensminger et al., 2013), and concentrations exceeding 184.48 nM
Diuron have been verified in the Great Barrier Reef (Skerratt et al.,
2023). Up to 1.6nM Diuron has been found in the Beijing and
Tianjin regions in China (Kong et al., 2016).

Contamination with Diuron has also been detected in
several Brazilian regions. In 2019, Companhia Ambiental do
Estado de Sdo Paulo (CETESB) (Environmental Company of the
state of Sdao Paulo) detected Diuron in 91.9% of surface and
groundwater samples in the state of Sdo Paulo, with the highest
concentrations reaching 0.32 pg/L (1.37nM) (CETESB, 2021). In
studies conducted in the state of Rio Grande do Sul, up to 3.39 nM
Diuron has been detected in surface water, and a maximum of
6.2 nM Diuron has been measured in drinking water (Caldas et al.,
2019). In Sao Luis, Maranhao, Diuron at concentrations ranging
from <0.1288 to 2.87nM have been observed in groundwater
(Viana et al., 2019). Diuron at 0.00214 nM has been detected in the
Aquidauana River, Mato Grosso do Sul (Finoto Viana et al., 2023),
and up to 4.29 nM Diuron has been observed in the Piracicaba,
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Capivari, and Jundiai rivers, Sdo Paulo (Madeira et al.,, 2023).
Diuron at 30.53 wM has been found in groundwater in the region
of Ribeirdo Preto, Sdo Paulo (Di Bernardo Dantas et al., 2011).
The Instituto Brasileiro do Meio Ambiente e dos Recursos
(IBAMA)
Environment and Renewable

Naturais Renovaveis (Brazilian Institute of the
Natural

Diuron as a Class IT product, indicating that it is highly dangerous

Resources) classifies
for the environment (IBAMA, 2021). Furthermore, according to
the Global Harmonized Classification System (GHS), Diuron is
classified as a class III herbicide, which means it is dangerous to
the environment (IBAMA, 2021). In the context of drinking water
supply, the Brazilian Ministry of Health establishes maximum
Diuron concentration of 90 pug/L (0.361 wM), in accordance with
Regulation 2.914/2011 (Brasil Ministry of Health, 2011).

Nevertheless, Diuron concentrations detected in aquatic
environments may not reflect the true problem of its environmental
persistence. The half-life of Diuron in aquatic environments
is generally around 2 weeks to 1 month (Huovinen et al,
2015). Diuron biodegradation yields metabolites, including
3,4-dichlorophenylmethylurea (DCPMU) and 3,4-dichloroaniline
(DCA). DCPMU and DCA are considered environmental
pollutants because they persist in soil and water (Field et al., 2003).
It has been estimated that DCA and DCPMU remain in aquatic
systems for more than 36 days (Gooddy et al., 2002; Carena et al.,
2018). However, photodegradation is one of the processes that
influences the decomposition of these metabolites and is often
limited by factors such as turbidity and the presence of other
organic materials that can shield the compound from light (Carena
etal., 2018).

These metabolites have been found in the Piracicaba, Capivari,
and Jundiai rivers at concentrations limited to 1.419 uM (Madeira
et al,, 2023). Its main degradation product is DCA, a xenobiotic
that is the tested of decontamination studies (Quirantes et al,
2017). Additionally, DCA is toxic when it is ingested or inhaled
or when it comes into contact with the skin (PubChem, 2022). In
turn, DCPMU has rarely been studied in classical in vivo and in
vitro models.

Toxicological characterization of Diuron in experimental
models contributes with knowledge about this herbicide and its
degradation products, such as DCA and DCPMU. In a more
realistic context, the aquatic environment is the first destination
of these compounds, so alternative models like fish are relevant
for analyzing toxicity (Khabib et al., 2022). According to recent
studies, exposure to 1.287-12.87 nM Diuron causes aneuploidy and
alters hemocyte parameters, such as Reactive Oxygen Species in
adult oysters (Crossostrea gigas) (Bouilly et al., 2007). Embryotoxic
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and genotoxic effects of this herbicide and its metabolites have
been verified in oyster larvae at 6h post fertilization (hpf)
(Behrens et al., 2016). An experiment carried out at 96 hpf
in fish (Clarias gariepinus) exposed to Diuron (0.077-0.025 M)
showed mutagenicity, biochemical changes in the blood, and liver
dysfunction (Michael, 2018). Exposure of Nile tilapia (Oreochromis
niloticus) to Diuron and its metabolites DCA, DCPU, and DCPMU
(acute semi-static exposure, 40-200 ng/L) has been shown to
impair antioxidant activity and biotransformation as evidenced by
oxidative stress and lipid peroxidation markers (Felicio etal., 2018).

When it comes to assessing the toxicity of herbicides, their
active ingredients, and their metabolites, the alternative model
zebrafish (Danio rerio) stands out (Gongalves et al., 2020). First,
zebrafish develop fast and reproduce at a high rate, being an
interesting approach for toxicological tests. Furthermore, given the
71% genomic similarity between zebrafish and humans, endpoints
that are relevant for the human health can be evaluated (Tal et al.,
2020). In accordance with the ethical principles of the “3 Rs”,
recognized by regulators worldwide, and support by the Brazilian
legislation, zebrafish are a valuable tool to assess the hazard of
compounds released into the environment (Russel and Burch, 1959;
Brasil, 2022). In addition, zebrafish and humans have similar and
conserved metabolic, toxicokinetic, and toxicodynamic profiles (de
Souza Anselmo et al., 2018). Besides that, zebrafish are easy to
maintain, small, and can be used to evaluate toxicity through
different exposure pathways, which makes them a highly effective
and ethically sound in vivo model for toxicological research
(Nagel, 2002). Using them in research provides results that help
to understand how diverse substances impact the environment and
human health (Zinsstag et al., 2011).

Here, we aimed to assess the general toxicity of Diuron
and its metabolites DCA and DCPMU in different stages
of zebrafish (Danio rerio) development. We want to provide
further information for need for a multi-parametric evaluation to
strengthen regulatory protocols for safely applying this herbicide
not only in Brazil, but also in comparable developing countries that
are experiencing increasing water contamination with Diuron.

2 Materials and methods

The study methodology focused on the toxicological
characterization of Diuron, DCA, and DCPMU by using
multiple endpoints at different stages of zebrafish development as
shown in Figure 1.

2.1 Chemicals

The herbicide Diuron (CAS no. 330-54-1, purity > 98%, catalog
no. D2425, Sigma-Aldrich Co, St Louis, MO) and its metabolites
DCA (CAS no. 95-76-1, purity > 98%, catalog no. 437778, Sigma-
Aldrich Co., St Louis, MO) and DCPMU (CAS no. 3567-62-2,
purity > 98%, catalog no. S613053, Sigma-Aldrich Co., St Louis,
MO) were used in standard solutions. Concentrations from 0.5 to
100 uM were analyzed because they correspond to environmental
concentrations according to Field et al. (2003), including the
concentrations of up to 30.53 wM found in groundwater in Brazil
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(Di Bernardo Dantas et al., 2011), and contribute to understanding
the toxic effects of these compounds on the basis of concentrations
previously employed by our study group (Da Rocha et al., 2013;
Lima et al., 2022a,b). Dimethyl sulfoxide (DMSO) and Tween®
20 (Sigma-Aldrich Co., St Louis, MO) were used to prepare stock
solutions of Diuron and its metabolites at nominal concentrations.
The negative control was ISO-7346 water, and the solvent control
was 0.01% DMSO and Tween® 20 in ISO-7346 water. Previous
tests showed that 0.01% DMSO and Tween® 20 did not have
any toxic effects on zebrafish. For the fish embryo toxicity (FET)
test, a 2.0 WM hydrogen peroxide (H>O;) solution was used as
positive control because it affects development, causing delayed
hatching, edema, and suspected liver damage (Li et al., 2021). For
the oxygen consumption rate (OCR) test, potassium cyanide (KCN)
diluted in sodium hydroxide (NaOH) was employed as positive
control because KCN inhibits cytochrome ¢ oxidase, acting as a
mitochondrial uncoupler and halting mitochondrial respiration
(Cammer, 1982).

2.2 Fish embryo toxicity test

2.2.1 Fish maintenance

Wild-type adult zebrafish (Danio rerio) (strain AB), which
belong to the class Actinopterygii, order Cypriniformes, family
Cuprinidae, and subfamily Danioninae, were employed as model
organism. Zebrafish size ranged from 1.8 to 4.0cm, and the
zebrafish were sourced from the vivarium at the Botucatu Medical
School and raised under controlled conditions in a recirculating
aquaculture system. Male and female zebrafish were kept in 6 L glass
aquaria (15 fish in each aquarium) under controlled conditions
[temperature = 27 + 1°C, pH = 7.5 & 0.5, dissolved oxygen
at 95% saturation, conductivity = 750 £ 50 ps/cm, and 14/10
(light/dark) photoperiod] (Westerfield, 2000). The zebrafish were
fed with Maramar® Tropical Granules, Alcon® Spirulina Feed,
and Maramar® high hatching Artemia Eggs three times a day.

To obtain eggs, the male and female zebrafish at a 2:1 ratio
were separated in the spawning tank until the following morning,
when the separation was removed. Then, light stimulus promoted
mating. Fertilized zebrafish eggs at <3 hpf were selected with the
aid of an inverted microscope (AE2000, Motic®, Barcelona, Spain).

2.2.2 Experimental design

The study was based on OECD No. 236 (OECD, 2013)
guidelines and was conducted at the Zebrafish Animal Laboratory
located at UNIPEX—Experimental Research Unit of the Botucatu
Medical School, Sdo Paulo State University (UNESP), Brazil. The
Ethics Committee on Animal Use approved the project (Certificate
No. 1304/2019). Each Diuron, DCA, or DCPMU concentration was
tested on 20 zebrafish embryos, which were distributed into sterile
24-well plates and exposed to autoclaved water obtained from a
zebrafish flow-through system as internal control. The FET test
was performed in independent triplicates. Zebrafish embryos or
larvae exposed to one of the tested compounds were monitored
and evaluated under an inverted microscope (Motic®, AE2000)
at 8, 24, 48, 96, 120, and 144 hpf; OECD TG236 protocol was
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FIGURE 1
Diagram summarizing the methodology used in our study, indicating the performed analyses, stage of zebrafish development, time of exposure to
one of the tested compounds, and number of samples. hpf, hours post-fertilization; mpf, months post-fertilization. Prepared by the authors.

followed with an extension until 144 hpf. The exposed zebrafish
embryos and larvae were compared to the description of typical
zebrafish development by Kimmel et al. (1995), which includes
endpoints such as mortality, sublethality, and teratogenicity.
Images of embryos and larvae were captured at various times after
fertilization by using a digital camera (Olympus MVX10) attached
to a stereomicroscope (SMZ800, Nikon). The subsequent tests with
embryos and larvae were conducted at concentrations ranging from
0.5 to 5 uM, following the analysis of mortality in the FET test.

2.2.3 Oxygen consumption rate test

At 24 hpf, the zebrafish embryos exposed to one of the
tested compounds were subjected to an oxygen consumption rate
(OCR) test. The Oroboros 02k Oxygraph (Oroboros Instruments,
Austria) was used, and the protocol adapted from Gnaiger’s (2020)
research was followed. The test was conducted at 27°C and 500
rpm. After the oxygen consumption curve was stabilized and
calibrated with 1 mL of MAS-1 mitochondrial respiration medium
in the cuvettes, 20 embryos were inserted in each cuvette. After
incubation for 3 min, substrates that activate the Krebs cycle and
electron transport chain (ETC) were added including succinate
(2M), malate (2 M), pyruvate (2M), and ADP (1 mM), followed
by 35mM digitonin (catalog No. 300410, Sigma-Aldrich Co.), to
permeabilize the chorion and biological membranes. The negative
control, the positive control [KCN (CAS No. 151-50-8, catalog
No. 60178, Sigma-Aldrich Co.), 0.4 mol/L diluted in NaOH,
pH > 10], Diuron, DCA, or DCPMU at 0.5, 1, or 5uM was
added. Assays were performed in triplicate for each experimental
condition. Basal respiration was analyzed after 5 min. To inhibit
ATP synthase and to enable respiration without phosphorylation,
45mM oligomycin (catalog No. 495455, Sigma-Aldrich Co.) was
added. This was followed by addition of 50 mM FCCP (carbonyl
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cyanide p-trifluoromethoxy phenylhydrazone, no TIP2k, catalog
No. €2920, Sigma-Aldrich Co, purity > 98%), a mitochondrial
uncoupler that depolarizes mitochondrial membranes, increases
the OCR, and allows uncoupled respiration to be analyzed. Finally,
for residual consumption, 25 mM rotenone (catalog no. R8875,
Sigma-Aldrich Co.) and antimycin A (catalog No. A8674, Sigma-
Aldrich Co.) were added because they inhibit complexes I and
IT and stop respiration. The OCR was measured at stabilized 3-
min intervals. The residual consumption after addition of rotenone
and antimycin A was subtracted to obtain a specific value for
mitochondrial respiration.

2.2.4 Acetylcholinesterase activity assay

At the end of each exposure assay, a pool of 30 larvae at
96 hpf per experimental condition was used to measure AChE
activity. The enzyme was quantified using the Bradford method
(Bradford, 1976), adapted for a 96-well plate. The AChE activity
was determined by using the method of Ellman et al. (1961),
adapted to a 96-well plate by Guilhermino et al. (1998), with
acetylthiocholine as substrate. Conjugation of 5,5/-ditiobis (2-
nitrobenzoic acid) (DTNB) (catalog no. 22582, Sigma-Aldrich Co)
with 2-(dimethylamino) ethanethiol hydrochloride (thiocholine)
(catalog no. D2425, Sigma-Aldrich Co) was monitored by
measuring the increase in absorbance at 414 nm for 5min. AChE
activity is expressed as nmol of hydrolyzed substrate per minute per
mg of protein (¢ = 13.6 x 10> M ~! ecm™!).

2.2.5 Comet assay

The protocol of Abe et al. (2024) was used to accomplish
the comet assay at 96 hpf with zebrafish larvae exposed to one
of the tested compounds. Twenty selected embryos were exposed
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to each experimental condition using six-well culture plates. The
experimental conditions included three concentrations of each
tested compound (0.5, 1, or 5 uM), a positive control [0.001% H, O,
(v/v), CAS no. 7722-84-1, catalog no. 1.08600, Sigma-Aldrich Co.,
St Louis, MO, 29-32%], and a negative control (ISO-7346 water
and 0.01% v/v DMSO and Tween 20). Three independent replicates
were conducted. After static exposure for 96h, the larvae were
euthanized and resuspended in 100 pL of PBS buffer. The next
step involved maceration to isolate cells. Cell viability was assessed
by using the Trypan Blue method after filtration in a cell strainer
and centrifugation. Samples with a viability equal to or >80%
were accepted. Then, 50 nL of each cell suspension was added
to 150 pL of a 1% LMP agarose (Low Melting Point, catalog no.
16520050, Invitrogen, USA) solution at 27°C. The mixture was
homogenized and distributed on pre-gelatinized slides containing
1.5% NMP agarose (Normal Melting Point, UltraPure™ Agarose,
catalog no. 18300012, Invitrogen, USA). The process involved
gelatinization followed by lysis in a solution containing 2.5M
NaCl, 10 mM Tris, 100 mM EDTA, 1%Triton X-100 (v/v), and 10%
DMSO (v/v) at pH = 10. Electrophoresis was carried out in a buffer
containing 1 mM EDTA and 300 mM NaOH at 4°C and pH =
13 for 20 min. Slides were neutralized in 0.1 M Tris-HCI buffer.
Cells were stained with 0.1% SYBR™ Gold Nucleic Acid Gel Stain
(1:10,000, catalog no. S11494, Invitrogen, USA) (v/v) and analyzed
under an epifluorescence microscope (Eclipse E200, Nikon, Japan).
The intensity of the comet tail (Tail Intensity) was quantified by
using the Comet IV software version 4.3 provided by Perceptive
Instruments Ltd.

2.3 Fish acute toxicity test

2.3.1 Fish maintenance

Sexually mature zebrafish (~3 months old) were provided by
the Laboratory of Applied Toxinology of the Butantan Institute
(Sao Paulo/SP) and were maintained under controlled conditions
in 9L aquaria with reconstituted water standardized according to
ISO 7346-1 and 7346-2 (2mM CaCl,, 5mM MgSOy, 0.75mM
NaHCO3, and 0.07 mM KCI) (ISO, 2007), at 27 £ 1°C and under
a 14/10 (light/dark) photoperiod (Westerfield, 2000). Throughout
the experiment, parameters such as pH, ammonia, and oxygen
were also monitored and controlled. The zebrafish were fed
with Maramar® Tropical Granules, Alcon® Spirulina Feed, and
Maramar® high hatching Artemia Eggs three times a day. The
experimental group consisted of adult zebrafish with average weight
of 0.34 & 0.04 g and average length of 3.01 & 0.3 cm, acclimated for
1 month before the experiment started. The mortality rate during
maintenance was <2%.

2.3.2 Experimental design

Thirteen adult zebrafish were used for each concentration
of the tested compounds (Diuron, DCA, or DCPMU) or the
solvent control (DMSO 0.01%). The fish were kept in 8L glass
aquaria. Exposure was semi-static, with 50% of water and the tested
compound being replaced after exposure for 48 h. The protocol was
recommended by OECD No. 203 (OECD, 2019), which required
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only one acute exposure for 96h. The parameters temperature
(°C), pH, dissolved oxygen (mg/L), and total hardness (mg/L) were
monitored daily during exposure to assess water quality. After
96 h, seven adult zebrafish were randomly selected for analysis,
in accordance with the minimum number of animals established
by OECD No. 203 (OECD, 2019). The fish were euthanized
with benzocaine hydrochloride (0.1%, 3 mg/L, catalog no. E1501,
Sigma-Aldrich Co., St Louis, MO) previously dissolved in ethanol
was added. The other six adult zebrafish were used in another
experiment. The concentrations analyzed for histopathology and
nuclear anomalies (NA) ranged from 0.5 to 100 wM, whereas
DCA and DCPMU could be analyzed up to 50 uM due to the
mortality observed.

2.3.3 Histological evaluation

The liver, brain, and spleen were removed, weighed, and
immersed in 10% buffered formalin until histological processing.
Histological sections with a thickness of 4pum were stained
with H&E and analyzed for alterations in the liver, brain,
and spleen under a conventional optical microscope (Olympus
Optical Co., Japan). The organs were qualitatively analyzed by
histological analysis (Camargo and Martinez, 2007; Lakshmaiah,
2017). Alterations were quantified on a scale of 0 (normal) to
3 (severe). The alteration index was calculated by summing the
intensity of the observed damages for each established parameter,
multiplied by the level of importance of each parameter (Gibson-
Corley et al., 2013).

2.3.4 Micronucleus and nuclear abnormality test

The caudal fins were removed for blood to be collected. Three
blood smears per adult zebrafish were fixed in absolute methanol,
placed on glass histological slides, and stained with acridine orange
(5 mg/mL acridine orange, catalog no. A8097, Sigma-Aldrich
Co., St Louis, MO) before being analyzed under a fluorescence
microscope (Olympus BX53) (Cavas, 2008). Observations were
recorded in microphotographs by using the cellSens software
(Olympus, Center Valley, PA, USA) and analyzed with Fiji-
Image] (National Institutes of Health, Bethesda, Maryland, USA).
Micronuclei in erythrocytes were identified by following specific
criteria, including the presence of extranuclear bodies with
spherical or ovoid shapes in the cytoplasm. Erythrocytes with NA
were evaluated by the protocol described by Canedo et al. (2021).
The frequency of NA, such as micronuclei, was determined by using
the equation FAN = AN/N, where FAN represents the frequency of
anomalies, and AN/N represents the ratio between the number of
anomalies and the erythrocyte nuclei counted for each examined
zebrafish (1,000 nuclei).

2.4 Statistical analyses

The data obtained from the tests, which included more than
two unpaired groups, were submitted to a normality test (Shapiro-
Wilks). For the non-parametric data, analysis of variance (Kruskal-
Wallis), followed by Dunn’s multiple comparison post-test was
applied. If the data was parametric and normal, analysis of variance
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FIGURE 2

Mortality of zebrafish embryos and larvae, expressed by the percentage of clotted eggs and absence of heartbeats due to the concentration of and
time of exposure to Diuron, 3,4-dichloroaniline (DCA), or 3-(3,4-dichlorophenyl)-1-methylurea (DCPMU). (A) Diuron, (B) DCA, and (C) DCPMU.
Mortality was statistically significant (p < 0.05) compared to the negative control when represented by (*). The bar graphs represent the mean and
standard deviation (n = 20 embryos per condition/three replications). Plotted with the GraphPad Prism 5.01 software.
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scoliosis, while malformations due to exposure to DCPMU included (D) pericardial edema and (E) yolk sac edema. Malformations were statistically

significant (p < 0.05) compared to the negative control when represented by (*). The bar graphs represent the mean and standard deviation (n = 20
embryos per condition/3 replications). Plotted with the GraphPad Prism 5.01 software.

144 hpf

(One-way ANOVA), followed by Dunnet’s post-test was used to
determine the significance of the exposures compared to the
negative control. Statistical significance of the data was set at p
< 0.05. The analyses were performed by using the GraphPad
Prism 9.00 software (San Diego, CA 92108, USA, GraphPad
Software, Inc).
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3 Results

3.1 Embryo analysis

Mortality occurred from 8 hpf in zebrafish embryos exposed
to 50 or 100 pM Diuron, DCA, or DCPMU (Figure 2). Significant
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FIGURE 4

Representative micrographs of zebrafish larvae taken at 120 hpf after exposure to (a) negative control, (b) positive control, (c) 0.5 uM, (d) 1 uM, (e)
51M, and (f)10 wM Diuron, 3,4-dichloroaniline (DCA), or 3-(3,4-dichlorophenyl)-1-methylurea (DCPMU) (1.6x magnification for larvae under an
Olympus MVX10 microscope). Legend for the verified changes: dashed arrows, yolk sac edema; open arrow, pericardial edema; and arrowheads,
skeletal deformity. Micrographs are representative of three independent experiments.

mortality (p < 0.05) also occurred from 48 hpf at 10 uM Diuron,
from 8 hpfat 5 or 10 uM DCA, and from 8 hpf at 10 uM DCPMU
(Figure 2). Malformations consistent with pericardial edema, yolk
sac edema, and skeletal deformities were observed in zebrafish
larvae exposed to 10 uM DCA or DCPMU (Figure 3). Figure 4
shows microphotographs taken at 120 hpf of control zebrafish
larvae and larvae exposed to Diuron, DCA, or DCPMU.

Figure 5 displays the OCR at 24 hpf obtained for each phase
of mitochondrial respiration. Compared to the negative control,
the addition of different Diuron, DCA, or DCPMU did not
significantly alter the OCR during basal respiration of zebrafish
embryos; for the same tested compound, differences between the
concentrations were not significant, either. However, the OCR
during basal respiration tended to increase at 1 M Diuron and
all the DCA or DCPMU concentrations (0.5-5uwM). When we
evaluated non-phosphorylating respiration with oligomycin, which
inhibits ATP synthase (Rahn et al., 2013), there were no significant
changes at the different Diuron, DCA, or DCPMU concentrations
(0.5-5M) compared to the control. When FCCP is used for
uncoupled respiration, it uncouples oxidative phosphorylation,
causing the ETC to reach its maximum capacity (Obeidat et al,
2018). Exposure to the negative control, to the tested compounds,
or to the various concentrations of the same tested compound did
not elicit significantly different results.

Figure 6 presents the results of AChE enzyme activity analysis
at 96 hpf after exposure to Diuron, DCA, or DCPMU. The AChE
activity decreased in larvae exposed to 10 uM DCA compared to
the control group.

Regarding the genotoxicity analyses conducted during the
larval stage (96 hpf), the cell suspensions obtained from maceration
of the larvae had high cell viability (93 & 6%). The results also
indicated that exposure to the tested compounds damaged DNA.
Indeed, the comet assay showed significantly increased comet tail
intensity (p < 0.0001), indicating higher levels of damaged DNA at
all the tested Diuron, DCA, or DCPMU concentrations (0.5-5 uM)
compared to the negative control (Figure 7).

We classified the nucleoid tail intensities according to DNA
fragmentation levels (Figure 7D), which ranged from little or no
damage (0-10%) to severe damage (>75%). Supplementary Table 1
lists the results obtained for each concentration. The data indicated
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that all the exposures decreased the number of nucleotides with
minimal or no damage (0-10%), suggesting that Diuron, DCA,
and DCPMU fragmented DNA. At 1M Diuron or DCA, the
percentage of damaged cells with low index was significant. Most
cells exposed to 1 or 5uM Diuron or 0.5-5uM DCA exhibited
medium damage (25-50%). High damage (50-75%) occurred at 0.5
or 5 WM Diuron or DCA.

3.2 Adult zebrafish analysis

Regarding acute exposure, all the adult zebrafish exposed to
different Diuron concentrations survived, but the adult zebrafish
exposed to 100 WM Diuron became apathetic. All the adult
zebrafish exposed to the highest DCA or DCMPU concentrations
(50 or 100pM) died. Most of the adult zebrafish exposed
to the lowest DCA or DCPMU concentrations (0.5, 1, 5, or
10 M) survived (data not shown). As for the histological
analyses at 96 hpf of the liver, spleen, and brain tissues
removed from adult zebrafish exposed to Diuron, DCA, or
DCPMU, they generally revealed normal morphology: tissues and
cells had normal distribution, prominent nuclei, and outlined,
intact, clear, dense, and well-preserved cytoplasm. However,
the adult zebrafish exposed to 10uM DCA or DCPMU had
slightly structurally altered hepatocytes, specifically cytoplasmic
vacuolation and hyaline droplets (Figure 8). Supplementary Table 2
summarizes the semi-qualitative score of the liver, spleen, and brain
histology of adult zebrafish exposed to different Diuron, DCA, or
DCPMU concentrations.

The frequency of micronuclei in adult zebrafish erythrocytes
did not differ significantly across the exposures. Additionally, the
frequency of micronuclei in exposed adult zebrafish erythrocytes
did not exceed the naturally observed negative control levels of
0.5% (Canedo et al., 2021) (data not shown).

Compared to the control, we observed significant differences
in the shapes of erythrocyte nuclei, which included lobulated,
bilobed, blistered, notched, and kidney-shaped nuclei and nuclear
constrictions (Figure 9) (refer to Supplementary Table 3). Diuron
(5-100 uM), DCA (1 or 10 uM), or DCPMU (1-10 pM) exposure
resulted in a significantly higher proportion of erythrocytes with
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FIGURE 5

Representative graphs of the oxygen consumption rate (OCR) during mitochondrial respiration were generated at 24 h post-fertilization by adding
mitochondrial modulators to zebrafish embryos exposed to different Diuron, 3,4-dichloroaniline (DCA), or 3-(3,4-dichlorophenyl)-1-methylurea
(DCPMU) concentrations. The figures depict the OCR (pmol s~* mL~!) obtained for each concentration and tested compound during respiration
monitoring and include the negative and positive controls (10mM KCN in NaOH pH > 10) (with mean and standard deviation values) for each phase.
Basal respiration was measured by adding Diuron, DCA, or DCPMU (0.5-5 M) followed by addition of 7.5 uM oligomycin (45 mM) to establish
non-phosphorylating respiration. Next, 10 uM FCCP (50 mM) was added to measure uncoupled respiration. OCR results obtained at 24 hf for
embryos exposed to (A) Diuron, (B) DCA, or (C) DCPMU are shown. The OCR was statistically significant (p < 0.005) compared to the negative
control when represented by (*). The bar graphs represent the mean and standard deviation (n = 20 embryos per condition/three replicates). Plotted
with the GraphPad Prism 5.01 software.
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FIGURE 6
Acetylcholinesterase (AChE) enzyme activity at 96 hpf in cell pools obtained from larvae after exposure to different Diuron, 3,4-dichloroaniline (DCA),
or 3-(3,4-dichlorophenyl)-1-methylurea (DCPMU) concentrations. The AChE activity was statistically significant (p < 0.05) compared to the negative
control when represented by (*). The bar graphs represent the mean and standard deviation (n = 20 embryos per condition/three replicates). Plotted
with the GraphPad Prism 5.01 software.

blistered nuclei compared to the negative control, surpassing the
baseline limit of 1.6% reported by Canedo et al. (2021). These
authors found notable concentrations of specific compounds,
including 50 wM Diuron, 10 uM DCA, and 1M DCPMU, all
of which led to higher proportion of erythrocytes with blistered
nuclei than the threshold of 1.1% (Canedo et al., 2021). In
addition, 10 wM Diuron, 10 uM DCA, or 1-5 uM DCPMU showed
a significantly higher proportion of erythrocytes with blisters or
sprouts compared to the negative control, surpassing the threshold
proportion of 0.7% of zebrafish erythrocytes (Canedo et al,
2021). The proportion of erythrocytes with bilobulated nuclei
was only significant at 50 uM DCA or 1 pM DCPMU. Nuclear
abnormalities (NA), such as nuclear constriction and kidney-
shaped nuclei, emerged at 100 wM Diuron and 5-10 uM DCPMU,
respectively. Figure 9A shows significantly increased percentage
of nuclei exhibiting NA at 10-100 M Diuron, indicating that
Diuron at high concentrations impacted nuclear morphology.
DCA at 10 M or 1-10 pM DCPMU also provided noteworthy
NA percentages.

4 Discussion

We carried out toxicological characterization of the herbicide
Diuron and its metabolites (DCA and DCPMU) by using zebrafish
at different developmental stages (embryonic, larval, and adult)
and identified some toxic effects of these compounds on the
experimental model. We found that Diuron is less embryotoxic
than its metabolites, that DCA affects AChE activity, and that high
Diuron, DCA, or DCPMU concentrations cause mortality, DNA
damage, and NA. Therefore, attention is required because these
compounds are present in aquatic environments.
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Here, all the zebrafish embryos exposed to 50 or 100 uM
Diuron, DCA, or DCPMU died. Zaluski et al. (2022) exposed
zebrafish embryos to 1 or 1.5 mg/L (4.29 or 6.43 uM) Diuron and
verified malformations such as increased ocular distance at seven
days post-fertilization (dpf). We did not observe alterations in
embryos or larvae after exposure to 10 M (2.33 mg/L) Diuron,
the highest concentration at which zebrafish survived. However,
different concentrations of Diuron residues have been found in the
aquatic environment, which raises environmental concerns (Masia
etal., 2015).

Scheil et al. (2009) demonstrated edemas in zebrafish embryos
and larvae resulting from exposure to 1 mg/L DCA for 96 h, which
was close to the DCA concentrations studied herein. Zhu et al.
(2013) evaluated DCA effects on the aquatic experimental model
rare minnow (Gobiocypris rarus) in the embryonic and larval phase
and detected malformations at 72 hpf at low DCA concentrations
(1.426 mg/L or 8.8 wM and 0.187 mg/L or 1.15 LM, respectively).
On the basis of these results, both models are sensitive to low
concentrations of DCA. In the specific case of the zebrafish and
DCA, published data vary. Voelker et al. (2007) reported LOEC of
2.01 mg/L DCA for survival and sublethal effects on 48 h zebrafish
embryos. In turn, von Hellfeld et al. (2020) reported acute and
sublethal toxicity data for DCA obtained from embryo tests in
zebrafish as follows—ECip: 1,200 mg/L (0.007 M), ECsp: 1,900
mg/L (0.012 M), LCyp: 1,600 mg/L (0.01 M), and LCs: 2,400 mg/L
(0.015M). At 96 hpf, Schiwy et al. (2020) found LCs of 2.7 mg/L
(16.66 wM) for DCA. Such results highlight that it is important to
study the real DCA toxicity in this experimental model given that
here we identified malformations at 48 hpf after exposure to 10 uM
(1.62 mg/L) DCA, while Scheil et al. (2009) detected malformations
in zebrafish larvae exposed to 1 mg/L (6.17 wM).
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Representative graphs of comet tail intensity (%) in the analyses of cell pools obtained from larvae (96 hpf) after exposure to different concentrations
of (A) Diuron, (B) DCA 3,4-dichloroaniline (DCA), or (C) 3-(3,4-dichlorophenyl)-1-methylurea (DCPMU). The graphs express the tail intensity (%)
obtained at each concentration for each tested compound (boxplot with median and quartiles are indicated, percentile intervals 10-90). The
intensity was significant (p < 0.005) compared to the negative control when indicated by (*) (n = 20 larvae per condition/three replicates) (100
nucleoids per slide per condition). The Comet IV software (version 4.3, Perceptive Instruments Ltd) was employed to capture the microphotographs,
which accurately reflect the intensity of the damage observed during exposure. Prepared with the GraphPad Prism 5.01 software. (D) Representative
micrographs of the various levels of DNA damage observed in a pool of larvae (96 hpf) after exposure to Diuron, DCA, or DCPMU. The images
indicate the DNA damage levels recorded during the experiment and were obtained by using the Comet IV software.

After exposing zebrafish embryos to DCPMU, we verified
malformations consistent with edema. Data on embryotoxicity
in zebrafish exposed to DCPMU do not exist, and EC and LC
values have not been established for this metabolite. However,
DCPMU has been shown to be toxic to adult fish. For example,
exposure to DCPMU has been shown to alter reproduction in
Nile tilapia (Oreochromis niloticus) with estrogenic effects being
potentially mediated through enhanced estradiol biosynthesis
(Pereira et al., 2015). Altered biochemical parameters have also
been demonstrated in tissues of Nile tilapia exposed to DCPMU,
including decreased Glutathione S-transferase (GST) activity and
oxidative stress and increased lipid peroxidation (LP), and an
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integrated analysis of biomarkers has pointed DCPMU as the
compound underlying these changes (Felicio et al., 2018).

Here, edemas were one of the main alterations in embryos
and larvae exposed to 10 uM DCA or DCPMU. Edema has been
suggested to be caused by kidney failure, circulatory failure, ionic
imbalance, or permeability defects.

The OCR assay is fundamental for real-time analysis of the
mitochondrial function. This assay allows basal respiration to
be measured, the respiration phases to be evaluated by addition
of modulators, and the impact of chemical compounds on
mitochondrial homeostasis and the electron transport chain (ETC)
to be assessed (Jonsson et al., 2007; Obeidat et al., 2018; Gnaiger,
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FIGURE 8
Histological micrographs showing the effects of exposure to 3,4-dichloroaniline (DCA), or 3-(3,4-dichlorophenyl)-1-methylurea (DCPMU) for 96 h
on the liver of adult zebrafish (HGE, 25 um). Liver sections exposed to (A) the negative control, (B) 10 .M DCA and (C) 10 .M DCPMU (40x on
Olympus MVX10 microscope). Legend of the verified changes: thin arrows, vacuolization; thick arrows, hyaline droplets.

2020). Diuron has been linked to mitochondrial dysfunction
in various experimental models, including human cancer cells
(Mohammed et al., 2020). On the basis of metabolomic analysis
of mitochondria isolated from urothelial cells of male Wistar rats
exposed to 10-100 wM Diuron and metabolites, it has suggested
that mitochondrial dysfunction is a potential molecular initiating
event (MIE) of Diuron toxicity (Lima et al., 2022a). Nevertheless,
we did not observe significantly altered OCR in zebrafish after
exposure to the tested Diuron, DCA, or DCPMU concentrations.

We also evaluated whether exposure to Diuron, DCA, or
DCPMU affects the enzyme AChE. Some authors have shown
that Diuron causes neurological alterations in experimental models
(Lima et al., 2022a). We verified inhibited AChE activity in
zebrafish larvae exposed to 10 uM DCA, which suggested that
DCA is neurotoxic to zebrafish in early life stages. Evaluating
the neurotoxicity of contaminants is relevant. Lima et al. (2022b)
also observed neurotoxicity in larvae of the model organism
Caenorhabditis elegans after exposure to Diuron, DCA, or DCPMU.

Adult zebrafish exposed to 4.29 nM Diuron for 14 and 21 days
presented damaged DNA in liver and sperm cells, as detected by
the comet assay, indicating that Diuron genotoxicity depends on
the exposure time (Bony et al., 2010). Furthermore, according
to research on trochophore oyster larvae, Diuron genotoxicity
(0.00858-2.145 nM) has been suggested to underlie embryotoxicity
in these oysters. Behrens et al. (2016) found that the comet tail
intensity increases with the DCA (0.01234-3.0863 nM, 6 hpf) or
DCPMU (0.00912-2.282nM, 6 hpf) exposure in oyster larvae.
These findings suggested that Diuron and its metabolites can
damage DNA by causing single or double breaks in phosphodiester
bonds, alkaline-labile sites, or cross-links (Collins, 2004). Thus,
the results of the present study support the findings of previous
studies by suggesting that Diuron and its metabolites have
genotoxic potential and significantly damage DNA at the tested
concentrations. However, the fragments are reparable as evidenced
by the absence of micronuclei, which are chromosomal fragments
that indicate mutagenic effects.

As indicated in the present study, Diuron, classified as non-
mutagenic by the U.S. EPA and EFSA regulatory agencies (US EPA,
2003; EFSA, 2005), does not cause the percentage of micronuclei to
increase in adult zebrafish erythrocytes. Nevertheless, the Diuron
concentration and duration of exposure may affect micronucleus
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formation, as observed in adult zebrafish exposed to Diuron (Bony
et al.,, 2010). Diuron has been theorized to be aneugenic and may
impact mitotic chromosome segregation (Bony et al., 2010), and the
mutagenic nature of Diuron in several organisms such as oysters
and fish has been confirmed (Bouilly et al., 2007; Michael, 2018).

The cause of NA varies and determines the shape of the nuclei
after exposure. Bubbles or buds indicate genotoxic damage, while
notched nuclei suggest cytotoxicity (Bolognesi and Cirillo, 2014).
Diuron, DCA, and DCPMU have been found to exhibit cytotoxic
effects in numerous contexts (Huovinen et al.,, 2015; Mohammed
et al.,, 2020). Lobed nuclei, extensions that indicate cytotoxicity,
differ morphologically from bubbles and buds. Nuclear constriction
and kidney-shaped nuclei, classified as nuclear pleomorphisms,
may result from alterations in mitotic spindle fibers. NA in
erythrocytes have been associated with genotoxic, cytotoxic, and
epigenetic mechanisms (Bolognesi and Cirillo, 2014; Canedo et al.,
2021). Diuron, DCA, and DCPMU have been shown to affect
epigenetic factors, to disrupt the microtubule of the metaphase
spindle, to cause cytogenetic effects, and to alter DNA methylation
and histone proteins (Ren et al, 2017). In this context, DCA
disrupts the cell cycle by interfering in the anaphase complex and
expression of mitosis-specific genes (Sawle et al., 2010).

Herein, we histologically evaluated the toxicity of Diuron,
DCA, and DCPMU in the liver, spleen, and brain of adult
zebrafish tissues because histological alterations serve as useful
biomarkers of environmental contamination (Shah and Parveen,
2022). Although Diuron is biotransformed to DCA and DCPMU,
we did not find any significant effects when we assessed the
acute effects of exposure to these metabolites for 96h on adult
zebrafish liver, spleen, or brain. The potential effects of these
compounds on adult zebrafish liver, spleen, or brain during this
exposure time have not been described. On the other hand,
we verified mild structural changes, vacuolization, and hyaline
droplets inside hepatocytes of adult zebrafish at higher DCA or
DCPMU concentrations (10 wuM). Diuron has been shown to
affects rat livers (da Silva Simoes et al., 2017). Kamarudin et al.
(2019) demonstrated histopathological changes in the liver of
adult medaka fish (Oryzias javanicus) exposed to 500 or 1,000
pg/L (2.14 or 4.3 uM) Diuron. Recently, it has been shown that
DCA promotes fatty liver in zebrafish larvae exposed to 1-10 uM
DCA (Park et al., 2020).
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(A) Graph depicting the cumulative count of nuclear irregularities observed in red blood cells of adult zebrafish exposed to Diuron,
3,4-dichloroaniline (DCA), or 3-(3,4-dichlorophenyl)-1-methylurea (DCPMU) in a semi-static environment for 96 h. The graph displays the frequency
(percentage) of nuclear abnormalities (NA) per 1,000 cells at each tested compound concentration. The frequency was notable (p < 0.005) compared
to the negative control when marked by (*). The bar graphs represent the mean and standard deviation (n = 7 fish per condition, 1,000 cells per fish).
(B) Representative microphotographs describing the NA found in the erythrocytes of adult zebrafish exposed to Diuron, DCA, or DCPMU for 96 h
Prepared with the GraphPad Prism 5.01 software. (B) The micrographs are representative of the NA found after the exposures, 1,000 X magnification

On the basis of our multi-parametric analysis of Diuron,
DCA, and DCPMU, the metabolites induce more toxic effects
than Diuron at different stages of zebrafish development.
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Specifically, DCA exerts heightened toxic effects during the early
stages of zebrafish development, as indicated by mortality and
morphological alterations, followed by DCPMU, which displays

frontiersin.org


https://doi.org/10.3389/frwa.2024.1401712
https://www.frontiersin.org/journals/water
https://www.frontiersin.org

Peixoto et al.

less severe toxic effects or toxic effects at higher concentrations.
However, regarding adult zebrafish exposure to these compounds,
DCPMU impacts genomic or nuclear instability more markedly,
as evidenced by NA, which suggests that this metabolite is more
cytotoxic at this developmental stage. This study contributes to
a growing body of research conducted by our TOXICAM group,
which has identified the higher toxicity of Diuron metabolites
in other model organisms. For instance, Da Rocha et al. (2014)
identified DCA as a potential carcinogen for the bladder epithelium
of Wistar rats, while Lima et al. (2022b) demonstrated the essential
role played by DCA in the global toxicity of Diuron in C. elegans.

With respect to genetic toxicology parameters, specifically
DNA damage, the degree of DNA damage elicited by the tested
compounds is not significantly different as evidenced by the comet
tail intensity, which corroborates the study of Behrens et al. (2016).
Therefore, this DNA repair mechanism should be explored in
future studies by accomplishing the comet assay on the erythrocytes
of the same adults in which the micronuclei will be quantified. This
suggestion is based on the fact that we did not observe changes
in these parameters, so conducting these studies could indicate
whether the adult stage of zebrafish development is more affected
by the genotoxic effects of these compounds.

Bearing the continuous use of Diuron, its biotransformation to
DCA and DCPMU, and the discharge of these compounds into
the environment, the possible damage that these products may
cause to the aquatic ecosystem and human health is of concern.
The results of this study highlight the importance of analyzing
tested and non-tested organisms to build the weight of evidence
for environmental and human health. Practically, the results
underscore that it is important to assess the toxicity of pesticide
metabolites by considering their persistence in the environment.
Furthermore, these findings are relevant in the regulatory field
and may contribute to re-evaluation and regulation of Diuron
by the competent authorities. Finally, this study highlights the
growing importance of zebrafish as model organism in the field of
environmental toxicology.
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