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h i g h l i g h t s
� Nile tilapia were exposed (10 days; 100 ng L�1) to diuron and two diuron metabolites.
� Diuron metabolites increase levels of cortisol and decrease testosterone in plasma.
� Diuron metabolites decrease brain Dopamine levels and aggressiveness in Nile tilapia.
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a b s t r a c t

Diuron and its biodegradation metabolites were recently reported to cause alterations in plasma steroid
hormone concentrations with subsequent impacts on reproductive development in fish. Since steroid
hormone biosynthesis is regulated through neurotransmission of the central nervous system (CNS),
studies were conducted to determine whether neurotransmitters that control hormone biosynthesis
could be affected after diuron and diuron metabolites treatment. As the same neurotransmitters and
steroid hormones regulate behavioral outcomes, aggression was also evaluated in male Nile tilapia
(Oreochromis niloticus). Male tilapias were exposed for 10 days to waterborne diuron and the metabolites
3,4-dichloroaniline (DCA), 3,4-dichlorophenyl-N-methylurea (DCPMU), at nominal concentrations of
100 ng L�1. In contrast to Diuron, DCA and DCPMU significantly diminished plasma testosterone con-
centrations (39.4% and 36.8%, respectively) and reduced dopamine levels in the brain (47.1% and 44.2%,
respectively). In addition, concentrations of the stress steroid, cortisol were increased after DCA (71.0%)
and DCPMU (57.8-%) exposure. A significant decrease in aggressive behavior was also observed in ani-
mals treated with the metabolites DCA (50.9%) and DCPMU (68.8%). These results indicate that
biotransformation of diuron to active metabolites alter signaling pathways of the CNS which may impact
androgen and the stress response as well as behavior necessary for social dominance, growth, and
reproduction.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Diuron (3-[3,4-dichlorophenyl]-1,1-dimethyl urea) is a
substituted urea herbicide widely used for weed control in various
crops. In addition to having potential toxicity for non-target species
de Almeida).
(Nebeker and Schuytema, 1998), diuron can be degraded by soil
microbiota (half-life between 20 and 120 days in water) into other
compounds such as 3,4-dichloroaniline (DCA), 3,4-
dichlorophenylurea (DCPU) and 3,4-dichlorophenyl-N-methylurea
(DCPMU) (Giacomazzi and Cochet, 2004; Tixier et al., 2002). Diuron
and its metabolites have been observed in soils (Field et al., 2003)
and can reach rivers and lakes through run-off and leaching
(Gooddy et al., 2002), allowing exposure to many aquatic organ-
isms, such as fish (Nebeker and Schuytema, 1998).

mailto:edualves1976@hotmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2017.10.009&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2017.10.009
https://doi.org/10.1016/j.chemosphere.2017.10.009
https://doi.org/10.1016/j.chemosphere.2017.10.009


Table 1
Mean (±SD) of the measured concentrations of each compound in water, pH, NH3,
standard length and body weight from Nile tilapia males exposed to diuron and its
metabolites during 10 days (N ¼ 12).

Control Diuron DCA DCPMU

Measured conc.
(ng L�1)

<LD 86.6 ± 35.5 80.8 ± 23.1 64.5 ± 13.5

pH 7.6 ± 0.2 7.7 ± 0.3 7.7 ± 0.3 7.6 ± 0.2
NH3 (mg L�1) 0.85 ± 0.25 0.85 ± 0.15 0.80 ± 0.13 0.74 ± 0.10
Body length (cm) 11.03 ± 0.42 11.75 ± 0.78 11.76 ± 0.84 11.00 ± 0.97
Body weight (g) 53.13 ± 18.41 53.81 ± 8.87 56.39 ± 13.40 48.10 ± 12.36

LD ¼ limit of detection.
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Previous studies in our laboratory showed that diuron and its
metabolites caused estrogenic activity (Felício et al., 2016; Pereira
et al., 2016) and anti-androgenic activity in fish (Pereira et al.,
2015). Neuroendocrine factors play a significant role in fish
behavior (Scott and Sloman, 2004). According to Johnsson et al.
(2005), androgens positively modulate aggression in fish, and
aggressive interactions are followed by elevation of androgen levels
(Oliveira et al., 2001; Chang et al., 2012). In addition, the gluco-
corticoid steroid cortisol has also been shown to be involved in
behavioral responses to stressful conditions, particular within high
density social situations (Oliveira and Gonçalves, 2008; Boscolo
et al., 2011).

Steroid hormone concentrations are regulated through the
central nervous system by the neurotransmitters dopamine (3,4-
dihydroxyphenethylamine; DA) (Randall and Perry, 1992) and se-
rotonin (5-hydroxytryptamine; 5-HT) (Rubinow et al., 1998; Rysz
et al., 2016; Hansen et al., 2017). DA is also involved in behavioral
activation, motivated behavior, and reward processing (Ikemoto
and Panksepp, 1999), while 5-HT has the opposite effect of
decreasing aggressiveness (Nelson and Chiavegatto, 2001; Trainor
et al., 2017). Therefore, any change in these neurotransmitters or
steroid hormone concentrations due to pollutant exposure could
alter behavior in fish (e.g. De Boeck et al., 1995; Smith et al., 1995).
Various endocrine active chemicals have been found to affect
behavioral processes, including reproductive behavior in Poecilia
reticulata (Tomkins et al., 2016), anti-predatory responses in Car-
assius auratus (Saglio and Trijasse, 1998), as well cognitive capacity
in rat (Roegge et al., 2000). However, the relationships between
signaling, hormones and behavior are unclear.

Thus, given the important role of glucocorticoid and sex steroid
hormones in the regulation of behavior in fish, the purpose of the
present study was to evaluate the relationship between the anti-
androgenic effects of diuron and its metabolites with neurological
function through the measurement of aggression behavior in Nile
tilapia (Oreochromis niloticus). Male Nile tilapia are excellent model
organisms to explore the effects of environmental contaminants on
aggressive behavior (Boscolo et al., 2011; Barreto et al., 2015). In
general, cichlid fishes, such as Nile tilapia, have defined dominance
hierarchy through aggressive interactions (Lowe-McConnell, 1958).
In these interactions the animals fight aggressively to define the
social hierarchy (e.g Enquist and Jakobsson, 1986; Turner and
Huntingford, 1986). According to Oliveira and Gonçalves (2008)
dominant fish have higher levels of androgens than submissive,
and this change in hormone levels reinforces dominance (e.g.
Wingfield et al., 1990; Parikh et al., 2006). Since diuron metabolites
caused anti-androgenic effects in O. niloticus (Pereira et al., 2015;
Felício et al., 2016), and cortisol, androgens, DA and 5HT are
important modulators of aggressive behavior in fish, we hypothe-
sized that the anti-androgenic effects of diuron metabolites in Nile
tilapia cause alterations in aggressive behavior, which will be
associated with concomitant alterations in androgen (decrease),
cortisol (increase) and brain neurotransmitter levels (DA and 5HT-
increase).

2. Methods

2.1. Animals and housing

Adult males (O. niloticus) of similar size (Table 1) were randomly
selected from a stock culture maintained at the S~ao Paulo State
University (UNESP), S~ao Jos�e do Rio Preto, Brazil. Fish were kept in
500 L indoor stock-tanks with dechlorinated well water (ca. 1 fish
5 L�1) during 30 days for acclimation before experiment began (e.g.
Boscolo et al., 2011). Food (commercial pellets for tropical fish, 32%
crude protein e Guabi-Pir�a/Brazil) was provided twice a day to
satiation. External biological filters (400 L/h) and constant aeration
ensuredwater quality.Water temperaturewas kept at 27 ± 1 �C and
photoperiod was 12 L: 12D. The tanks were siphoned weekly to
remove leftover food and feces. This study was conducted in
agreement with the precepts of National Council for the Control of
Animal Experimentation (CONCEA) and was approved by the
Committee for Ethics on Using Animal (CEUA), UNESP, S~ao Jos�e do
Rio Preto, SP, Brazil e permit 0715/2013.
2.2. Exposures

After the acclimation period, the animals were divided into four
groups of 12 fish (N ¼ 12), with each fish individually placed in one
of 48 aquariums containing 17 L of dechlorinated tap water (one
fish per aquarium). The groups were then exposed for 10 days to
one of the following treatments (nominal concentrations): Diuron
(100 ng L�1), DCPMU (100 ng.L�1), DCA (100 ng L�1), and one group
that were not exposed to any compound (control group). After the
exposure period, animals were collected for the evaluation of
aggressive behavior, hormone levels and brain neurotransmitter
levels. Selection of the exposure period was based on previous
experiments that showed that exposure to these same compounds
during 7e25 days are sufficient to induce hormonal changes in Nile
tilapias (Felício et al., 2016; Pereira et al., 2015). Selection of the
concentration of the compounds was based on the mean values
found in contaminated aquatic environments (up to 200 ng L�1)
(K€ock-Schulmeyer et al., 2013; Masi�a et al., 2015; Schlenk et al.,
2012) and also based on the European Union legislation for un-
regulated herbicides, such as diuron, which determines 100 ng L�1

as the acceptable limit for individual herbicides in water (Sanchis-
Mallols et al., 1998). All chemicals (>98% purity, Sigma-Aldrich
Chemical; St. Louis, MO, USA) were dissolved in a stock solution
of 1 mL of acetone and then added (100 ml) into the water of
experimental aquariums. Control groups also received the same
volume of acetone (without contaminants) to avoid interpretation
of the results due to solvent effects.

During the experimental period fish were fed with ration for
tropical fish (Guabi-Pir�a/Brazil) corresponding to 3% of biomass,
offered at 9:00 h and 16:00 h. The photoperiod was 12 L: 12D
(7:00e19:00 h) and water mean temperature was 26.7 ± 1.5 �C, and
NH3 was monitored during the experiment (Table 1). Dissolved
oxygen was maintained at >5 mg L�1 throughout the experiment,
and water pH was 7.4 ± 0.4.

To measure and confirm the diuron, DCA and DCPMU concen-
trations, water samples taken before the addition of fish into the
aquarium were analyzed using High Performance Liquid Chroma-
tography (HPLC) (Pereira et al., 2015, 2016). Measured chemical
values are given in Table 1. The minimum detection concentration
was 10 ng L�1. Water containing the respective compounds was
changed every five days by static renewal to maintainwater quality
and compound concentrations. However, it should be noted that
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concentrations of diuron, DCA and DCPMU after 5 days were not
checked. According to US-EPA, diuron has limited degradation by
hydrolysis in water at 25 �C, and has a half-life of 20e90 days by
aerobic biodegradation. DCA is considered even more stable than
diuron (1240e1330 days), and data for DCPMU hydrolysis in water
are inexistent. However DCPMU half-life by aerobic biodegradation
in soils is between 40 and 120 days. Therefore, significant changes
in diuron, DCA and DCPMU concentrations due to degradation in
water was not expected to occur during 5 days, especially consid-
ering that microorganisms were absent at relevant amounts in the
experimental aquariums. Nevertheless, concentrations could be
changed due to fish absorption. In a pilot study (unpublished re-
sults), Nile tilapias that were exposed to diuron at 1 mg L�1 pre-
sented 116.03 (±109.62), 525.02 (±93.87), 889.27 (±97.49) and
1197.17 (±105.47) ngmL�1 of diuron in plasma, after 0.5, 1.0, 3.0 and
8.0 h of exposure, respectively. Although the kinetics of DCA and
DCPMU absorption were not studied, it is expected that these
compounds were also effectively absorbed by fish during 5 days of
exposure, which may have caused a decrease in water concentra-
tions during the duration of exposure.

2.3. Behavior trials

The effect of exposure to diuron and its metabolites on aggres-
sive behavior was investigated matching two animals that were
exposed to the same contaminants. The interaction took place on
the 11th day in separate aquarium containing the same contami-
nant. This procedure was performed to exclude the effects of pre-
vious residence (e.g. Chellappa et al., 1999). To identify the animals
during the aggressive interactions Visual Implanted Elastomer (VIE)
ties were used (Barreto et al., 2015). The animals were matched for
20 min under these experimental conditions where aggressive in-
teractions were video-recorded and evaluated by the frequency and
types of behavior. Aggressive interactions was the same described
by Barreto et al. (2015) for Nile tilapia, such as threat, mouth
fighting, nipping, lateral fighting, undulation and chase. The sum of
all aggressive interactions types (total fight) was recorded.

2.4. Hormonal analyses

The animals were anesthetized by immersion in water con-
taining benzocaine (9 mg L�1) for blood collection and biometry
immediately after behavior trials. Blood was collected by punc-
turing the caudal vein with hypodermic needles and heparinized
syringes (Liquemine, Roche, Rio de Janeiro, RJ, Brazil). The capture
management, anesthesia and blood collection was performed in
less than 1 min to avoid interference from the stress manipulation
(e.g. Pottinger, 2008). The blood was centrifuged at 3000 g for
10 min and plasma was separated and frozen at �80 �C for sub-
sequent hormonal analyses. The concentrations of the hormones
cortisol, testosterone (T) and ketotestosterone (KT) were deter-
mined using Enzyme Linked Immunosorbent Assay (ELISA) with
commercial kits (IBL- Immuno Biological Laboratories, Hamburg,
Germany to cortisol and testosterone and Cayman Chemical Com-
pany, MI, USA for KT). The acceptable limit for CV inter-assay was
�20.0% (Brown et al., 2004).

2.5. Neurotransmitter analyses

Following blood sampling, the fish was killed by decapitation,
and the brain was rapidly removed and frozen in liquid nitrogen
and stored at �80 �C. Brain tissue samples were weighed and ho-
mogenized using a homogenizer in ice-cold 0.1-M perchloric with
cysteine 3 mM. The final homogenate was centrifuged (10,000 g for
10 min at 4 �C) and supernatant was filtered through a 0.22-mm
filter. After filtered, 10 ml of the filtrate was injected into an HPLC
system for estimation of dopamine and serotonin. Themonoamines
weremonitoredwith a fluorescence detector (Shimadzu, model RF-
20 A) set with wavelength of 279 nm of excitation and 320 nm of
emission. The HPLC system (Shimadzu Corporation, Kyoto, Japan)
consisted of one CBM20A communication bus module, two
LC20AD-XR pumps, one DGU20A3 R degassing unit, one SIL20AC-
XR autosampler, and one CTO20AR column oven. The compo-
nents were separated in an ACE C18 column (250 � 4.6 mm, 5 mm).
The mobile phase (acetic acid 12 mM, Na2-EDTA 0.26 mM, with 10%
methanol) was pumped at an isocratic flow of 1 mL min�1. Chro-
matogram monitoring and peak identification and quantification
were performed using the LAB Solutions 5.71 software (Shimadzu
Corporation). The calculations were based on a calibration curve
previously constructed and prepared according to same procedure
described above for the samples using authentic standards (>98%
purity, Sigma-Aldrich Chemical; St. Louis, MO, USA). The results
were expressed in pg. g�1.

2.6. Statistical analysis

The outliers were identified by mean ± 2 SD and these values
were replaced by the mean (as recommended by Cousineau et al.,
2010). Data normality was evaluated using the Cramer von e
Mises test, and data homoscedasticity was tested by Levene's test,
with a significance level of 0.05. One-way ANOVA General Linear
Models (GLM) was used to evaluate aggressive interactions, ste-
roids, serotonin and dopamine. The Fisher's Least Significant Dif-
ference (LSD) test was used in post hoc analyses and P � 0.05 was
used to infer statistical significance.

3. Results

3.1. Fish mortality and growth

Mortality was not observed in any of the treatments. Differences
were not observed in body length and body weight among treat-
ments (P ¼ 0.21, Table 1).

3.2. Hormones levels

Male Nile tilapia exposed to diuron metabolites for 10 days had
significantly altered steroid hormone levels (Fig. 1). Cortisol plasma
levels increased (P ¼ 0.02) only in the animals exposed to either
DCA and DCPMU compared to the control (71.0 and 57.8%, respec-
tively) (Fig. 1 A). Testosterone plasma levels were reduced
(P ¼ 0.01) in animals exposed to diuron metabolites DCA and
(39.4%) DCPMU (36.8%) compared to the control group and the
group exposed to diuron. (Fig. 1 B). There was no difference
observed with KT plasma levels between treatments (P ¼ 0.98)
(Fig. 1 C).

3.3. Aggressive interactions

Exposure to diuron metabolites DCA and DCPMU significantly
altered fish behavior (P ¼ 0.02), decreasing the aggressive in-
teractions by 50.9% and 68.8%, respectively (Fig. 2). In contrast,
diuron did not cause behavior alterations.

3.4. Brain neurotransmitters

Male Nile tilapia exposed to DCA and DCPMU for 10 days pre-
sented decreased (P ¼ 0.02) dopamine levels (47.1% and 44.2%,
respectively) compared to the control (Fig. 3 A). Exposure to diuron
did not alter dopamine levels compared to the control group and
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there were no differences (P ¼ 0.30) in brain serotonin levels (5HT)
between diuron or diuron metabolite treatments (Fig. 3 B).

4. Discussion

Studies integrating neuroendocrine effects of pesticides on fish
with alterations in aggressive behavior are limited, despite reports
of alterations in social behavior (Shinn et al., 2015; Saglio and
Trijasse, 1998). Aggressiveness is an important factor for cichlids
during intraspecific competition for the establishment of
dominance hierarchy, which ensures resources for optimal growth
(Enquist and Jakobsson, 1986; Turner and Huntingford, 1986;
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Boscolo et al., 2011). Therefore, alterations in the aggressive inter-
action due to the presence of toxicants may lead to failure in
maintaining a territory and in ensuring adequate conditions for
survival (i.e. food and shelter) and reproduction (Triebskorn et al.,
1997).

Increase in plasma cortisol levels is a common response of the
hypothalamus-pituitary-interrenal axis (HPI) in male Nile tilapias
to different kinds of stress (Wendelaar Bonga, 1997), including
pollutant exposure (Scott and Sloman, 2004; Firat and Kargin, 2010;
Firat et al., 2011; Koakoski et al., 2013). Fish that are incapable of
triggering a normal cortisol response to stress are likely to have a
reduced ability to respond to the continuous challenges imposed on
their homeostatic systems during stressed conditions, possibly due
to the innefficiency of glucose recruitment (Brodeur et al., 1997). In
this study, fish exposed to diuron metabolites, but not to diuron,
presented increased cortisol levels when compared to the control
group, after being placed in presence of other males, suggesting a
stressed condition. However, although having elevated cortisol, fish
that were exposed to diuron metabolites presented reduced
aggressive interactions. These results demonstrate that the ability
to produce cortisol in response to a confrontation with another
male through the HPI axis in the interrenal tissue was preserved
after exposure to diuron metabolites. Nevertheless diuron metab-
olites impaired the mechanisms leading to aggressive response of
the fish, possibly by altering the production of neurotransmitters
related to the modulation of aggressive behavior and also as a
consequence of previously observed anti-androgenic effect of these
compounds (Pereira et al., 2016).

Considering that T and 11KT stimulates aggressive behavior in
male vertebrates, concentrations of androgens involved in behav-
ioral responses were also evaluated. Previous studies showed that
diuron at 200 ng L�1 reduced T, and that diuron and its metabolites
at same concentration reduced Tand 11KT after 25 days of exposure
in Nile tilapia (Pereira et al., 2015). However in the current study,
only the metabolites reduced T. Reasons for the differences may be
related to the duration of exposure (10 days) and to the concen-
tration used (100 ng L�1), whichwere not enough to cause the same
effect as observed by Pereira et al. (2016). In a previous study, we
demonstrated that Nile tilapia is able to metabolize diuron and its
metabolites (Felício et al., 2016), thus it can be also supposed that
Nile tilapias metabolized these compounds more effectively at
lower concentrations, also contributing to the lack of effects on
11KT.

The study of the influence of androgens on aggression can be
traced back to the classic experiments of Arnold Berthold in 1849
(Quiring, 1944) that removed the testes of roosters interrupting the
production of T, which he suspected to be necessary for the
aggressive behavior, and consequently the aggressiveness was
suppressed. After replacing the glandular material in the animals,
he observed the return of the aggressive behavior. Similar effects of
castration and androgen replacement on fish aggressiveness have
been observed, and the administration of exogenous androgens has
also shown to increase aggressiveness in male teleost fish
(Hirschenhauser and Oliveira, 2006; Oliveira and Gonçalves, 2008).
Several studies have correlated aggressive behavior with androgens
in fish species. It was shown that male intrusions into territories of
established territorial males induce androgen levels to increase in
the stoplight parrotfish (Sparisoma viride) (Cardwell and Liley,
1991). It was also demonstrated that the frequency of territorial
interaction in fish is correlated with androgen levels in male
demoiselles (Chromis dispilus) (Pankhurst and Barnett, 1993) and in
the African cichlid (Astatotilapia burtoni) (Parikh et al., 2006;
Alcazar et al., 2016). Thus, the decrease in T levels in Nile tilapia
caused by exposure to diuron metabolites in this study may like-
wise contribute to the impairment of the aggressive behavior.
Biosynthesis of T and other sex steroids is regulated by several
neurotransmitters in the brain. There are intricate and reciprocal
relationships between brain DA production and T levels. In
adolescent male rats, T alters the dopaminergic system by
increasing local brain dopamine synthesis andmetabolism (Purves-
Tyson et al., 2012, 2014; Sinclair et al., 2014). To enhance T
biosynthesis, DA stimulates the secretion of gonadotropin-
releasing hormone (GnRH) which then signals the pituitary gland
to release the luteinizing hormone (LH), stimulating the testes to
produce T (Siris et al., 1980; Li and Pelletier, 1992). Similarly, DA also
controls the release of GnRH and subsequent steroid concentra-
tions in ansynchonist spawning fish species (Yu et al., 1991).
Consequently, one would predict higher levels of DA with lower
concentrations of T. The reduced levels of DA and T suggest that
diuron metabolites may be interfering with other aspects of the
hypothalamic-pituitary-gonadal axis. Recent studies have sug-
gested that 17 B hydroxysteroid dehydrogenase may also be
impacted by diuron metabolites (Felício et al., 2016). The role of
steroid biosynthesis and neuroendocrine signaling warrants
further study to better understand the relationships between the
HPG axis and behavior as potential targets for diuron or its
metabolites.

The relatively high unionized ammonia levels recorded in water
after 5 days of exposure (~0.8 mg L�1) may be also contributing to
the effects on brain DA concentrations. Weber et al. (2012) showed
that unionized ammonia caused significant decreases in brain DA
and 5HT levels in the marine fish Solea senegalensis, after 12 and
24 h of exposure at sublethal concentrations (0.28 mg L�1; ~15% of
the LC50 value). However, the NH3 levels in this study were similar
for all experimental groups, and only DA levels in those animals
exposed to diuron metabolites were decreased (5HT was un-
changed). Indeed, the mean LC50 value for unionized ammonia for
seawater species is 1.89 mg L�1 (EPA, 1989; Randall and Tsui, 2002),
while the value for Nile tilapia is about 7.5 mg L�1 (Hegazi et al.,
2011), making the Nile tilapia one of the most ammonia tolerant
fish species. Therefore, variations observed for DA in those fish
exposed to diuron metabolites is more likely to be related to the
chemical exposure.

5. Conclusion

In summary, the results of this study with Nile tilapia reveal that
diuron metabolites at environmentally relevant concentrations
reduced aggressive behavior, which was associated with impair-
ment of the neuroendocrine system of the fish. The relationships
between neuroendocrine signaling and behavior require additional
study as do the ramifications of diminished aggression. Evaluation
of other behaviors, particularly those involved in feeding and
reproduction should provide evidence of population impacts that
may reduce uncertainty and more accurately determine the po-
tential risks associated with diuron to aquatic organisms.
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