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RESUMO

O Brasil € o principal produtor de cana-de-agucar do mundo e, para que esta demanda seja
suprida, muitos compostos quimicos sado aplicados nas culturas, visando controlar o
surgimento e proliferagdo de pragas. Assim, faz-se o uso dos praguicidas, dentre eles, o
diuron (N-(3,4-diclorofenil)-N,N-dimetiluréia), que é aplicado em plantagbes ao redor do
mundo. O diuron pode ser biodegradado em outros trés principais compostos o 3,4-
dicloroanilina (DCA), 3,4-diclorofenilureia (DCPMU) e 2,4-diclorofenil-N-metilureia
(DCPMU). Normalmente, o diuron € aplicado nas plantagdes juntamente com os alquilfendis
etoxilatos (APE), como o nonilfenol etoxilato (NPE) e o octilfenol etoxilato (OPE), compostos
que facilitam a dispersao do diuron. Alguns estudos tém demonstrado que tanto o diuron
quanto os alquilfendis podem causar alteragdes enzimaticas e/ou estrogénicas em diversos
organismos. Dentre as enzimas que podem ser alteradas, estdo as enzimas de
biotransformacdo, tanto de fase | (7-etoxirresorufina-O-deetilase — EROD, 7-
pentéxiresorufinaO-desalquilase — PROD, 7-benziloxiresorufina-O-desalquilase — BROD e
a P450 aromatase), quanto as de fase Il (glutationa-S-transferase — GST) e as proteinas de
fase Ill (resisténcia a multixenobioticos — MXR). Outros parametros que podem sofrer
alteragdes sdo os antioxidantes (superoxido dismutase — SOD, catalase — CAT, glutationa
peroxidase — GPX, glutationa redutase — GR, glutationa-6-fosfato desidrogenase — G6PDH,
aldeido desidrogenase — ALDH e peroxidagao lipidica), que sdo os responsaveis pelo
controle entre a produgao e o combate as espécies reativas de oxigénio (ERO). Dentre os
parametros endocrinos que podem ser alterados, e entdo utilizados como biomarcadores,
estdo as enzimas CYP3A e a 17B-hidroxiesteréide desidrogenase (173-HSD) e ainda a
proteina vitelogenina (Vtg). Assim o objetivo deste trabalho foi avaliar, em tilapias do Nilo
(Oreochromis nilotucus) (1) quais os efeitos do diuron e seus metabdlitos, em associagao
ou nao, em diferentes concentragdes e (2) quais os efeitos do diuron, seus metabdlitos e
os alquilfenois, em associagdo ou ndao em diferentes concentragdes no figado e nas
branquias de peixes expostos por 7 dias, utilizando os seguintes parametros, EROD,
BROD, PROD, GST, MXR, SOD, CAT, GPx, G6PDH e peroxidagao lipidica (MDA). Em uma
terceira etapa, o objetivo do trabalho foi (3) avaliar pardmetros endocrinos em tilapias
mozambique (Oreochromis mossambicus) expostas ao diuron, seus metabdlitos e
alquilfendis, em associagao ou ndao, em diferentes concentragdes, expostas por 7 dias, em
figado e cérebro dos peixes expostos, analisando os seguintes parametros: 173-HSD, P450
aromatase, CYP3A, vitelogenina e a biotransformagdo do xenobidtico (in vitro). Nossos
resultados demonstraram que, em tilapias do Nilo expostas a esses contaminantes nas
concentragdes e no tempo de exposi¢ao utilizados, todos os biomarcadores analisados
sofreram alguma alteragdo apds a exposigao, alguns mais expressivos como a EROD,
MDA, GPx e G6PDH e outros menos. Os resultados obtidos apds a exposicao de tilapias
mozambique aos contaminantes também nos mostraram alteragdes, confirmando que
esses compostos podem ser considerados desreguladores enddcrinos, ja que todos os
parametros endocrinos analisados foram alterados. Assim, os resultados obtidos nos
mostraram que realmente o diuron, seus metabdlitos e os alquilfendis podem causar
alteracbes bioquimicas em tilapias do Nilo e mozambique, expostos a concentracoes
ambientalmente relevantes por sete dias, sendo os metabdlitos e os APs os principais
compostos a causar alteragdes nos parametros analisados.

Palavras-chaves: Oreochromis niloticus, Oreochromis mossambicus, diuron, DCA,
DCPMU, DCPU, alquilfendis, enzimas de biotransformacido, enzimas antioxidantes,
desreguladores enddcrinos.



ABSTRACT

Brazil is the main sugar cane producer in the world, and to support these productions
many chemical compounds have being apply in agriculture, aiming to control the
appearance and proliferation of pests. Therefore, the use of pesticide, as diuron, (N-
(3,4-dichlorophenyl) -N,N-dimethylurea), in some crops in the world is common.
Diuron can be biodegraded in three others compounds, 3,4-dichloroaniline (DCA),
3,4-dichlorophenylurea (DCPU) and 2,4-dichlorophenyl-N-methylurea (DCPMU).
Normally, diuron have being applied associated with alkylphenols ethoxylates
(APE), like nonilphenol (NP) and octylphenol (OP), which increase the solubility and
dispersion of the herbicide. Some studies have shown that diuron and alkylphenols
can cause enzymatic and/or estrogenic changes, in various organisms. Therefore,
biotransformation enzymes, phase | (7-ethoxirresorufin-O-deethylase — EROD, 7-
pentaxirisorufin-O-dealkylase — PROD, 7-benzyloxysorufin-O-desalkylase — BROD
and P450 aromatase), phase Il (glutathione-S-transferase-GST) and phase |li
proteins (multixenobiotic resistance — MXR), and antioxidant parameters
(superoxide dismutase — SOD, catalase — CAT, glutathione peroxidase — GPX,
glutathione reductase — GR, glutathione-6-phosphate dehydrogenase — G6PDH,
aldehyde dehydrogenase — ALDH and lipid peroxidation), which are responsible for
the control between production and degradation of reactive oxygen species (ROS).
The endocrine parameters that can be altered and used as biomarkers are the
CYP3A and 17B-hydroxysteroid dehydrogenase (173-HSD) enzymes and the
vitellogenin (Vtg) protein. All of these parameters can be altered after exposure of
organisms to xenobiotics. Therefore, the aim of this work was evaluate the effects
of (1) diuron and its metabolites, alone or in combination, in different concentrations,
and the effect of (2) diuron, its metabolites and the alkyphenols, alone or in
combination, in different concentration, in liver and gill of Nile tilapia (Oreochromis
niloticus) exposed for 7 days, using as parameters EROD, BROP, PROD, GST,
MXR, SOD, CAT, GPx, G6PDH and lipid peroxidation (MDA). In a third step, the
aim of the work as (3) evaluate endocrine parameters in mossambique tilapia
(Oreochromis mossambicus), exposed to diuron, its metabolites and alkyphenols,
alone or in combination, in different concentrations for 7 days, in liver and brain,
using as parameters 17p-HSD, CYP3A, Vvitellogenin and xenobiotic
biotransformation (in vitro). Our results demonstrated that all contaminants, at the
concentration and time of exposure, can cause alteration in all biomarkers, some
more than others, as EROD, MDA, GPx and G6PDH, in Nile tilapia, and the results
obtained after mozambique tilapia exposure, to the contaminants, also showed
changes, confirming that these compounds can be considered endocrine disruptors.
Thus, the results showed that diuron, its metabolites and alkylphenols could cause
biochemical changes in fish, Nile and mossambique tilapia, exposing to the
environmentally relevant concentrations for seven days, being diruon metabolites
and APs the main compounds to cause changes in the analyzed parameters.

Keyword: Oreochromis niloticus, Oreochromis mossambicus, diuron, DCA,
DCPMU, DCPU, alkylphenols, biotransformation enzymes, antioxidant enzymes,
endocrine disruptors.
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1. Introducgéo

A interacao entre o crescimento populacional, a demanda por suprimentos e a
poluicdo ambiental tem sido alvo de estudos ao longo tempo (Ricklefs, 2003). De
acordo com a teoria malthusiana, o crescimento populacional exerce presséo sobre a
agricultura forcando o cultivo, muitas vezes sem qualidade e em alta quantidade
(Cropper e Griffiths, 1994). Com o crescimento populacional e a alta demanda por
alimentos e recursos energeéticos, a aplicacdo de agrotoxicos em diversas plantacdes
também aumentou, visando uma maior producdo e maior disponibilidade, porém,
algumas vezes, com baixa qualidade (Cropper e Griffiths, 1994). Outro fator que
contribui para 0 aumento da aplicacdo dos agrotdxicos € a busca por energias
renovaveis (biocombustivel vindo da cana-de-acucar, por exemplo), visto que 0s
combustiveis fosseis sdo uma forma finita e poluidora de energia, causando grandes
alteracdes climaticas no mundo todo pela emisséo de poluentes apds a sua queima
(Goldemberg, 2007).

Uma forma de energia renovavel amplamente empregada no Brasil € o etanol
da cana-de-acucar, tendo em vista o favorecimento da producdo agricola no pais
devido a sua localizagéo no globo terrestre, com alta incidéncia solar e altas taxas de
umidade. Assim, o pais é considerado o maior e mais importante produtor de cana-
de-acucar do mundo (UNICA, 2017; INEE, 2017). Tendo em vista esses parametros,
as expectativas sao que a producao de cana-de-aclcar aumente, mais que o dobro
do produzido hoje em dia, até 2020, suprindo toda as necessidades alimenticias e por
energia renovavel (UNICA, 2017).

Com o aumento da producdo agricola de cana-de-agUcar e outras culturas
como o milho, ha também o aumento na utilizacdo de praguicidas, que visa aumentar
a producéo eliminando ou controlando as possiveis pragas que prejudicam a producao
(Guimaréaes, 2007; UNICA, 2017; EMBRAPA, 2017). Um desses praguicidas é o
diuron (3-(3,4-diclorofenil)-1,1-dimethylurea), herbicida amplamente utilizado no
cultivo de cana-de-agucar, abacaxi, algodao, café e citros no Brasil (Lourencetti et al.,
2008; Rodriguez e Almeida, 2011), sendo também utilizado em outros paises como
os Estados Unidos da América (EUA) (Tomlin, 1994; Schlenk et al., 2012) e a Costa
Rica (Echeverria-Saenz et al., 2016). Porém, este composto ndo € somente utilizado
como herbicida, existem vérios relatos de sua utilizacdo na composi¢cdo de tintas

antiincrustantes de embarcacdes (Castro et al., 2011), como o relatado na Europa por
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Malato, et al. (2002), Gatidou et al. (2007) e Manzo et al. (2006), nos Estados Unidos
da América (EUA) por Thomas et al. (2009), no Japédo, por Okamura et al. (2003) e
Balakrishnan et al. (2012) e na América do Sul, por Demoliner et al. (2010) e

Dominguez et al. (2010).

1.1. Diuron, seus produtos de degradacao ambiental e os alquilfenois

O diuron (N-(3,4-diclorofenil)-N, N-dimetiluréia) (Figura 1) é um herbicida
utilizado em é&reas agricolas no combate as ervas daninhas, em varias culturas, entre
elas a de cana-de-acUcar, sendo também amplamente utilizado na composi¢édo de
tintas antiincrustantes em embarcacdes (Castro et al., 2011).

O herbicida diuron é inibidor de fotossintese, inibindo o fluxo de elétrons do

fotossistema Il, limitando a fixacdo do carbono pelas plantas (Oettmeier et al., 2001).

Figura 1. Estrutura molecular do herbicida

diuron (N-(3,4-diclorofenil)-N, N-
dimetiluréia).
N~
H. f'J‘"?-“::
N7 o
.-"-:."""\-.
- -
St __.-:|
e

(PubChem Database, 2017).

O diuron pertence a familia das fenilamidas e a subclasse das feniluréias,
substancias que possuem alta persisténcia no ambiente, como o comprovado por
estudos de Okamura et al. (2003) e Field et al. (2003), que observaram altas
concentracdes de diuron em areas de piscicultura, vindas de aguas marinhas por onde
passam as embarcacdes, e a persisténcia do composto entre estacdes de colheitas

agricolas diferentes. Esta alta persisténcia, permite que o diuron seja encontrado em
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varios ambientes, facilitando seu carreamento para diversos corpos d’agua
(Giacomazzi and Cochet, 2004, Field et al., 2003; Dantas et al., 2010). Esta facilidade
no seu carremanto para outros locais, como os corpos d’agua, € devido as suas
caracteristicas quimicas, como seu baixo valor de Koc (418-560, de acordo com
Arsusda, 2004), o que indica baixa tendéncia de ser adsorvido pelo solo e sedimentos,
deixando-o livres para ser levado com a agua, porém também apresenta fotolise e
meia-vida relativamente longas.

De acordo com a “European Commission Health & Consumer Protection
Directorate-General (2008)”, o diuron é considerado uma substancia prioritariamente
perigosa. Segundo o MAPA (2017), ele pertence a classe toxicoldgica Il (produto muito
perigoso ao ambiente) e segundo o PAN (Pesticides Database) (2017), o diuron &
classificado como carcinogénico, levemente téxico, apresentando toxicidade no
desenvolvimento e na reproducdo humana, podendo ser encontrado até mesmo em
lencois freéticos.

O diuron pode ser naturalmente metabolizado por diversos meios, sendo o
principal deles a via microbiana, gerando trés principais produtos de degradacéo, 3,4-
dicloroanilina (DCA) (Figura 2A), 3-(3,4-diclorofenil)-N-metilureia (DCPMU) (Figura
2B) e 3,4-diclorofenilureia (DCPU) (Figura 2C) (Tixier et al., 2002; Hodge et al., 1967,
Abass et al., 2007), porém, pode haver também a sua hidrélise natural (degradacéo
abidtica), sendo que, neste caso, havera a formacédo de somente o DCA (Salvestrini
et al., 2002). Segundo Tixier et al. (2002), o DCA € o principal produto da degradacao
do diuron e alguns trabalhos relatam a alta toxicidade deste composto, até mesmo em
baixas concentracdes (5ug.L* até 0.5 mg.Lt) em parametros bioquimicos (Sanchez-
Muros et al., 2013), morfolégicos (Scheil et al., 2009; Mhadhbi and Beiras, 2012),
fisiol6gicos (Miranda et al., 2008; Scheil et al., 2009) e comportamentais (Saglio and
Trijasse, 1998). Outros estudos ainda relatam alteragfes no sistema endocrino de
peixes, causados pelo diuron e seus produtos de degradacdo ambiental (Pereira et
al., 2015; Crago et al., 2015; Pereira et al., 2016).
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Figura 2. Estruturas moleculares dos produtos de degradacao do diuron,
3,4-dicloroanilina (DCA) (A), 3-(3,4-diclorofenil)-N-metilureia (DCPMU)
(B) e 3,4-diclorofenilureia (DCPU) (C)

(PubChem Database, 2017).

Algumas substancias séo aplicadas nas culturas agricolas em associacéo aos
praguicidas para que eles apresentem uma melhor dispersdo no ambiente, atuando
como detergentes e emulsificantes, tais como os alquilfenois etoxilatos (APE),
nonilfenol etoxilato (NPE) e o octilfenol etoxilato (OPE), que no ambiente podem ser
degradados e assim originarem o nonilfenol (NP) (Figura 3A) e o octilfenol (OP)
respectivamente (Figura 3B) (Jobling e Sumpter, 1993; Routledge et al., 1998; Xie et
al., 2005).
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Figura 3. Estruturas e formulas moleculares do
nonilfenol (NP) (A) e do octilfenol (OP) (B)

C15H24O CldHZZO

(PubChem Database, 2017).

Estudo realizado por Hasselberg et al. (2004) demonstrou que, apds exposicao
de bacalhau do Atlantico a alquilfendis, houve aumento hepatico do contetdo total de
glutationa (GSH), da atividade da glutationa S-transferase (GST) e aumento na
atividade da glutationa redutase (GR), sugerindo que os AP exercem efeitos sobre o
estado redox e sobre as enzimas de detoxificagdo dos peixes expostos.

Tendo em vista a utilizacdo desses dois compostos em associacdo na
agricultura e que posteriormente podem ser carreados até os corpos d’agua,
Boulangé-Lecomte et al. (2016) investigaram os efeitos do diuron e dos alquilfendis
em associacdo, em copépodes (Eurytemora affinis), que foram expostos a 550 ng.L!
de diuron, 480 ng.L de 4-nonilfenol e 520 ng.L* de nonilfenol etoxilado, mostrando
gue esta mistura de compostos causou alteracdes na expressao génica de varias
proteinas (88 para diuron e 41 para os alquilfenois) reguladoras de vérias funcbes
como crescimento celular, condutividade de sinal nervoso, metabolismo energético,

respostas a estresse oxidativo e defesas antioxidantes.
1.2. Biomarcadores de contaminag¢ao aquatica
O ambiente é constantemente atingido por compostos quimicos estranhos a ele,

os chamados xenobiéticos (Van der Oost et al., 2003). Os xenobibticos podem chegar

ao ambiente aquatico e entdo entrar em contato com 0s organismos que neles vivem
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até serem absorvidos, assim podendo passar por diversas reac¢des durante o
processo de biotransformacéao, que tém a finalidade de tornar essas substancias mais
hidrofilicas, facilitando a excrecdo (Van der Oost et al., 2003). Durante o contato do
xenobidtico com o organismo e o processo de biotransformacdo, pode haver a
formacao de espécies reativas de oxigénio (ERO), que séo capazes de reagir com
diferentes biomoléculas como os lipidios, as proteinas e o DNA, podendo causar
danos celulares e moleculares, sendo responsaveis também pela peroxidacéo lipidica
em acidos graxos, o que pode levar a destruicdo de biomembranas (LOpez-Barea e
Pueyo, 1998; Nordberg, Arner, 2001; Van der Oost et al., 2003; Zangar et al., 2004).
Dessa forma, essas vias bioguimicas de biotransformacdo e formacdo das ERO,
juntamente com o sistema de defesa antioxidante do organismo, podem ser
amplamente utilizados como biomarcadores de contaminacdo ambiental.

Outros sistemas, como o0 sistema enddcrino, tém sido tradicionalmente
associados a respostas ao estresse (Brown, 1993; Sumpter, 1997) e dentre elas
estdo: (1) respostas adrenocorticais, envolvendo a secrecédo de cortisol, (2) respostas
adrenérgicas de catecolaminas, (3) secrecdo de prostaglandinas pela pituitaria e a
secrecdo de tiroxina (T4) pelos foliculos da tireoide (Sakamoto et al., 1993).
Adicionalmente a essas respostas, estdo as alteracdes nos niveis dos horménios
sexuais circulantes no organismo (testosterona ou estrogénio). Essas alteracdes
podem ser causadas por diferentes compostos quimicos presentes no ambiente,
como por exemplo os alquilfendis, assim, as alteracdes no sistema enddcrino sexual

podem ser utilizadas como biomarcadores de contaminagéo (Schlenk et al, 2008).

1.3. Espécies reativas de oxigénio e o estresse oxidativo

As espécies reativas de oxigénio (ERO) sado formadas naturalmente por todos
0S organismos aerobios durante a respiracdo celular, porém, elas também séo
degradadas, a fim de manter as concentracdes fisiologicas necesséarias para o
funcionamento celular normal, porém, a célula pode ser levada ao estado de estresse
oxidativo, quando a quantidade de ERO é excessiva (a taxa de producdo excede a
taxa de decomposicéo), neste momento a integridade celular e de varias biomoléculas
fica ameacgada, incluindo proteinas, lipidios e DNA (Nordberg e Arnér, 2001; Van der
Oost, et al., 2003).
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Dentre as ERO podemos destacar o peroxido de hidrogénio (H2032), radical
anion superoxido (0O2™) e o radical hidroxil (*OH), sendo este Ultimo o mais reativo. As
ERO podem reagir diretamente com a maioria das biomoléculas, iniciando uma reacéo
em cadeia que levara a formacao de radicais livres. A fim de que esta reacdo cesse,
um radical livre deve reagir com outro radical livre, eliminando seus elétrons
desemparelhados, ou entdo devem reagir com um composto antioxidante. Na
Equacédo 1 ha a representacao da reducao do oxigénio molecular, via transferéncia de
um elétron que dara origem a varias espécies reativas de oxigénio (02", H202 e *OH)
(Nordberg e Arnér, 2001), mostrando que uma Unica molécula de oxigénio pode
originar véarias ERO.

0, — 0, — H,0, — *OH + OH — 2H,0 )

2H+

A producdo de ERO excessiva e a consequente ocorréncia do estresse
oxidativo pode ser decorrente de diferentes situagdes, como por exemplo a exposi¢céao
a contaminantes (como os praguicidas e metais), infeccdes, variagdo de temperatura,
variacdo na concentracao salina, disponibilidade de oxigénio e a exposicéo a radiacéo
ultravioleta (Winston et al., 1996; Ermak e Davies, et al., 2002; Abele e Puntarulo,
2004).

Os praguicidas representam uma classe de substancias quimicas que
apresentam alto potencial téxico, podendo afetar varios sistemas biologicos de
organismos alvos e também os nao-alvos (Abdollahi et al., 2004). Os sistemas
biolégicos que sdo mais estudados em relacdo a atuacdo dos praguicidas nos
organismos sdo 0 sistema oxidativo e o sistema de biotransformacgéo, visando
entender os seus mecanismos de atuacao (Abdollahi et al., 2004).

A peroxidacao lipidica, ou lipoperoxidacdo, € o processo pelo qual os acidos
graxos poli-insaturados sdo oxidados pelas ERO, levando a formacao de produtos
secundarios, como o malondialdeido (MDA) (Figura 4), produto muito utilizado como
indicador de danos as biomoléculas (Van der Oost et al., 2003; Almeida et al., 2005,
2007).
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Figura 4. Malondialdeido (MDA),
produto da peroxidacédo lipidica
causada pelas ERO, utilizado como
indicador de danos as
biomoléculas
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(PubChem Database, 2017).

Acidos graxos poliinsaturados sdo 6timos alvos para o ataque dos radicais
livres, pois apresentam multiplas duplas ligac6es (Nordberg e Arnér, 2001). Estes
ataques ocorrem por uma cadeia de reacdes, onde uma Unica ERO sera a
responsavel em propagar inUmeras reac¢des, levando a ocorréncia dos danos nos
acidos graxos através de reagbBes quimicas deletérias (Van der Oost et al., 2003).
Desta forma, para a andlise de parametros que evidenciem uma situacao de estresse
oxidativo, a quantificacdo de produtos da peroxidacéo lipidica pode ser amplamente
utilizada como biomarcador de contaminacéao.

Alguns dos aldeidos produzidos apés a peroxidacéo lipidica causada pela acao
das ERO, como o MDA ou o 4-hidroxinonenal (HNE), podem ser toxicos aos
organismos. No caso do MDA, as células procuram controlar seus niveis internos
promovendo a sua oxidag¢do em acido carboxilico, por meio da acdo de um conjunto
de enzimas chamadas aldeido desidrogenase (ALDH). As ALDH representam uma
superfamilia proteica que exercem atividades cataliticas oxidando, irreversivelmente,
moléculas de aldeidos, reduzindo NAD(P)* a NAD(P)H, sendo responséavel por manter
o equilibrio entre a producao dos aldeidos e sua eliminac¢édo (Yoshida et al., 1998;
Perozich et al., 1999; Vasiliou et al., 1999; Nakazono et al., 2000; Kirch et al., 2001,
Kirch et al., 2004). Ha relatos de que o MDA, produto da peroxidacao lipidica, pode
ser metabolizado pela ALDH citosolica em mamiferos (Hjelle e Petersen, 1983). Além
disso, existe correlagéo negativa entra o MDA e a atividade da ALDH: o aumento da
atividade da ALDH é seguido da diminui¢cé&o nos niveis de MDA no organismo (Garcia,
2016).
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1.4. Sistemas antioxidantes

O sistema antioxidante € um sistema de defesa do organismo que visa o
combate a formacdo de oxiradicais, combatendo os possiveis danos causados por
eles (Van der Oost et al., 2003). Este sistema de defesa é de extrema importancia
para o organismo na detoxificagdo dos radicais, transformando-os em moléculas ndo
reativas. Neste sistema podemos incluir as enzimas antioxidantes como a superoxido
dismutase (SOD), a catalase (CAT), a glutationa peroxidase (GPx) e a glutationa
redutase (GR) mas também existem o0s antioxidantes ndo enzimaticos como a
vitamina B (B-caroteno), a vitamina C (acido ascorbico) e a vitamina E (Stegeman et
al.,, 1992; Van der Oost et al., 2003). Além dessas, a glutationa-6-fosfato
desidrogenase (G6PDH) e a glutationa redutase (GR) também exercem papel protetor
durante o estresse oxidativo, fornecendo redutores (NADPH), auxiliando na funcao
antioxidante da glutationa (Slekar et al., 1996). JA a enzima ALDH pode ser
considerada, dependendo de sua atuacdo, uma enzima antioxidante pois, o MDA
gerado apos a peroxidacédo lipidica, pode gerar ERO, também causando estresse
oxidativo (Long et al., 2009), assim, esta enzima é responsavel pela manutencéo do
equilibrio entre a producéo de aldeidos e sua degradacdo, mantendo o estado redox.

A Figura 5 mostra a agao desses sistemas antioxidantes, resumidamente.
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Figura 5. Simplificacéio dos sistemas oxidativos e antioxidantes dentro de uma célula. Anion superéxido
é produzido em quantidades significativas no cortisol por monooxigenases, Fe?* ou Cu* e na mitocondria
pelo escape de elétrons provenientes da cadeia respiratéria. O peréxido de hidrogénio pode ser
enzimaticamente metabolizado a agua e oxigénio molecular por diferentes sistemas enzimaticos, ou
convertido a radical hidroxil, que é extremamente reativo.
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Nordberg e Arner (2001) adaptado por Nogueira (2010) e mais adaptacdes.

1.4.1. Superéxido dismutase (SOD)

As SODs sao um grupo de metaloenzimas que catalisam a conversao dos
anions superoéxido (0O2~) em peroxido de hidrogénio (H202) e oxigénio (O2) (Equacao
2), sendo o H202 também uma ERO. Este H202 pode ser detoxificado, posteriormente,
por outras duas enzimas, a CAT e a GPx. O radical &nion superoxido em células
eucaridticas, pode ser metabolizado na mitocéndria, pela SOD dependente de Mn
(Mn-SOD) ou no citosol, pela SOD dependente de Cu ou Zn (Cu/Zn-SOD). As SODs
sao consideradas enzimas com papel fundamental na detoxificacdo, principalmente

por serem encontradas em todos 0s organismos aerébicos (Stegeman et al., 1992).
20,4+ 2H" — H,0,+ 0O, @)
Durante a biotransforma¢cdo de muitos compostos quimicos, muitas reacdes

podem ocorrer, dentre elas estd o aumento na producdo de radicais superoxidos, o

gue pode estar ligado ao aumento na atividade enzimética da SOD. Alguns trabalhos,
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como o de Nogueira et al. (2013), em que peixes da espécie Pterygoplichthys anisitsi
foram expostos a Oleo diesel e biodiesel em diferentes concentragfes, houve o
aumento da atividade desta enzima, o que pode ter sido decorrente do aumento na
producdo de ERO. Assim como o observado por Oruc et al. (2004), em que houve
aumento na atividade SOD, apds a exposicdo de tilapia (Oreochromis niloticus) e
carpa (Cyprinus carpio) ao 2,4-diclorofenoxiacético (2,4-D) e azinfos-metil.

Outros estudos relatam alteracGes na atividade da SOD apds a exposicédo a
diversos praguicidas, como é o caso do trabalho de Kavitha e Venkateswara Rao
(2008) que observaram alteracdes na atividade da SOD de peixe mosquito (Gambusia
affinis) apds exposicao a clorpirifos. Portanto, esses estudos indicam a capacidade

desses compostos em alterar a atividade desta enzima.

1.4.2. Catalase (CAT)

A CAT é uma heme-enzima contendo hematina, grupamento que facilita a
oxidacao do Fe(ll) a a Fe(lll) e que facilita a metabolizagdo do peréxido de hidrogénio
(H202) em oxigénio (O2) e agua (Equacao 3), auxiliando na sua remocédo (Van der
Oost et al., 2003; Stegeman et al., 1992).

2H202 _— 2H20 + 02 (3)

Ao contrario de muitas outras peroxidases, essas enzimas reduzem somente o
H202. Segundo Hermes-Lima (2004) a CAT é mais eficiente quando as concentracdes
de H20:2 intracelulares estdo muito elevadas, pois pequenos aumentos parecem ser
mais controlados pela glutationa peroxidase (GPx).

As CATs séo encontradas, principalmente, nos peroxissomos e aparentemente
é a proliferacdo peroxissémica a responsavel pelo aumento da atividade catalitica nos
tecidos (Halliwell e Gutteridge, 2007). Estudos tem mostrado que a CAT esté presente
em todos os tecidos sendo que em uns a sua atividade € mais elevada, como no figado
e Nnos eritrocitos e em outros a sua atividade é mais baixa, como no cérebro (Hermes-
Lima, 2004; Halliwell e Gutteridge, 2007).

A CAT, assim como outras enzimas, € muito utilizada como biomarcador, como
no trabalho de Oruc e Uner (2004), que observaram aumento da atividade da CAT em

rim de carpa (Cyprinus carpio) apés exposi¢do a 2,4-diclorofenoxiacético (2,4-D) e
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azinfos-metil, e Tjarnlund et al. (1996) e Otto e Moon (1996) que observaram a
diminuicdo da atividade CAT ap0s a exposicao de peixes (truta arco-iris) a PCBs

(bifenilpoliclorados).

1.4.3. Glutationa peroxidase (GPx)

A GPx pertence ao grupo das peroxidases, que sdo enzimas que reduzem uma
variedade de peroxidos a seus alcoois correspondentes (Equacao 4) (Nordberg e
Arnér, 2001). A GPx catalisa o metabolismo do H202 em &gua, envolvendo,
concomitantemente, a oxidacdo da glutationa (GSH) reduzida para a sua forma
oxidada (glutationa dissulfeto - GSSG). A GSSG pode ser novamente reduzida a GSH
pela acdo da glutationa redutase (GR), utilizando elétrons do NADPH (Van der Oost
et al., 2003).

ROOH +2GSH — ROH+ GSSG + H,0 (4)

Existem diferentes tipos de GPx, dentre as quais existem as dependentes de
selénio e as ndo dependentes. As GPx citosélicas dependentes de selénio sédo as
principais peroxidases em peixes, possuindo importante papel na protecdo contra 0s
danos oxidativos, principalmente os que podem atingir as membranas biologicas,
relacionados a peroxidacao lipidica (Van der Oost et al., 2003).

Assim como as outras enzimas antioxidantes, a GPx pode sofrer alteracdes em
sua atividade apos contato do organismo com contaminantes ambientas como
relatado por Stegeman et al. (1992), que observou aumento acentuado da atividade
da GPx ap6s carpas serem expostas a agrotéxicos. Oruc e Uner (2004) observaram
tanto o aumento quanto a diminuicdo da atividade da GPx apds exposicao de carpas
e tilapias a 2,4-diclorofenoxiacético (2,4-D), sendo que, em carpas, foi observado
aumento da atividade da GPx em rins e, em tilapias, foi observada a diminuicdo da

atividade desta enzima.

1.4.4. Glutationa redutase (GR)

Apesar de a GR néo estar envolvida diretamente nas defesas antioxidantes da

mesma maneira que as outras enzimas anteriormente descritas, ela é de extrema
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importancia na manutencdo do equilibrio entre as formas reduzida e dissulfeto da
glutationa (GSH/GSSG), que ajuda a combater as ERO e serve como cofator para o
funcionamento de enzimas como GST e GPx (Van der Oost et al., 2003; Regoli et al.,
2011). A GR é responsavel por catalisar a transformacéo da GSSG para a sua forma
reduzida (GSH), através da oxidacdo do NADPH em NADP* (Van der Oost et al.,
2003).

Hasselberg et al. (2004) observou aumento na atividade da GR em bacalhau
do Atlantico apds exposicdo a alquilfendis por 4 semanas. Maria e Bebiano (2011)
observaram alteracdo na atividade da GR em mexilhBes, apds exposicdo ao
benzo[a]pireno. Ambos os trabalhos evidenciam a possibilidade de alteragdo desta

enzima apOs exposi¢ao a contaminantes ambientais.

1.4.5. Glutationa-6-fosfato desidrogenase (G6PDH)

A G6PDH também néo € uma enzima antioxidante, porém € considerada uma
enzima antioxidante co-adjuvante sendo ela responsavel pelo fornecimento de
equivalentes redutores (NADPH) através da transferéncia de um ion hidreto ao
NADP*. Quando o fornecimento de NADPH encontra-se prejudicado, a funcgéo
antioxidante da glutationa é afetada, pois a GSH nédo pode ser regenerada, o que pode
causar sérios danos ao metabolismo celular. O NADPH é gerado pela oxidacdo da
glicose-6-fosfato através da via das pentoses-fosfatos (Slekar et al., 1996).

Gul et al. (2004) avaliaram a G6PDH, entre outras enzimas, em ciprinideos
(Cyprinidae) que foram coletados de areas em que estavam expostos a alta
guantidade de poluicdo por esgoto doméstico e escoamento agricola, os quais
apresentaram atividade enzimatica da G6PDH aumentada em comparacao a animais
controle ndo expostos. Assim, apés os estudos, concluiram que esta enzima pode ser

utilizada como um biomarcador de contaminagédo ambiental.

1.4.6. Aldeido desidrogenase (ALDH)

A ALDH pertence a superfamilia de enzimas dependentes de NAD(P)* que

metabolizam uma ampla gama de aldeidos alifaticos e aromaticos (Vasiliou et al.,
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2004). Esta enzima pode ser encontrada em regides subcelulares como o citosol, a
mitocondria, reticulo endoplasmatico e nucleo (Marchiti, et al., 2008).

De acordo com alguns autores, a ALDH é uma enzima responsavel pelo
equilibrio entre os aldeidos produzidos pelo organismo e a sua degradagéo, como € 0
caso do MDA (produto da peroxidacao lipidica), atuando no processo de detoxificacéo
de aldeidos (Nakazono et al., 2000; Kirch et al., 2001; Kirch et al., 2004). Este
processo pode ser observado na Figura 6, que mostra a degradacdo do MDA pela
ALDH até Acetil-CoA e posteriormente a COz2, passando pelo Ciclo de Krebs (Marchitti
et al., 2008).

Figura 6. Esquema mostrando o papel das isoformas da ALDH no
metabolismo do malondialdeido (MDA), principal produto da peroxidacao

lipidica.
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(Marchitti et al., 2008).

1.5. Peroxidacéo lipidica

A peroxidacgéo lipidica (ou oxidacdo de acidos graxos poli-insaturados) é uma
importante consequéncia do estresse oxidativo, sendo considerada a principal causa
de injarias e morte celular. O processo da peroxidacéo lipidica ocorre por uma cadeia
de reacdes e, no caso do ciclo redox, um anico radical propaga um nimero de reagcdes
bioquimicas deletérias nos lipideos. Os danos que podem ser causados variam de
reducdes localizadas da fluidez da membrana até a ruptura total da integridade da
bicamada lipidica (Van der Oost et al., 2003; Halliwell e Gutteridge, 2007). Os &acidos
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graxos poli-insaturados séo excelentes alvos para o ataque dos radicais livres, por
apresentarem multiplas duplas ligag6es (Nordberg e Arnér, 2001). O processo de
peroxidacdo resulta em hidroperoxidos, que sao instaveis e se decompdem em
misturas complexas de aldeidos, cetonas, alcanos e acidos carboxilicos que podem

formar adutos com o DNA (Martinez, 2006) (Figura 7).

Figura 7. Simplificacéo do processo de peroxidagao lipidica, em que o radical hidroxila tem como
alvo os acidos graxos poli-insaturados.
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Adaptado de Nordberg e Arner (2001), Nogueira (2010) e Mimica-Dukic et al. (2012).

Existem muitos métodos para a determinacdo da peroxidacéo lipidica, de
acordo com o produto final formado. Um desses produtos formados € o
malondialdeido (MDA), que reage com o &cido tiobarbitlrico em meio acido e em altas
temperaturas formando um composto fluorescente de cor rosa (Martinez, 2006), que
pode ser entdo detectado por diferentes métodos.

Varios estudos tém demonstrado aumento na peroxidacao lipidica, em varios
tecidos de peixes, ap0s exposicdo in vivo a varios compostos quimicos, como por
exemplo, exposicéo de carpas ao paraquat (Gabryelak e Klekot, 1985), exposicao de
bagre-americano e de peixe-gato ao t-butil hidroperéxido (Ploch et al., 1999),
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exposicao de badejo a metais (Romeo et al., 2000) e exposicao de mexilhdes ao
Benzo[a]pireno (BaP) e Cu (Maria e Bebianno, 2011), porém, outros trabalhos tem
relatado também a diminuicdo da peroxidacao lipidica apés exposicéo (Felicio et al.,
2015; Garcia, 2016), sendo que em alguns casos pode estar ocorrendo a acao da

enzima ALDH, metabolizando o produto da reagéao, o MDA (Garcia, 2016).

1.6. Biotransformacao

Os peixes, assim como 0s outros animais, apresentam um sistema, composto
por diversas enzimas responsaveis pela biotransformacdo de diversos compostos
exdgenos. Essa biotransformacéo consiste em tornar os compostos lipossollveis mais
hidrossoluveis, facilitando a sua excrecao (Livingstone, 2001).

O processo de biotransformacgéo dos compostos quimicos apresenta trés fases:
fase |, fase Il e fase Ill. Na fase | ocorrerdo reac6es de oxidagao, reducao ou hidrolise,
na fase Il ocorrerdo reacbes de conjugacdo e na fase lll havera a excrecdo dos
produtos de degradacdo do diuron (Figura 8). Durante todo esse processo de
detoxificacdo, ERO podem ser formadas e assim o sistema antioxidante pode ser
ativado, mantendo os niveis das moléculas em homeostase (Van der Oost et al.,
2003).

Figura 8. Esquema simplificado mostrando as fases da biotransformacgéo de um xenobidtico.
O xenobidtico pode ser encaminhado para a Fase |, passando pelas suas reagfes e
posteriormente para as Fases Il e I, ou entdo ele pode ser diretamente encaminhado para a
Fase Il e posteriormente para a Fase Ill ou ainda ele pode ser diretamente excretado (Fase
1), apds o contato com o organismo, dependendo de suas caracteristicas.
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1.6.1. Fase |

A primeira fase do metabolismo de compostos toxicos é caracterizada pela
exposicao ou adicdo de grupos funcionais reativos através de reacdes de oxidacao,
reducdo ou hidrolise dos compostos quimicos. Assim, nesta fase, a caracteristica
principal é a transformacéo do composto quimico original lipofilico em produtos mais
sollveis em agua, hidrossoluveis, facilitando a excrecdo dos produtos de degradacéo
do diuron (Van der Oost et al., 2003).

A maioria dos xenobidticos passam por rea¢cdes nesta fase que séo catalisadas
por enzimas monooxigenases microssomais, como as enzimas das citocromo P450
(CYP), citocromo b5 e NADPH citocromo P450 reductase (Van der Oost et al., 2003).
A familia das CYPs esta envolvida no metabolismo oxidativo de uma ampla
quantidade de substratos, como drogas e outras substancias quimicas, além de
compostos enddgenos como hormoénios esteroides, acidos graxos e prostaglandinas
(Sarasquete e Segner, 2000).

As CYP sédo heme-proteinas ligadas a membranas e localizadas,
predominantemente, no reticulo endoplasmatico liso de células hepéticas, porém, em
menor quantidade elas sédo também encontradas em outros tecidos e organelas, elas
sdo responsaveis pela biotransformacédo de inimeros xenobidticos, como produtos
guimicos lancados no ambiente, como o0s praguicidas, hidrocarbonetos policiclicos
aromaticos e também esteroides enddgenos (Quattrochi e Guzelian, 2001; Nelson,
2009). Nesta familia encontramos a subfamilia P450 1A (CYP1A) e a subfamilia P450
3A (CYP 3A) que séao biomarcadores muito empregados em estudos ambientais (Van
der Oost et al., 2003).

A reacdo catalitica da CYP baseia-se na monooxigenacédo, na qual um atomo
de oxigénio é incorporado ao substrato lipofilico, xenobiotico, e outro € reduzido a
agua, sendo os elétrons necessarios para essas reacoes fornecidos pelo NADPH,
assim o xenobidtico se torna mais hidrossolavel (Van der Oost et al., 2003), sendo que

a deficiéncia do NADPH para esta reacdo, impossibilita a sua ocorréncia.
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1.6.1.1. CYP1A

O citocromo P450 abrange uma superfamilia de enzimas que compreende
muitas isoformas. O método mais utilizado para determinar a atividade catalitica da
CYP1A é a analise da 7-etoxirresorufina-O-deetilase (EROD), neste caso a
etoxiresorufina € utilizada como substrato (Van der Oost et al., 2003).

Outras isoformas de P450 podem ajudar na avaliacdo da contaminacao
ambiental, porém pouco se sabe sobre elas, como € o caso da 7-pentoxiresorufina O-
desalquilase (PROD) e a 7-benziloxiresorufina O-desalquilase (BROD). Em
mamiferos, sabe-se que a atividade da BROD é reconhecida como indicativo de
isoformas 1A, 3A e 2B (Hartl et al., 2007; Arukwe et al., 2008; Hagemeyer et al., 2010)
e sabe-se que a PROD em mamiferos € atribuida a isoforma 2B (Porte et al., 2002),
porém ainda ndo se sabe quais isoformas correspondem a essas atividades em peixes
e outros animais aquaticos. Gagnaire et al. (2010) observaram aumento da PROD em
gastropodes apos exposicdo ao BaP e Trisciani et al. (2011) observou aumento da
BROD em peixes coletados na regido de refinaria de petréleo, area altamente

impactada com hidrocarbonetos policiclicos aromaticos (HPA).

1.6.1.2. CYP3A

Na familia do citocromo P450 ainda encontramos a CYP3A, que, em peixes,
tem a capacidade de metabolizar xenobi6ticos, ndo somente no figado, mas também
em outros 6rgdos, como as branquias, por exemplo, porém, o figado é o principal
orgao de metabolizacdo (Popovic et al., 2012). As isoformas CYP3A sao os principais
produtos sintetizados, da subfamilia CYP450, pelo figado e trato gastrointestinal.
Como ela também apresenta papel essencial no metabolismo dos xenobidticos, a
modulacao da expressao génica das CYPs hepéticas afeta o potencial toxico de varios
compostos, incluindo os desreguladores enddcrinos (Williams et al., 1998).

Cocci et al. (2013) observaram diminuicdo dos niveis de mRNA da CYP3A4
apos exposicao do peixe Solea solea ao 17B-estradiol (E2) e ao 4-nonilfenol (4-NP).

Apés os compostos passarem por esta fase da metabolizacdo (fase 1), os
metabolitos derivados podem sofrer reacOes de fase Il da metabolizacdo, ou entéo

serem diretamente excretados.



31

1.6.2. Fase ll

A segunda fase do metabolismo de compostos toéxicos € caracterizada pela
adicdo de um ligante endégeno, geralmente um grupo polar, ao composto quimico
original ou aos seus produtos de degradacdao, facilitando a sua excrecédo (Van der Oost
et al., 2003). As enzimas de fase Il catalisam as reacdes de conjugacao pela adigéo
de grupamentos mais polares como os tripeptideos glutationa (GSH) ou o acido
glicurbnico ao xenobidtico, reacbes catalisadas pelas enzimas glutationa S-
transferase (GST) e glucuronosiltransferaes, respectivamente (Van der Oost et al.,
2003).

A GST é a responsavel pela conjugacdo do composto (modificado ou ndo na
fase | da biotransformacdo) com a GSH. A GST é uma superfamilia multigénica de
enzimas diméricas, multifuncionais e soltveis. Uma das funcdes das GSTs € defender
0 organismo de danos oxidativos e de produtos peroxidativos (Van der Oost et al.,
2003). As GSTs reduzem a probabilidade desses compostos se ligarem a outras
macromoléculas celulares, como o DNA (Stegeman et al., 1992; Martinez, 2006).

Esta enzima esta principalmente localizada na fracdo citosdlica de células
hepéticas e a maioria dos estudos determinam a atividade da GST total, utilizando
como substrato artificial o 1-cloro-2,4-dinitrobenzeno (CDNB) (Van der Oost et al.,
2003) (Figura 9).

Figura 9. Reacdo de substituicdo catalisada pela GST no
substrato CDNB. Neste caso a GSH é inserida no lugar do Cl,
originando o conjugado da glutationa.
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A variagéo na atividade da GST pode estar associada a resposta do organismo
a presenca de uma variedade de compostos organicos no ambiente (Gallagher et al.,
2000; Van der Oost et al., 2003).
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1.6.3. Fase lll

O termo Fase Il foi introduzido para especificar o processo de eliminacao das
moléculas, ja detoxificadas, realizado pelos varios transportadores de membrana
(proteinas). Esse efluxo de xenobidticos da célula é realizado por proteinas
transmembranas, as chamadas de “multixenobiotic resistence (MXR)” ou proteinas do
sistema de resisténcia a multixenobidticos. Estas proteinas estao presentes em todos
0S organismaos Vivos e interagem com uma ampla gama de xenobidticos, langcando-os
para fora das células, evitando o seu acumulo no interior celular (Klobucar et al., 2008;
Hackenberger et al., 2012). Esta proteina (MXR) também auxilia na sobrevivéncia dos
organismos em locais onde ha altas taxas de polui¢do, possibilitando o baixo acumulo
no interior das células, diminuindo os possiveis danos toxicos (Kurelec e PivCevic,
1989).

Essas proteinas foram chamadas de “multidrug resistance (MDR) ATP binding
cassette (ABC)”, pois foram descobertas em estudos de farmacos no tratamento de
cancer, em que essas proteinas exerciam resisténcia a determinadas drogas
(Szakacs et al., 2008; Klobucar et al., 2010). Sendo que no caso dos xenobidticos, em
organismos aquaticos, este sistema de defesa é chamado “multixenobiotic resistance
(MXR), tendo sido observada sua alteracdo apds exposi¢cdo a poluentes (Smital e
Sauerborn, 2002; Xu et al., 2005; Kurelec, 1997; Smital et al., 2004).

1.7. Sistema enddcrino em peixes

O sistema enddcrino de peixes, assim como dos outros animais, é responsavel
pelo controle de varias fun¢gdes do organismo, respondendo a estimulos internos e
externos, mantendo o equilibrio quimico corpéreo, regulando o desenvolvimento
sexual e os ciclos reprodutivos. As glandulas que respondem a esses estimulos séo
o hipotalamo e a pituitaria, elas recebem os sinais vindos do cérebro e os convertem
em mensagens hormonais, que atuardo em diversos 6rgaos (Pait e Nelson, 2002).

A fungdo priméaria do sistema enddcrino é transformar varios estimulos
exdgenos em mensageiro quimicos, os hormoénios, resultando na expressao do gene
correspondente ao estimulo que ativara o sistema enzimético especifico, coordenando

o sistema metabdlico dos organismos, por exemplo (Costa, 2014).
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O sistema enddcrino em peixes é composto por varias glandulas localizadas ao
longo do corpo, que sintetizam e secretam os hormonios que regulam 0S processos
bioldgicos (Costa, 2014). Todas essas glandulas sdo reguladas por uma cascata de
processos fisioldgicos interdependentes que s&o controladas por um complexo
mecanismo de “feedback” que as ligara ou as desligara, em resposta aos niveis
hormonais. Por exemplo, quando a producdo hormonal de uma glandula atingir um
pico, o hormdnio em excesso causara a inibicdo dessa producdo, levando ao
desligamento do hipotdlamo e/ou pituitaria, sessando a producdo hormonal
(Lintelmann et al., 2003).

Todos os passos desta cadeia de reacdes que compdem o sistema enddcrino
podem ser influenciados por estimulos externos, como por exemplo, a presenca de

xenobidticos no organismo, levando a sua desregulacdo (Costa, 2014).

1.7.1. Desreguladores enddcrinos

Existem diversas definicdes para os desreguladores enddcrinos, uma delas é a
usada pela “Environmental Protection Agency” (EPA), a qual define o desregulador
enddcrino como um agente exdgeno que interfere na sintese, na secrecdo, no
transporte, na ligagéo, na acao ou na eliminagéo de hormonios naturais do corpo, que
sdo responsaveis pela manutencdo, reproducdo, desenvolvimento e/ou
comportamento dos organismos” (EPA, 2017).

Existem diversas moléculas que sao identificadas como desreguladores
enddcrinos, incluindo  hormdnios naturais (17B-estradiol) ou  sintéticos
(metiltestosterona), produtos quimicos usados na industria (solventes e lubrificantes),
plastificantes (ftalatos), praguicidas (DTT), fungicidas (cetoconazol), metais (mercurio)
e agentes farmacol6gicos (tamoxifeno) (Diamnati-Kandarakis et al., 2009).

Diferentes sistemas hormonais podem ser alvo dos compostos quimicos
ambientais, causando a desregulacdo enddcrina, tais como os horménios reprodutivos
(estrégenos e andrégenos), hormonios da tireoide, os corticosteroides e os hormonios
de crescimento. Entretanto, os horménios reprodutivos tem sido os mais estudados
no contexto ambiental, ja que sao o0s principais responsaveis pelo desenvolvimento
reprodutivo, desde a diferenciacdo sexual, e por serem de vital importancia nos

primeiros estagios de vida no desenvolvimento embrionario (Costa, 2014).
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Nos ultimos anos muitos trabalhos tém sido desenvolvidos no intuito de se
entender capacidade de véarios produtos quimicos em mimetizar ou inibir a acdo de
um hormoénio, ou a capacidade de inibirem enzimas relacionadas a sintese, ao
metabolismo e a liberacdo dos hormoénios no organismo (Diamnati-Kandarakis et al.,
2009; Costa, 2014).

O Diuron, por exemplo, mostrou ser um composto anti-androgénico em teste in
vitro (Orton et al., 2009) e em teste in vivo (Pereira et al., 2015) em baixas
concentragdes (31,3 UM e 200 ng.L™?, respectivamente). Outra evidéncia da atividade
estrogénica de alguns compostos é a atuacao de alguns produtos de degradacao do
diuron (DCPMU e DCPU) na alteracao da atividade da citocromo P450 (Abass et al.,
2007).

Um segundo alvo dos compostos pode ser o eixo hipotalamico-pituitario-
gonadal, que sintetiza e secreta horménios gonadotréficos e moduladores dos
processos reprodutivos (Agulleiro et al., 2006), sendo esses hormoénios as chaves
para a gametogénese em peixes (Mylonas et al., 2010). Em macho, por exemplo,
esteroides gonadais (11-cetotestosterona e testosterona) modulam a proliferacédo de
espematogonias e liberacdo de espermatozoides (Ohta et al., 2007), processos que
podem ser prejudicados pelos compostos quimicos e assim, desregular as suas
funcdes.

Alguns estudos tém demonstrado que os alquilfendis sao capazes de mimetizar 0s
horménios naturais, interagindo com os receptores estrogénicos (Soto et al., 1991,
Jobling e Sumpter, 1993; Jobling et al., 1996; Renner, 1997; Routledge e Sumpter
1997), podendo levar a desregulagédo estrogénica do organismo. Esses efeitos
estrogénicos podem ser detectados em peixes e outros animais aquaticos de varia
maneiras: (1) pela avaliagdo da concentracdo dos hormdnios esteroides no plasma,
como a testosterona (T), l1ll-cetotestosterona (11-KT), 17B-estradiol (E2) e
progesterona, os quais podem ter suas concentracfbes alteradas nos organismos
expostos a determinados compostos (Ghosh e Ray, 1993); (2) pela avaliagdo das
alteracdes através da andlise da atividade de enzimas envolvidas no metabolismo
desses compostos, como a aromatase e a 17B-hidroxi-esteroide desidrogenase
(17HSD) (Ghosh e Ray, 1993); e (3) pela avaliacao das alteracdes estrogénicas nos
organismos, sendo medida pela expressao de alguns genes, como a vitelogenina

(Vtg), que apos exposicdo a alquilfendis ha a inducdo de sua expressao em machos,
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ja que este gene so6 é expresso em fémeas (Sumpter e Jobling, 1995). Todos esses
parametros, assim como os citados anteriormente, podem ser utilizados como

biomarcadores de exposi¢cdo a contaminantes.

1.7.2. Vitelogenina (VTG)

A vitelogénese € o0 processo pelo qual as gemas (vitelo) dos ovos sao
produzidas, e este processo vem sendo amplamente utilizado no monitoramento da
exposicdo a agentes estrogénicos em peixes e outros vertebrados oviparos (Palmer
e Palmer, 1995; Sumpter e Jobling, 1995). Durante este processo, 0S ovarios
estimulardo a sintese de 17B-estradiol, o qual estimulard a sintese hepética e
liberacdo da proteina vitelogenina, e posteriormente a sua entrada no od0cito
(Connaughton, Aida, 1999; Tyler et al., 1996; Rankouhi et al., 2002).

A maioria dos ovos apresenta vitelo, material utilizado pelo embrido para a sua
nutricdo durante todo o desenvolvimento. O vitelo € composto por lipidios e proteinas,
sendo formado a partir da vitelogenina, que é produzida nos hepatécitos do figado,
levada até o sangue, transportada até os ovarios e entédo incorporada ao odécito para
ser processada e transformada em vitelo (Silversand et al., 1993).

A vitelogenina é considerada um biomarcador de exposicdo estrogénica em
machos ou jovens, ou anti-estrogénica em fémeas oviparas, pois normalmente, sao
encontradas somente em fémeas, porém, quando induzidas, machos também podem
apresentar a expressao hepética da vitelogenina, quando sdo expostos a algum tipo
de composto quimico estrogénico (Sanchez, 2006).

Existem diversos trabalhos que relatam o uso da vitelogenina como
biomarcador apds exposicdo a desreguladores enddécrinos. Dentre esses
desreguladores endécrinos podem ser destacados os produtos quimicos industriais
langcados no ambiente, praguicidas, esgotos domésticos ou PCBs, mostrando a sua
eficiéncia como indicador da alteragdo (Rankouhi et al., 2002; Wester et al., 2002;
Wester et al., 2004; Marin; Matozza, 2004; Versonnen et al., 2004; Rankouhi et al.,
2004).
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1.7.3. 17B-hidroxiesteroide desidrogenase (17B-HSD)

A 178-HSD é uma enzima pertencente a superfamilia das proteinas SDR
(“short chain dehydrogenase/reductase”) e tem como caracteristica a utilizacdo de
nicotinamida adenina nucleotideos (fosfato) (NAD(P)(H)) como cofator para as
reacoes de reducao ou oxidagao dos esteroides (Mindnich et al., 2004).

Ela € uma enzima chave no processo da biossintese da testosterona,
convertendo androstenediona em testosterona (Stocco, 2000), sendo a principal
enzima relacionada a esteroidogenese testicular e alteracdes em sua atividade
sugerem alteracdes nesse processo (Bagchi et al., 1990).

Varios estudos tém relatado a presenca desta enzima em diversos animais,
como mamiferos (Gouder e Nadkarni, 1975; Stupans et al., 2000), aves (Bhujle e
Nadkarni, 1975), répteis (Gouder e Nadkarni, 1975), anfibios (Ozon et al., 1974) e

peixes (Eckstein e Azoury, 1979).

1.7.4. Citocromo P450 aromatase

A citocromo P450 aromatase é a Unica enzima que permite a conversdo de
andrégenos, como a testosterona (T), em estrégenos, como o estradiol (E2). Em
peixes, existem duas diferentes isoformas da aromatase, a aromatase A (cypl9a) que
€ encontrada nas gbnadas e a aromatase B (cyp19b), que é encontrada no cérebro
(Diotel et al., 2010). O estradiol foi a primeira substancia a ser conhecida com papel
chave nas funcfes reprodutiva, mas também apresenta um espectro muito amplo de
abrangéncia dos sistemas dos organismos, como o sistema cardiovascular, nos
0ss0s, entre outros (Diotel et al., 2010). Originalmente afirmou-se que os horménios
estrogénicos eram produzidos exclusivamente pelas gbnadas, porém sabe-se que
eles também podem ser produzidos por outros Orgdos, devido a expresséo
extragonadal da aromatase, como no cérebro, por exemplo (Diotel et al., 2010).

Aromatase cerebral ocorre em varias classes de vertebrados, incluindo os
peixes teledsteos, sendo nos peixes mais alta do que em qualquer outro vertebrado.
Existem varias evidencias de que a aromatase cerebral tem um papel muito
importante no processo de diferenciacdo sexual. Primeiramente observou-se que a

inducdo da expressdo da cypl9a era necessaria para acionar e manter a
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diferenciacéo do ovario, enquanto que o bloqueio de sua expressédo era considerado
necessario para a diferenciagéo testicular. Porém existem estudos mostrando que a
expressao da cypl9b atua no dimorfismo sexual, principalmente na diferenciacéo
gonadal (Trant et al., 2001; Tomy et al., 2007; Blazquez et al., 2008; Strobl-Mazzulla
et al., 2008; Diotel et al., 2010).

Diferentemente de mamiferos, os peixes tém a capacidade de alterar seu sexo
durante toda a vida. Essa plasticidade sexual € uma grande estratégia evolutiva, ja
gue esta mudanca pode ocorrer para 0 aumento das taxas reprodutivas. Essa
caracteristica implica dizer que as gbnadas dos peixes sao bipotentes e
consequentemente seu cérebro apresenta bipotencialidade, diferentemente dos
mamiferos, que os cérebros sao irreversiveis sexualmente (Munakata e Kobayasi,
2009; Diotel et al., 2010).

Os niveis de hormonios naturais circulantes no organismo podem ser alterados
por diversos compostos quimicos que podem ser encontrados no ambiente, devido a
atividades antropogénicas, podendo interferir na sintese ou na quebra do horménio,
prejudicando assim, a sua funcdo. Um exemplo é a acéo do tributilestanho (TBT), que
inibe a conversdo de androgenos em estrogenos, pela inibicdo da P450 aromatase,
ou inibindo o metabolismo e a excregao da testosterona (Costa, 2014).

1.8. Organismos teste

As tilapias sdo as espécies mais importantes para a pesca e aquicultura na
Africa, seu pais de origem, e ao redor de todo o mundo (Shelton et al., 2002; Romana-
Eqguia et al., 2004; Eknath et al., 2009).

A espécie Oreochormis niloticus foi introduzida no Brasil em 1971 em agudes
do nordeste, e no sudeste em 1982 e se adaptou com facilidade as condicdes
ambientais dessas regides e do restante do Brasil. Particularmente no estado de S&o
Paulo esta é a principal espécie comercializada para fonte alimentar (Alves-Costa,
2001).

A espécie Oreochromis mossambicus foi introduzida nos Estados Unidos da
Ameérica por auarios e aquicultura, primeiramente nos estados do Texas, Florida e
Alabama (Brown, 1961; Courtnay et al., 1974; Bruton e Bolt, 1975; Lee et al., 1980),
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sendo posteriormente encontradas na regido sul da Califérnia (Riedel e Costa-Pierce,
2005).

Nos estudos realizados neste trabalho foram utilizados peixes das duas
espécies mencionadas anteriormente, a tilapia do Nilo (Oreochromis niloticus) (Figura

10) e atilapia mocambique (Oreochromis mossambicus) (Figura 11).

Figura 10. Tilapia do Nilo (Oreochromis niloticus) utilizada nos
experimentos realizados no Brasil, UNESP/IBILCE.

Figura 11. Tilapia mogambique (Oreochromis mossambicus)
utilizadas no experimento realizados na Universidade da
Califérnia, Riverside — CA,USA.
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2. Hipotese

A hipoétese central levantada para este trabalho é que compostos comumente
utilizados no cultivo agricola, como o diuron, que posteriormente serd ambientalmente
degradado em outros produtos, e os alquifendis, que sao aplicados em associagado
com o diuron nas culturas, principalmente de cana-de-agucar, alteram os elementos
de biotransformacdo, metabolismo oxidativo, levando ao estresse oxidativo, assim
como o sistema endocrino, modificando os mecanismos que modulam a reproducao

em tildpias do Nilo e Mogambique.
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3. Objetivos

Objetivou-se estudar os efeitos deletérios do Diuron e seus produtos de
degradacdo sozinhos ou em associacdo e, posteriormente, estudar os efeitos
deletérios do Diuron, seus produtos de degradagdo em associa¢cdo, ou ndo, com 0S
alquilfendis (NP e OP) que sé&o aplicados nas culturas agricolas em conjunto. Para a
realizacdo deste trabalho utilizamos como organismos teste a tilapia do Nilo

(Oreochromis niloticus) e tildpias Mogambique (Oreochromis mossambicus).

Por tanto, com este trabalho pretendeu-se avaliar os seguintes parametros em
trés diferentes etapas, a fim de verificarmos os danos causados nos peixes apos a

exposicao.

- Avaliar os efeitos isolados do Diuron e cada um de seus produtos de degradacao
(DCPMU, DCPU e DCA) e também das misturas desses compostos, em diferentes
concentracdes, de acordo com as encontradas no ambiente, em figado e branquias
de tilapias do Nilo, utilizando os seguintes padrées: EROD, BROD, PROD e GST
(enzimas de biotransformacdo de fase | e Il do metabolismo), MXR (proteina
transmembrana de fase Ill) SOD, CAT, GPx, GR, G6PDH e peroxidacédo lipidica
(sistemas antioxidantes).

- Avaliar os efeitos do Diuron, seus produtos de degradacdo (DCPMU, DCPU e
DCA) e dos alquilfendis (OP e NP), isoladamente e em associa¢do, em diferentes
concentracdes, de acordo com as encontradas no ambiente, em figado e branquias
de tilapias do Nilo, utilizando os seguintes padrées: EROD, BROD, PROD e GST
(enzimas de biotransformacéo de fase | e Il do metabolismo), SOD, CAT, GPx, GR,

G6PDH e peroxidacao lipidica (sistemas antioxidantes).

- Avaliar os efeitos do Diuron, seus produtos de degradacdo (DCPMU, DCPU e
DCA) e dos alquilfendis, isoladamente e em associacdo, em diferentes concentragdes,
de acordo com as encontradas no ambiente, em figado e cérebro de tilapias
mocambique, utilizando os seguintes parametros: 173-HSD, P450 aromatase,
CYP3A, vitelogenina e a biotransformacéo do xenobidtico.
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4. Resultados

Os resultados deste trabalho estdo apresentados na forma de artigo cientifico,
sendo que, cada objetivo especifico sugerido esta apresentado em um capitulo
diferente. O capitulo 1 é referente ao trabalho utilizando as tilapias do Nilo expostas
ao diuron e seus produtos de degradacéo, sozinhos ou em misturas, em diferentes
concentracdes, o qual sera submetido a revista Ecotoxicology and Environmental
Safety. O capitulo 2 é referente ao trabalho também realizado com tilapias do Nilo,
sendo estas expostas ao diuron, seus produtos de degradacdo e os alquilfendis,
sozinhos ou em misturas, em diferentes concentra¢gdes, que serd submetido a revista
Environmental Monitoring and Assessment. O capitulo 3 € dedicado ao trabalho
realizado com tilapias mogcambique, no laboratério do Prof. Dr. Daniel Schlenk (UCR),
expostas ao diuron, seus produtos de degradacédo e aos alquilfendis, sozinhos ou em
misturas, em diferentes concentracdes, sendo que este trabalho j& foi publicado pela

revista Aquatic Toxicology.
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4.1. Capitulo 1

Ecotoxicology and Environmental Safety

Isolated and mixed effects of diuron and its metabolites (DCPMU, DCPU and DCA) in Nile tilapia (Oreochromis

niloticus): a multibiomarker approach.

Andréia Arantes Felicio®”, Jéssica Bolpeti Scarin?, Luciana de Souza Ondei®, Fabricio Barreto Teresa®, Daniel Schlenk®,
Juliane Silberschmidt Freitas?, Isabela Gertrudes Batalhdo?, Eduardo Alves de Almeida¢
2UNESP — Sao Paulo State University, Department of Chemistry and Environmental Science, Sao Jose do Rio Preto,
Sao Paulo, Brazil.
PUEG- Goias State University, Campus of Exact and Technological Sciences , Anapolis, Goias, Brazil.
‘FURB — Fundacgdo Universidade Regional de Blumenau, Department of Natural Sciences, Blumenau, Santa Catarina,
Brazil.
4UCR — Departmentof Environmental Science, University of California, Riverside, California, USA>
* Corresponding author at: UNESP — Sao Paulo State University, Department of Chemistry and Environmental Science,
Biomarkers of Environmental Contamination Laboratory, Sao Jose do Rio Preto, Sao Paulo, Brazil. E-mail:
andreia a.felicio@hotmail.com.

Abstract

Diuron is one of the most used herbicide worldwide to weeds control in crops, like sugarcane and is a
moderately to highly persistent chemical in soil, according to soil characteristics. Diuron is classified as
toxic to aquatic life, being able to cause serious damage to the organism. In environment, diuron will be
biodegraded in three other compounds, 3,4-dichloroaniline (DCA), 3,4-dichlorophenylurea (DCPU) and
3,4-dichlorophenyl-N-methylurea(DCPMU). There are many studies reporting the damage that can be
caused by diuron and its metabolites, especially, in endocrine system of fishes, however, there are no
studies regarding the effects of these compounds in classical pollutant biomarkers, such as
biotransformation enzymes and oxidative stress parameters. Considering the extensive use and the
absence of data about biomarkers to exposure to diuron and its biodegradation metabolites, this study
evaluated the effects of 7 days of exposure to diuron, DCPMU, DCPU and DCA isolated or mixed, in
environmental relevant concentrations, on activity of enzymes related to biotransformation
(ethoxyresorufin-O-deethylase, EROD, benzyloxyresorufin-O-deethylase, BROD, and pentoxyresorufin-O-
deethylase, PROD, glutathione S-transferase, GST and multixenobiotic resistance, MXR) and oxidative
stress parameters (activities of superoxide dismutase, SOD, glutathione peroxidase, GPx, catalase, CAT,
glutathione reductase, GR, glucose-6-phosphate dehydrogenase, GGPDH, aldehyde dehydrogenase, ALDH
and lipid peroxidation, MDA levels), in liver and gill of Oreochromis niloticus. After analyses, we observed
that diuron and metabolites could cause significant alterations in oxidative stress biomarkers and
biotransformation enzymes, especially in EROD activity, which was increased and showed to be dose-
response relation in liver. GST activity in gill was significant decreased after exposure to diuron
metabolites, but not diuron, indicating negative impact of these compounds in biotransformation process.
Diuron, DCPMU and DCA caused a decrease in MXR activity after exposure, also indicating a negative
impact of these compounds in defense mechanisms of gill in detoxification. In oxidative stress markers,
we observed increase in MDA levels, in gill, after exposure to all compounds, showing that all compound
can lead the organism to produce ROS, agreeing with was observed in GPx after exposure, that all
compounds increase this enzyme activity. Other antioxidant enzymes presented very disperse responses,
some increased activity (showing increase in ROS) and others decreased activity (enzyme inhibitions for
the contaminants). Clearly, we could identify that liver EROD and gill GPx and MDA levels presented as
good biomarkers for these compounds. When biomarkers were integrated in an Integrated Biomarker
Response (IBRv2) it was clear that fish exposed to all compounds were significantly affected, but DCPMU
was the one which caused more alterations in liver and gill. Therefore, our data demonstrated that diuron
and its metabolites, at environmental relevant concentrations, are able to alter classical biomarkers.
Keyword: Oreochromis niloticus, diuron, diuron metabolites, oxidative stress enzymes, biotransformation
enzymes.
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1. Introduction

Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) is one of the most used herbicide worldwide for
preemergent and postemergent control of broadleaf and annual grassy weeds (Tomlin, 1994;
Thomas, 2001; Thomas et al., 2002; Thomas et al., 2003). Brazil is the main sugarcane producer in
the world, with a cultivation that reached 700,000,000 tons in the 2015/2016 harvest (UNICA,
2016). In this country, diuron is the main herbicide used in sugarcane cultivation (Lourencetti et
al., 2008). Diuron is a substituted phenylurea compound with a relatively low Koc (418-
560,according to ARSUSDA, 2004) indicating a relatively low tendency to sorb to soils and
sediments, while its hydrolysis and aqueous photolysis half-lives are relatively long. Diuron is
moderately to highly persistent in soils, with and average field dissipation half-life of 90 days,
although such half-lives can be highly variable according to soil characteristics. At higher
application rates, diuron residues may persist for more than one year (Kidd and James, 1991). Due
to its low tendency to sorb to soils and the moderate persistence, diuron is therefore prone to off-
site movement in surface run off, and migration to both surface and ground water (Troiano et al.
2001; Giacomazzi and Cochet, 2004; Field et al., 2003), posing risks to aquatic organisms.

Diuron is classified as a slightly hazardous pesticide (class Ill toxicity) according to the World Health
Organization (Abass et al., 2007), and considered moderately toxic to aquatic life, with long lasting
effects, being able to cause serious damage to the organism (ECA, 2017). In soil, diuron can be
metabolized by fungi and bacteria originating three main metabolites: 3,4-dichloroaniline (DCA),
3,4-dichlorophenylurea (DCPU) and 3,4-dichlorophenyl-N-methylurea(DCPMU) (Tixier et al., 2002;
Hodge et al.,, 1967; Abass et al., 2007). Spontaneous hydrolysis can also occurs in aquatic
environments, generating DCA (Salvestrini et al.,, 2002), the main product of diuron
biodegradation. It has been shown that DCA can exhibit a higher toxicity and persistence of all
metabolites in the environment (Tixier et al., 2000). Some studies showed chronic toxicity of DCA,
even at low concentrations, in morphological (Mhadhbi and Beiras, 2012; Scheil et al., 2009),

biochemical (Sdnchez-Muros et al., 2013), physiological (Miranda et al., 2008; Scheil et al., 2009)
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and behavioral (Saglio and Trijasse, 1998) parameters in aquatic organisms. Other studies
observed that diuron metabolites (especially DCPMU and DCPU) have anti-androgenic (Pereira et
al., 2015) and estrogenic (Pereira et al., 2016) effects in male and female Nile tilapia, respectively.
Indeed, Felicio et al. (2016) demonstrated that diuron and its metabolites DCPMU, DCPU and DCA
can alter some endocrine parameters, such as CYP3A, vitelogenin, P450 aromatase and 17f3-
Hydroxysteroiddehydrogenase (17BHSD), further demonstrating the interference of these
compounds in the endocrine system of fish. However, although clear evidences of negative effects
of diuron and metabolites in the endocrine system of fish, there are no studies regarding the
effects of these compounds in classical pollutant biomarkers, such as biotransformation enzymes
and oxidative stress parameters.

The evaluation of biochemical biomarkers in environmental monitoring studies is a common
practice to indicate the exposure of aquatic organisms to pollutants and to characterize its effects
at an early stage (Constantini et al., 2010). Classical biomarkers includes the measurement of the
activity of enzymes involved in the biotransformation and elimination of xenobiotics from cells,
such as the activities of cytochrome P450 isoforms, glutathione S-transferase (GST) and
multixenobiotic resistance (MXR) efflux proteins, since biotransformation is generally one of the
first cellular response to xenobiotic input (Vander Oost et al., 2003; Luckenbech et al., 2004;
Klobucar et al., 2010). Intoxication can also increase oxygen consumption, increasing the rate of
the generation of reactive oxygen species (ROS) that can lead to oxidative lesions to biomolecules
and oxidative stress. In response to these increases in ROS production, cells alters their antioxidant
defenses, which includes the enzymes superoxide dismutase (SOD), glutathione peroxidase (GPx),
catalase (CAT), glutathione reductase (GR) and glucose-6-phosphate dehydrogenase (G6PDH)
(Stegeman et al.,, 1992; Lopez-Torres et al., 1993). If the generation of ROS surpasses the
antioxidant capacity, an oxidative stress condition takes place, leading to the oxidation of key
cellular macromolecules such as lipids, proteins, nucleic acids and carbohydrates (Van der Oost et

al., 2003). One common biomarker of oxidative lesion to lipids is malondialdehyde (MDA), an
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aldehyde that is a by-product derived from the decomposition of lipid hydroperoxides formed by
the oxidation of polyunsaturated fatty acids (Van der Oost et al., 2003; Almeida et al., 2005; 2007).
MDA is a highly reactive molecule (Trivic and Leskovac, 1994) that can react with other
macromolecules (Bartels, 2001), including nucleic acids, generating mutagenic DNA adducts (Van
der Oost et al., 2003; Almeida et al., 2005; 2007), and therefore must be eliminated from cells. The
enzyme aldehyde dehydrogenase (ALDH) can act metabolizing MDA and other lipid peroxidation-
derived aldehydes, assisting in cellular detoxification process (Nakazono et al., 2000; Kirch et al.,
2001; Kirch et al., 2004).

Considering the extensive use of biotransformation enzymes and oxidative stress parameters as
early biomarkers of exposure and/or effects of pollutants in environmental monitoring studies and
the lack of data about the responses of such biomarkers to exposure to diuron and its
biodegradation metabolites, this study aimed to evaluate the effects of diuron, DCPMU, DCPU and
DCA, isolated or mixed, on the activities of enzymes related to biotransformation and oxidative
stress parameters, in gills and livers of Nile tilapia. We evaluated the response of the individual
biomarkers, ethoxyresorufin-O-deethylase, EROD, benzyloxyresorufin-O-deethylase, BROD, and
pentoxyresorufin-O-deethylase, PROD, GST, MXR (enzymes related to biotransformation), SOD,
CAT, GPx, GR, G6PDH, ALDH, and MDA levels (oxidative stress parameters) in fish submitted to
seven days exposure experiments. The utility of these biomarkers to indicate effects of exposure
to diuron and metabolites was also evaluated by integrating all the biomarkers using the

Integrated Biomarker Response (IBR) (Beliaeff and Burgeot, 2002; Sanchez et al., 2013).

2. Material and methods
2.1. Chemical

All chemicals used in the exposure experiments (Diuron, DCPMU, DCPU and DCA) were 98% pure,
or more, based on manufactures information. These and others chemicals used in experiment and

analyses were ordered from Sidma-Aldrich Chemical Co (ST. Louis, Mo).
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2.2. Test organisms and exposure experiments
Individuals of Nile tilapia (Oreochromis niloticus) were obtained from the Aquiculture Center of
the “Universidade Estadual Paulista” (UNESP). The fish weight and length were, respectively,
77.81+12.98 gand 13.68 + 0.83 cm (mean * standard deviation) (Table 1). Before exposures, the
animals went through a period of 7 days of acclimatization, fed with commercial fish food
(commercial pellets for tropical fish, 32% crude protein - Guabi-Pira/Brazil). All experiments had
permission from Ethics Committee from Animal Use in research of the “Universidade Estadual
Paulista” (CEUA-IBILCE/UNESP) (71/2013). After the acclimatization periods, sixty-six fish were
separated in eleven groups, with six fish per treatment (N=6). The animals were maintained in 17
L aquariums (one fish per aquarium, real replicas) with dechlorinated water and controlled
temperature (25°C) (Table 1), constantly aerated and kept in a 12:12 hours light-dark cycle. One
group was kept without any toxicant (control group), and other eight groups were treated with
40 ng.L'? and 200 ng.Lof diuron, DCPMU, DCPU and DCA. The two remaining groups were
exposed to the mixture of all contaminants (diuron+DCPMU+DCPU+DCA) at 10 ng.L"t and 50 ng.L°
! of each compound in the mixture. All compound dilution were prepared in acetone and the same
quantity was add in each aquarium, including the control group. The water was changed and the
respective compounds solutions added each two days, and after 7 days, all fish were collected,
anesthetized by immersion in a benzocaine solution (90 mg.L?), and had their livers and gills
removed and stored in -80°C. Water pH, NH; and O, concentration (Table 1) levels were
monitored throughout the experiment. In the first day, water samples (10 mL) were collected
from each aquarium just before placing the fish into the aquariums, in order to check the

concentrations of added compounds.
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Tablel. Weight (g), length (cm), Oz concentration, pH, temperature (°C) and NHs concentration of each group, after 7 days
of exposure of Oreochromis niloticus to Diuron 40 and 200 ng.L’t, DCPMU 40 and 200 ng.L, DCPU 40 and 200 ng.L'?, DCA

40 and 200 ng.L'! and the mixture of all metabolites in 10 and 50 ng.L? of each one.

Concentration Weight Length emperature
Group (ng.L?) (g) (cm) [0.] pH (°C) [NHs]
Control 0 734+65 13.6x0.7 6402 791006 254004 42+1.6
Diuron 40 65.7+13.2 12.8+08 6.4+0.2 79+0.04 25.3+0.15 48+15
200 69.9+69 136204 6.6x0.1 7.9%0.02 255%+0.07 57+1.3
DCPMU 40 80.8+175 14.2+08 6.6+0.3 7.9+0.10 25.5+0.34 6.8+2.1
200 77.2+115 13407 6404 7.8%0.25 255%0.07 6.1+3.1
DCPU 40 77.0+109 13.6+0.6 5.7+0.3 7.8+0.10 25.5%+0.11 8.7+t4.1
200 75.6+11.7 13.1+08 55%+04 7.7+0.13 25.7%0.11 7.7+1.8
DCA 40 81.0+12.7 13.7+10 59+03 7.7+£0.11 25.7+0.06 8.6+2.9
200 91.1+163 142+08 6.2+x06 7.8+0.14 255+0.05 12.1+4.4
Mixture 10 79.0+79 13.6+08 6.6+0.1 7.8+0.05 25.5+0.13 16.2+7.7
50 85.0+12.4 142+08 6.3%0.1 7.8+0.08 25.6+0.13 7.8+3.7

2.3. Chemical analyses

The concentration of diuron, DCPMU, DCPU and DCA in the aquariums were measured by HPLC.
The HPLC system (Shimadzu Corporation, Kyoto, Japan) consisted of one CBM20A communication
bus module, two LC20AD-XR pumps, one CTO20AR column oven, and one SPDM20A
photodiodearray (PDA) detector. The column used was a Shimadzu Shim-Pack XR-ODS (2.0 x 100.0
mm, 2.2 um particle size, 8 nm pore size). PDA detector wavelength was adjusted between 200
and 600 nm for all analyses, and the compounds were quantified at 250 nm. The mobile phase
consisted of acetonitrile and water (40:60, v/v), and was isocratically pumped in a flow rate of 0.5
mL.L%. Column oven temperature was set to 40°C. The water sample (50 pL of water) was injected
into the HPLC through an autosampler (Shimadzu, Nexera XR, SIL-20AC XR) and monitored during
5 min. Retention times for diuron, DCPMU, DCPU and DCA were, respectively 2.9, 2.2, 1.5and 3.6
min. Chromatogram peaks were identified and quantified using LAB Solution 5.71 software
(Shimadzu Corporation). The calculation of concentration of each compound was based on a
calibration curve, previously constructed by injecting authentic standards into the HPLC system

(10 - 1,000 ng.LY). The limit of detection for all the compounds was 10ng.L™.
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2.4. Biochemical analyses
2.4.1. Enzymatic assay and protein quantification
Liver and gill were homogenized (1:4, weight/volume) in Tris buffer 0.05 M (pH 7.4) containing
sucrose 0.005 M, KCI 0.015 M and protease inhibitor (phenylmethanesulfonylfluoride - PMSF)
0.001 M. The homogenized samples were centrifuged at 10,000g for 20 min at 4°C, and the
supernatant fraction was collected and re-centrifuged at 50,000g for additional 60 min at 4°C. The
second supernatant fraction was used for SOD, CAT, GPx, GST, G6PDH and GR assays, while the
pallet, suspended in 100 uL of Tris buffer 0.1 M (pH 7.5), containing EDTA 0.001 M, dithiothreitol

(DTT) 0.001 M, KCI 0.1 M and glycerol 20%, was used to EROD, BROD and PROD assays.

SOD activity was evaluated by the inhibition of cytochrome C reduction in the presence of
hypoxanthine/xanthine oxidase O," generator system at 550 nm (McCord and Fridovich, 1969).
CAT activity was quantified at 240 nm by H,0, decomposition according Beutler (1975). GPx activity
was assayed using the oxidation of NADPH (linked to GSSG reduction by excess glutathione
reductase) at 340 nm, and using t-butyl hydroperoxide as substrate, as described by Sies et al.
(1979). GST activity was quantified at 340 nm using reduced glutathione (GSH) and 1-chloro-2,4-
dinitrobenzene (CDNB) as substrate, according Keen et al. (1976). GR activity was measured using
the consumption of NADPH at 340 nm in the presence of oxidized glutathione (GSSG), monitoring
the reduction of GSSG to GSH by GR, according Carlberg and Mannervik (1985). G6PDH activity was
qguantified according the production of NADPH through consumption of NADP at 340 nm, using
glucose-6-phosphete as substrate and Mg,* (from MgCly) as co-factor, according Glock and

McLean (1953).

ALDH activity was measured only in the liver because the activity was almost undetectable in the
gills. The samples were homogenized in potassium phosphate buffer 30 mM, pH7.5 (1:5; v:v) and
centrifuged at 10,000 g for 10 min. After homogenization, the samples were analyzed using the

method described by Sydow et al. (2004), by monitoring the formation of NADH at 340 nm for 10
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min in Tri-HCl buffer 100mM, pH 8.5, containing 1mM NAD*, 1mM pyrazole and 1mM

acetaldehyde as substrate.

EROD, BROD and PROD activity were measured according to Burk and Mayer (1985), by monitoring
the conversion of the substrates 7-ethoxyresorufin, 7-benzyloxyresorufin and 7-pentoxyresorufin,
respectively,into the fluorescent product resorufin (Aexit=537 nmM, Aemis=583 nm) during 3 min, in
the presence of NADPH. Protein levels were measured by Bradford (1976) method using bovine

serum albumin as standard.

2.4.2. Multixenobiotic resistance (MXR) activity

MXR analyses were performed according Luckenbach et al. (2004), with some alterations.
Fragments (1 cm?) were cut out from the gills, washed with pure water (to take out all blood and
fish mucus), dried and then incubated in pure water with 1 uM of rhodamine B (RB) for 90 min at
20°C in the dark. After this period, the fragments were washed with pure water, dried and placed
in 550 pL of butanol. Samples were then sonicated for 30 s to extract intracellular RB and
centrifuged for 10 min at 14,000 g. The amount RB in supernatant was determined in a
spectrophluorimeter (Perkin-Elmer, Victor), using and emission of 545 nm and excitation of 575

nm. Calculations were based on a RB calibration curve.

2.5. Lipid peroxidation

Levels of lipid peroxidation in liver and gills were estimated by measuring the product formed
from the reaction of malondialdehyde (MDA) and thiobarbituric acid (TBA) by HPLC coupled to
photodiodearray (PDA) detector (Almeida et al., 2003, 2004). The HPLC system (Shimadzu
Corporation, Kyoto, Japan) was the same used for chemical analyses of the water. The column

used was a Shimadzu Shim-Pack XR-ODS (3.0 x 100.0 mm, 2.2 um particle size, 8 nm pore size).
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For this analysis, 100 mg of the sample was homogenized in 0.3 mL of Tris buffer 0.1 M (pH 8.0).
Then 40 mg of TBA was dissolved in 10 mL of HCI 0.2 M and 0.3 mL of this solution was added to
each sample. This mixture was heated at 90°C for 40 min. After that 1 mL of n-butanol was added
and samples were centrifuged at 1,500g for 3min to extract the MDA-TBA derivative. The
supernatant was collected and quantified by HPLC at 532 nm, in terms of a malondialdehyde
(MDA) standard calibration curve that had been previously prepared (with tetramethoxypropane

- TMP) using the same procedure used of the sample.

2.6. Statistical analysis
We tested whether biomarker responses changed with exposure to diuron and its metabolites by
using one-way ANOVA. If some effect was detected we performed planned comparisons in order
to evaluated which treatments differed from control group. We used a parametric test because
our data meet the requirements of normality (Shapiro-Wilk test) and homocedasticity (Levene
test) of the residuals. Significant difference were accepted only when p < 0.05. Data are presented
as mean = standard deviation.
We used the biomarkers as response variable, considering the concentrations of each biomarker
individually and in an integrated fashion by summarizing them in a single index, the “Integrated
Biological Responses” test (IBR). We used the IBRv2 according Sanchez et al. (2013) whose
calculations are based on reference deviation concept. In summary, the IBRv2 is the sum of the
standardized differences between the biomarkers values of a given sample in relation to
respective value found in the control group (Sanchez et al.,, 2013). In order to visualize the
biomarker responses of fish in treated groups in relation to control group, we used the “star plot”

using the average value of each biomarker in each treatment.



3. Results

3.1. Water analyses / Chemical analyses

The measured concentrations of diuron, DCPMU, DCPU and DCA in each experimental group are

depicted in table 1. The concentrations were near the expected, despite some slight

discrepancies, especially for the group exposed to DCPMU at 200 ng.L™.

Table 2. Concentration of diuron, DCPMU, DCPU and DCA measured in water of the tank of exposure.

Treatment / Group Expected concentration (ng.L?)

Observed concentration (ng.L?)

Control <LD <LD
. 40 57.35+0.48
Diuron
200 284.01+ 0.34
40 16.53 £ 3.37
DCPMU
200 88.50+ 1.37
40 23.85+0.21
DCPU
200 231.04+0.72
40 47.21+0.47
DCA
200 131.23£0.20
10 (diuron) 10.91+0.48
10 (DCPMU) 47.15+3.13
10 (DCPU) 5.94+ 2.76
. 10 (DCA) 23.75+£0.25
Mixture .
50 (diuron) 17,69+ 0.60
50 (DCPMU) 49,58+ 1.20
50 (DCPU) 82.80+£ 0.64
50 (DCA) 29.23+1.36

<LD: below the limit of detection.
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3.2. Fish mortality

No mortality was observed for O. niloticus after 7 days of exposure in any experimental group.

3.3. Biotransformation enzymes

3.3.1. EROD, BROD and PROD activity

EROD activity was increased in gill after exposure to DCPMU 200 ng.L! and DCPU 40 ng.L?, and
decreased after exposure to the mixture of contaminants at50 ng.L™* each, when compared to the
control group (p=0.0076). In liver, EROD activity increased in all treatments when compared to
the control group, and in this case, we observed a dose-dependent increase, the higher was the
dose, higher was the increase in enzyme activity (p=0.0047) (Table 2).BROD activity was increased
only in gill after exposure to diuron 200 ng.L™* and DCPMU 200ng.L?, when compared to control
group (p=0.018). In liver, no alterations were observed. PROD activity was unchanged in gill after
exposure in all experimental groups (p=0.28). In liver, PROD increased after exposure to mixture

of contaminants in 50 ng.L™t when compared to control group (p=0.001 ) (Table 2).

3.3.2. GST
GST activity in tilapia gills was decreased after 7 days of exposure to DCPMU 40 and 200 ng.L?,
DCPU 40 ng.L'" DCA 40 and 200 ng.L?, and mixture of contaminants in 10 and 50 ng.L}, when

compared to control group (p=0.01) (Table 2).
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3.3.3. MXR
After exposure, a decrease was observed in RB efflux in gill of fish treated with Diuron 200ng.L?,
DCPMU 40 ng.L't, DCA 40 and 200 ng.L?, and the mixture of all compounds at 10 ng.L? (p<0.001)

(Table 2).

Table2. Enzymatic activities of ethoxyresorufin-O-deethylase (EROD), benziloxiresorufin-O-desbenzilase (BROD), pentroxiresorufin-
O-despentilase (PROD), glutathione S-transferase (GST), in gills and liver, and multixenobiotic resistence (MXR) in gills of
Oreochromis niloticus, exposed to 40 and 200 ng.L! of diuron, DCPMU, DCPU and DCA and the mixture of all compounds in 10 and
50 ng.L! of each compound for 7 days.

Tissue Treatment Concentration Biochemical biomarkers
(ng.L'l) EROD* BROD* PROD? GST® MXR¢
Control 0 11.7+£19 2.8+1.44 148+ 4.6 12.3+1.0 2.7+£0.18
Diuron 40 10.6+2.8 1.1+1.5 15.7+1.5 12.0+1.2 2.6 £0.06
200 159+3.3 6.3+1.1% 13.3+2.6 11.5+1.0 2.0+ 0.14%*
DCPMU 40 15.0+1.1 6.2+0.7 228124 9.5+0.5* 1.7 £ 0.09*
200 20.0 £ 0.5%* 7.5+0.8% 14.0+6.7 9.3+0.6* 3.0+£0.23
Gill DCPU 40 20.6 £ 1.4* 25+1.0 19.9+4.8 10.1 +0.3* 3.1+0.20
200 13.2+25 5725 21.6+7.9 10.2+0.7 2.7 £0.27
DCA 40 16.5+3.3 36%1.6 17.4+6.7 10.0+0.7* 19+0.14*
200 14.1+1.7 2.6%0.6 27.8+1.6 9.0+0.5* 2.2+0.10*
Mixture 10 13.8+1.3 2.710.6 183+1.6 8.4+0.3* 2.3+0.07*
50 5.3+1.0* 0.08+0.1 194+1.38 9.8 +0.5* 2.9+0.06
Control 0 8.6+1.9 15.7+12.8 12.5%+3.0 43.1+8.3 -
Diuron 40 103.5+31.9%* 9.2+25 17.5+09 56.6+15.1 -
200 92.9+28.1* 125+7.5 14.0+2.7 445+17.1 -
DCPMU 40 46.7 +17.2* 5.7%+6.2 10.7+£09 43.0+159 -
200 108.4 £22.8* 16.0%17.5 89+19 449+7.7 -
Liver DCPU 40 63.1+6.8% 17.3+12.2 7.8+1.5 46.0+12.2 -
200 82.7+24.1* 17.0+10.1 8.8+19 51.4+9.3 -
DCA 40 47.1+9.6* 13.2+11.0 17.8+13 43.5+14.0 -
200 148.9+44.1* 25.6+12.4 19.0+5.0 38.2+11.7 -
Mixture 10 77.1+16.2* 14.8+10.0 6.5+1.8 32.2+13.1 -
50 182.5+40.7* 20.8+13.1 19.9+3.0* 41.3+10.3 -

All data are mean * standard deviation; Apmol/min/mg protein; BmU/mg protein; cpM/mg tissue.
(-) No result in this tissue.
*Statistical difference compared to the control group (p<0.05).



58

3.3.4. Antioxidant enzymes: SOD, CAT, GPx, GR and G6PDH

The activities of the antioxidant enzymes SOD, CAT, GPx, GR and G6PDH of fish from all
experimental groups are showed in table 3. SOD activity in gills was not altered after exposure to
the contaminants (p=0.13). In liver SOD activity increased after exposure to DCPMU 200 ng.L?,
DCPU 40 ng.L? and to the mixture of compounds at 10 ng.L, compared to the control group
(p=0.007). CAT activity in gills was decreased after exposure to diuron 40 ng.L!, DCPMU 40 ng.L?,
DCPU 200 ng.L?, DCA 40 ng.L? and the mixture of contaminants in 10 ng.L}, compared to the
control group (p=0.005). In liver CAT activity was increased after exposure to DCA 200 ng.L'* and
the mixture of contaminants in 10 and 50 ng.L™, compared to control group (p<0.001). GPx activity
in gills was increased after exposure to all compounds, compared to the control group (p=0.008),
but in liver, no alteration was observed (p=0.5). GR activity in gills was increased after exposure
to diuron 200 ng.Lt, DCPMU 40 and 200 ng.L?, and decreased after exposure to DCPU 40 and 200
ng.L?, DCA and 200 nd.Land mixture of contaminants at 10 and 50 ng.L}, compared to the
control group (p<0.001). In liver, no changes were observed (p=0.47). G6PDH activity in gills was
decreased after exposure to DCPU 200 ng.L! and DCA 40 ng.L, compared to the control group
(p=0.007). G6PDH activity in liver was increased after exposure to DCPMU 200 ng.L?, DCA 40 and
200 ng.L't and mixture of contaminants at 50 ng.L? (p<0.001) (Table 3). Hepatic ALDH activity in
tilapia was increased after exposure to DCPMU 200 ng.L? (p<0.001) and to DCA 40 ng.L! (p=0.007)

(Table 3).

3.4. Lipid peroxidation
Lipid peroxidation levels were higher in gills of fish exposed to diuron 40 ng.L"t, DCPMU 40 and
200 ng.Lt, DCPU 40 and 200 ng.L?, DCA 40 and 200 ng.L! and the mixture of contaminants at 10

and 50 ng.L' (p<0.001). In liver, no alteration was observed after exposure (p=0.06) (Table 3).
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Table 3. Enzymatic activities of superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx), glutathione reductase (GR), glutathione-6-
phosfato dehydrogenase (G6PDH) and malondialdehyde (MDA) levels in gills and liver, and aldehyde dehydrogenase (ALDH) in liver of Oreochromis
niloticus, exposed to 40 and 200 ng.L! of diuron, DCPMU, DCPU and DCA and the mixture of all compounds in 10 and 50 ng.L! of each compound for 7

days.
Tissue Treatment Concentration Biochemical biomarkers
(ng.L?Y) SoD¢ CAT¢ GPx®t GR® G6PDH¢ MDAP ALDH®
Control 0 490+0.54 660+12.7 1.0+£0.13 0.58+0.04 0.71+0.03 104+15 -
Diuron 40 6.15+0.54 582+20.3* 25+0.11* 0.69+0.03 0.60+0.04 17.4+24* -
200 5.10+£0.25 662 +9.8 2.6+0.27* 0.76 +0.06* 0.58 £ 0.03 15.2 £+3.1% -
DCPMU 40 5.88+0.46 561+30.2* 2.3+0.39*% 0.82+0.02* 0.72+0.08 22.2+1.6* -
200 5.33+0.20 605+32.4 2.4+0.14* 0.75+0.01* 0.64+0.07 22.0%2.2* -
Gill DCPU 40 591+0.44 649+24.2 2.1+0.09*% 0.22+0.07* 0.64+0.02 169*1.7* -
200 5.02+0.32 584+10.8* 2.1+0.08* 0.17+0.03* 0.57+0.02* 19.0%+2.9* -
DCA 40 4.81+£0.23 547 +5.3*% 2.1+0.13* 0.33+0.01* 0.49+0.05* 14.2+1.8* -
200 492 £0.25 632+30.1 2.2+0.09* 0.24+0.05* 0.80%0.03 13.7 £1.9% -
Mixture 10 4.81+0.25 544+458* 2.1+0.05% 0.27+0.09* 069+0.01 15.1+1.1* -
50 496+0.52 621+29.4 19+0.34* 0.06+0.02* 0.62+0.05 18.4+2.7* -
Control 0 9.7+2.1 12.1+£2.2 17.0+4.0 94+3.1 0.47 £0.12 19.3+1.8 3.43+1.35
Diuron 40 9.8+1.7 10.6+2.7 18.3+4.6 9.6+3.9 0.64 £0.10 11.3+1.4 1.54 +0.03
200 9.3+1.9 10.6+2.0 143+54 11.6+4.9 0.69+0.31 13.6+1.9 3.82+0.09
DCPMU 40 9.1+3.0 11.2+25 16.7+7.2 9.3+4.6 0.70+0.28 12.7+£29 4,75 +£0.59
200 13.0+0.6* 10.3+2.8 184+4.3 13.1+29 0.85+0.15* 144+26 10.84+2.07*
Liver DCPU 40 12.2+25 10.2+3.1 15.7+3.4 10021 0.65 +0.15 12.3+2.6 6.05+0.23
200 11.2+0.5 12.2+3.0 179143 11.5+1.4 0.64 +£0.13 17.1+1.2 5.96+1.36
DCA 40 11.0+0.9 13.4+1.7 19.6+7.6 9.4+2.0 0.99+0.29* 11.1+1.4 7.38 +1.28*
200 11.5+2.0 14.1+09* 16.4+4.2 9.8+2.5 1.03+0.15* 16.7+2.8 3.71+£0.98
Mixture 10 143+0.6* 145+3.3* 19.8+6.6 10.1+2.4 0.63+0.22 16.9+4.4 5.85+0.12
50 9.5+0.8 16.4+2.0* 16.7+5.1 119+ 2.7 1.11+0.17* 13.2+0.7 4.60+£0.22

All data are mean * standard deviation; BmU/mg protein; U/mg protein; Pnmol/mg tissue.

(-) No result in this tissue.

*Statistical difference compared to the control group (p<0.05).
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3.5.IBRv2 test

60

According IBRv2 test applied for the gill results, all treatments showed a higher IBRv2,

with DCPMU 40 and 200 ng.L? groups presenting the highest difference in relation to

the control group (Figure 1). In liver results, diuron 40 ng.L't, DCPMU 40 ng.L, DCPMU

200 ng.L, DCPU 200 ng.L?, DCA 40 and 200 ng.L'* and the mixture of all compound at

10 and 50 ng.L!, but DCPMU 200ng.L'! was the group that presented the highest

difference in relation to the control group (Figure 2). The “star plots” representations

for gills (Figure 3) and liver (Figure 4) indicate how each of the evaluated biomarker

contributed for the IBRv2 value obtained for each experimental group.
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Figure 12. IBRv2 values in gills of Oreochromis niloticus of, comparing control group to all
treatments. *Statistical difference compared to the control group (p<0.05).
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treatments.*Statistical difference compared to the control group (p<0.05).
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4. Discussion

Diuron and its main metabolite, DCA, have been proved to exert toxic effects in aquatic
organisms (Ensenbach et al., 1996; Sosak-Swiderska et al., 1998; Guilhermino et al.,
1998; Girling et al., 2000; Tixier et al., 2001; Osano et al., 2002; Pereira et al., 2015).
However, information about the toxicity of other intermediate metabolites, such as
DCPMU and DCPU, on aquatic organisms is limited, despite microtox-based assays
indicated greater toxicity of these two metabolites in comparison to diuron (Tixier et
al., 2000). Moreover, Pereira et al. (2015, 2016) showed that diuron metabolites are
more active than diuron in promoting anti-androgenic and estrogenic effects in Nile
tilapia, effects that can be enhanced by the presence of alkylphenols in combination
with diuron and the metabolites (Felicio et al., 2016). With respect to the possible
effects that diuron and metabolites can cause in other classical biomarkers in fish, to
our knowledge, data are inexistent. Therefore, in our study aimed to evaluate how
diuron and its metabolites, at environmentally relevant concentrations, can affect
classical biochemical biomarkers of Nile tilapia. Two sets of biomarkers were
evaluated: oxidative stress-related biomarkers and biotransformation enzymes.

In general, both diuron and metabolites caused significant alterations in oxidative
stress biomarkers and biotransformation enzymes, despite no clear dose-response
relationship was observed, except for EROD activity in the liver. This dose-dependent
increase in EROD strongly suggest the involvement of this enzymes in the metabolism
of diuron and all metabolites, and could account to indicate this enzyme as a suitable
biomarker for diuron or diuron metabolite exposure in fish. In accordance to this
result, Zhao et al., (2006) demonstrated that diuron is capable to bind the AhR
receptor, thus activating CYP1A in mammals. Early, Schoket and Vincze (1990) also
demonstrated that diuron was able to increase EROD activity in rats, also

corroborating the involvement of this enzyme in diuron metabolism. In contrary, BROD
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and PROD presented very variable response in our study, and apparently were not
involved in the metabolism of the studied compounds. In the gills, the significant
decrease in GST activity in those fish exposed to diuron metabolites, but not diuron,
could indicate a higher negative impact of diuron metabolites compared to the
parental compound on fish health, since decreased GST activity turns the fish less
efficient on biotransformation processes. Indeed, diuron, DCPMU and DCA caused a
decrease in MXR activity, also indicating a negative impact of these compounds in
defense mechanisms of the gills against intoxication. MXR is a protein efflux
transporter that keeps toxicants out of the cells, protecting the cells from
environmental contaminants (Ferreira et al., 2014). The inhibition of MXR as seen in
this study can compromise the effectiveness of the defense system, since toxic
substances that would normally be excluded, will remain in the cell and exert their
toxic effect (Luckenbach et al. 2004; Fischer et al., 2013; Ferreira et al., 2014).

With respect to oxidative stress markers, it was clear that all the compounds were able
to trigger oxidative stress in the gills, since all compounds caused a marked increase in
MDA levels in this tissue. Nevertheless, no such increase was observed in the liver,
which indicates the gills as a more susceptible organ to oxidative stress. Antioxidant
enzymes responses were very puzzled for all enzymes, except for GPx activity in gills.
GPx activity in the gill increased after exposure to all treatments, also indicating a
probable increase in ROS production that lead to increased MDA levels in gills. The
remaining antioxidant enzymes presented very variable responses, without any dose-
response relationships. For example G6PDH activity in the gill was decreased only after
exposure to the higher concentration of DCPU and the lower concentration of DCA,
while in the liver this enzyme was increased only in those animals exposed to the
higher concentration of DCPMU, the mixture of all compounds, and to both, high and

low concentration of DCA. SOD activity was increased only in the gills of animals
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exposed to the higher concentration of DCPMU and to the lower concentration of the
mixture. CAT activity also showed random decreases in the gill, and increases in the
liver, and GR presented a significant increase in the gills of animals exposed to both
concentrations of diuron and DCPMU, while this enzyme was lower in the same organ
of animals exposed to the remaining treatments. Finally, ALDH was increased only in
the gills of animals exposed to the higher concentration of DCPMU and to the lower
concentration of DCA, showing no correlation with MDA levels.

Increases in antioxidant enzymes are generally a response to increases in ROS
production, while decreases can be a result of an inhibitory effect of the contaminant.
The lack of any dose-response or conserved response of antioxidant enzymes to the
tested contaminants observed in this study indicates that the different compounds
exert distinct mechanisms in the analyzed organs without a clear pattern.
Nevertheless, it should be considered that the contaminants interfered in the
antioxidant defense enzymes of the fish, which could indicate the instigation of ROS
production in the toxicity mechanism of all tested compounds. Although less evident
in the liver due to the lack of alterations in MDA levels, this hypothesis can be sustained
by the significant increase in GPx activity and MDA levels in the gills.

Taking into account the two sets of biomarkers analyzed, oxidative stress markers and
biotransformation enzymes, only liver EROD and gill GPx and MDA levels presented a
clear response to the contaminant exposure, which could suggest these enzymes as
suitable biomarker candidates for diuron and metabolite monitoring studies. Although
the variable responses of the other biomarkers (BROD, PROD, MXR, SOD, CAT, GR and
ALDH) would suggest that they would be not recommended for a clear attribution of
diuron and metabolite effects, their additive contribution can be informative, as show

by IBR results. When the results of all biomarkers were combined, a very clear effect



67

of contaminants was elicited, indicating significant alterations in fish cellular
metabolism.

Moreover, with the results of IBRv2 it was possible to distinguish that of all the tested
compounds, DCPMU was the one which caused more alterations in both the liver and
the gill. Interestingly, it should be noted that the highest effect of DCPMU exhibited by
the IBRv2 calculation was not reflected in the groups that were exposed to the mixture
of all compounds. Synergistic effects could account for this lack of response, since
contaminant concentrations in the mixture were lower than that used for exposure to
the isolated compound, but this remains to be further investigated.

In conclusion, our data clearly demonstrated that diuron and its biodegradation
metabolites at environmental relevant concentrations are able to alter classical
biomarkers, corroborating other previous studies that showed that diuron metabolites
can be as deleterious as diuron (Saglio and Trijasse, 1998; Miranda et al., 2008; Scheil
et al., 2009; Mhadhbi and Beiras, 2012; Sanchez-Muros et al., 2013; Pereira et al.
2015, 2016; Felicio et al., 2016). EROD in the liver, and GPx and MDA levels in the gills
were especially responsive, being the main parameters that presented clear general
effects for all contaminants. In addition, when integrated all biomarkers, it was evident
that DCPMU was the compound that caused more alterations in exposed fish,

evidencing that diuron metabolites can be as toxic as diuron for fish.
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Abstract

The herbicide diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) is one of the main used herbicide in
the world. This can be carrier to the aquatic environment and to be biotransformed in three other
compounds 3,4-dichloroaniline (DCA), 3,4-dichlorophenylurea (DCPU) and 3,4-dichlorophenyl-N-
methylurea (DCPMU). Normally, diuron is applied with alkylphenols ethoxylates (APEs), such as
nonylphenol (NP) and octylphenol ethoxylate (OP). There are many studies reporting the endocrine
damage of alkylphenols, but information about the mixture of alkylphenols, diuron and its metabolites
is biotransformation enzymes and oxidative stress parameters scarce. Therefore, the aim of this work
was evaluate the damage that these compounds can cause in Nile tilapia (Oreochromis niloticus), and
analyze biotransformation enzymes (ethoxyresorufin-O-deethylase, EROD, benzyloxyresorufin-O-
deethylase, BROD, pentoxyresorufin-O-deethylase, PROD and glutathione S-transferase, GST) and
oxidative stress parameters (activities of superoxide dismutase, SOD, glutathione peroxidase, GPX,
catalase, CAT, glutathione reductase, GR, glucose-6-phosphate dehydrogenase, G6PDH and lipid
peroxidation, MDA levels). After analyses, we observed alterations in all parameters analyzed,
biotransformation enzymes and antioxidant enzymes, especially the increase in G6PDH activity. All
results showed that diuron and its metabolites, in combination or not with APs are able to cause
significant alterations in biochemical biomarkers and oxidative stress parameters in Nile tilapia, and
that the evaluation of the classical biomarkers used in this paper can be useful to indicate such negative
effects.

Keywords: Diuron, alkylphenols, diuron metabolites, biotransformation enzymes, oxidative stress
parameters, Oriochromis niloticus.
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1. Introduction

Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) is one of the main general use herbicide
in the world. In the U.S. diuron is used on a variety of fruit and nut crops, grains, cotton, corn,
sorghum, mint, gum, asparagus, sugarcane, seed crops, coffee, hay, cut flowers, and for fallow and
idle cropland use. Due to its low capacity to sorb on soil particles (418-560, according to ARS USDA
2004), diuron is relatively persistent and mobile in soils, and for this reason it can be found in both
surface and groundwater (Troiano et al. 2001), possibly causing negative effects to the aquatic biota.
According to the Department of Pesticide Regulation’s surface water database of California, diuron
was detected in more than half of 955 surface water samples collected in California in concentrations
ranging from 0.01 to 30 pg.L* (DPR 2003). More recently, Echeverria-Saenz et al. (2016) reported
high concentrations of diuron in surface waters from Costa Rica, related to the intense use of this
herbicide in rice and pineapple crops. In Brazil, diuron is the main herbicide used in sugarcane
cultivation (Lourencetti et al. 2008), an activity that reached 700 million of tons in the 2015/2016
harvest (UNICA 2017), thus contributing to find this herbicide in the surface water but also in
groundwater of the Guarany Aquifer (Cerdeira et al. 2011). According to the EXTOXNET database,
diuron is considered moderately toxic to fish and highly toxic to aquatic invertebrates, therefore the
intensive use of diuron in agriculture is possibly contributing for negative impacts to aquatic
ecosystems close to rural areas.

Diuron can be biotransformed by the soil microbiota into three main compounds, 3,4-
dichloroaniline (DCA), 3,4-dichlorophenylurea (DCPU) and 3,4-dichlorophenyl-N-methylurea
(DCPMU) (Tixier et al. 2002; Hodge et al. 1967; Abass et al. 2007). Some studies showed that diuron
and its biodegradation metabolites can exert negative effects in morphological (Mhadhbi and Beiras,
2012; Scheil et al. 2009), biochemical (Sdnchez-Muros et al. 2013), endocrine (Felicio et al. 2016;
Freitas et al. 2016; Pereira et al. 2015, 2016) and behavioral (Saglio and Trijasse, 1998) parameters of
aquatic animals. Diuron is normally applied in combination with alkylphenol ethoxylates (APES),
such as nonylphenol (NPE) and octylphenol ethoxylates (OPE), which increases the solubility and
dispersion of the herbicide (Jobling and Sumpter, 1993; Routledge et al. 1998). In the environment,
these APEs undergo abiotic transformations that causes the loss of the ethoxylate group, generating

alkylphenols (APs), such as nonylphenol and octylphenol (NP and OP, respectively). In accordance
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to this, Schlenk et al. (2012) identified diuron in combination with APs in water extracts from the
Central Valley and San Francisco Bay Delta in California (USA).
APs such as NP and OP are also considered toxic to aquatic organisms, causing alterations
mainly in the endocrine system of fish (Soto et al. 1991; Jobling and Sumpter, 1993; Jobling et al. 1996;
Renner et al. 1997; Hasselberg et al. 2004). Wu et al. (2011) examined the oxidative stress indices and
antioxidant parameters in zebrafish embryos after exposure to various concentrations of benzo[a]pyrene
(BAP), nonylphenol (NP) and the mixture of both for 4h postfertilization (hpf) to 168 hpf. They
observed an increase in total glutathione, reduced glutathione, and oxidized glutathione and in the
activity of antioxidant enzymes and glutathione S-transferase, after exposure. Felicio et al. (2016)
investigated the effects of diuron and its metabolites isolated or in combination with NP and OP,
showing that APs modulates the activity of biotransformation enzymes involved in the metabolism of
diuron and steroid hormones. Indeed, Boulangé-Lecomte et al. (2016) investigated the effects of diuron
and APs on the proteomic profile of the estuarine copepod Eurytemora affinis, showing that both
compounds were able to significantly alter the expression of proteins related to energy metabolism, cell
growth, nervous signal conductivity, excitotoxicity, oxidative stress response, and antioxidant defense.
Although demonstrated that diuron and APs can increase the generation of reactive oxygen
species (ROS) leading to oxidative stress in fish (Sdnchez-Muros et al. 2013; Zhang et al. 2009), the
effects of diuron metabolites on fish’s redox status are less know in these organisms. With respect to
the biotransformation enzymes, scarce data are available in fish as well. Felicio et al. (2016)
demonstrated that diuron and its metabolites isolated or in combination with APs are capable of
modulating CYP3A, 17B-Hydroxysteroid dehydrogenase (17pHSD) and aromatase activities,
affecting the metabolism of steroid hormones. The effects of these compounds on other
biotransformation enzymes, such as those classically used as biomarkers in monitoring studies (i.e.
ethoxyresorufin-O-deethylase, EROD, and glutathione S-transferases, GST) are, however, understood
in fish. Therefore, this study aimed to investigate how diuron and its main biodegradation metabolites
(DCPMU, DCPU and DCA), isolated or mixed, in combination or not with APs, are capaple to alter
classical biochemical biomarkers related to oxidative stress (the antioxidant enzymes superoxide
dismutase, SOD, catalase, CAT, glutathione peroxidase, GPx, glutathione reductase, GR, glucose-6-

phosphate-dehydrogenase, GBPDH and lipid peroxidation levels) and biotransformation (activities of
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EROD, benzyloxy-resorufin-O-deethylase, BROD, penthoxyresorufin-O-deetylase, and GST) in the

liver and gills of Nile tilapias (Oreochromis niloticus), after seven days of exposure.

2. Material and Methods

2.1.  Chemical

All chemicals used in the exposure experiments (diuron, DCPMU, DCPU and DCA) were
98% pure, or more, based on manufactures information. These and others chemicals used in
experiment and analyses were ordered from Sidma-Aldrich Chemical Co (ST. Louis, Mo).

2.2.  Test organisms

Individuals of Nile tilapia (Oreochromis niloticus) were obtained from the Aquiculture
Center of the “Universidade Estadual Paulista” (UNESP). The fish weight and length were,
respectively, 49.74 + 11.21 g and 12.11 + 0.92 cm (mean + standard deviation) (Table 1). Before
exposures, the animals went through a period of 7 days of acclimatization, fed with commercial fish
food (commercial pellets for tropical fish, 32% crude protein — Guabi-Pira/Brazil). All experiments
had permission from Ethics Committee from Animal Use in research of the “Universidade Estadual
Paulista” (CEUA-IBILCE/UNESP) (71/2013). After the acclimatization periods, eighty fish were
separated in fifty groups, with five fish per treatment (N=6). The animals were maintained in 17 L
aquariums (one fish per aquarium, real replicas) with dechlorinated water and controlled temperature
(25°C) (Table 1), constantly aerated and kept in a 12:12 hours light-dark cycle. One group was kept
without any toxicant (control group — Group 1), and other fourteen groups were treated with 40 ng.L"
L and 200 ng.L%of diuron (Group 2 and 3, respectively), to the mixture of diuron and its metabolites
(diuron+DCPMU+DCPU+DCA) at 10 ng.L* and 50 ng.L"* of each compound in the mixture (Group
4 and 5, respectively), to APs (OP and NP) with 40 ng.L™* and 200 ng.L* of each compound in a
mixture (Group 6 and 7, respectively), to the association of groups 2 and 6 (Group 8), to the association
of groups 2 and 7 (Group 9), to the association of groups 3 and 6 (Group 10), to the association of
groups 3 and 7 (Group 11), to the association of groups 4 and 6 (Group 12), to the association of
groups 4 and 7 (Group 13), to the association of groups 5 and 6 (Group 14) and to the association of
groups 5 and 7 (Group 15) (Table 2). All compound dilution were prepared in acetone and the same
quantity was add in each aquarium, including the control group. The water was changed and the

respective compounds solutions added each two days, and after 7 days, all fish were collected,
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anesthetized by immersion in a benzocaine solution (90 mg.L™?), and had their livers and gills removed

and stored in -80°C. Water pH, NH3 and O, concentration (Table 1) levels were monitored throughout

the experiment.

Table 1. Weight (g), length (cm), O, concentration, pH, temperature (°C) and NHz concentration of each group, after
7 days of exposure of Oreochromis niloticus to diuron 40 and 200 ng.L™, mixture of diuron and its metabolites
(DCPMU, DCPU and DCA) in 10 and 50 ng.L™* of each one, NP and OP in 40 and 200 ng.L™? of each one, diuron 40
ng.L with NP and OP in 40 and 200 ng.L"? of each one, diuron 200 ng.L* with NP and OP 40 and 200 ng.L* of each
one, mixture of diuron and its metabolites in 10 ng.L* of each one with NP and OP in 40 and 200 ng.L™, and the
mixture of diuron and its metabolites in 50 ng.L™* of each one with NP and OP in 40 and 200 ng.L™.

Concentration Weight  Length [02] pH Temperature  [NHs]
Treatment (ng.LY) () (cm) (°C)
Control 0 55.6+16.8 12.2+15 44+16 75+010 23.1+023 50+29
Diuron 40 41.3+57 112403 51+09 76+0.08 224+011 35+15
200 46.8+123 12.0+08 59+04 7.7+0.02 226+004 39+15
Mixture (DCPMU  10+10+10+10 564+88 12.6+08 45+13 75+015 224+008 53+1.2
+DCPU + DCA +
Diuron) 50+50+50+50 432445 115+03 58+05 7.6+014 224+008 27209
NP + OP 40 +40 41.7+55 114405 58+03 7.7+0.12 221+013 4.6+2.6
200 + 200 55.8+19.4 126+14 59+05 7.7+0.04 224+005 48+26
40 +40 + 40 462+61 120+06 64+04 78+0.03 222+014 39+1.1
. 40+200+200  437+56 11.7+02 62+05 7.7+007 225+0.17 50+4.0
Diuron + NP + OP
200 +40 + 40 62.3+152 136+17 48+10 7.6+015 231+020 89+3.1
200+200+200 502+124 120+09 6.0+09 7.8+0.16 227+005 92+63
10(X4)+40+40 481+11.7 11.8+05 39+21 75+024 227+0.08 85+3.0
10 (X4) + 200 + 200
Mixture + NP +OP (X4) 502+110 11.9+08 56+02 7.6+023 226+016 7.4+3.2
50 (X4)+40+40 509+96 122+06 52+15 7.7+022 228+0.14 57+37
50 (X4) +200+200 497+124 12.0+09 56+09 7.8+0.16 225+005 b57+43




79

Table 2. Experimental groups used in the experiment, indicating the compounds and concentrations

used.

Group number — description

Concentration added to the aquarium (ng.L™)

Diuron DCPMU DCPU DCA OP NP B[aP
1 - Control - - - - - - -
2 — Diuron low 40 - - - - - -
3 — Diuron high 200 - - - - - -
4 — Mixture low 10 10 10 10 - - -
5 — Mixture high 50 50 50 50 - - -
6 — AP low - - - - 40 40 -
7 — AP high - - - - 200 200 -
8 — Diuron low/AP low combination 40 - - - 40 40 -
9 — Diuron low/AP high combination 40 - - - 200 200 -
10 — Diuron high/AP low combination 200 - - - 40 40 -
11 - Diuron high/AP high combination 200 - - - 200 200 -
12 — Mixture low/AP low combination 10 10 10 10 40 40 -
13 — Mixture low/AP high combination 10 10 10 10 200 200 -
14 — Mixture high/AP low combination 50 50 50 50 40 40 -
15 — Mixture high/AP high combination 50 50 50 50 200 200 -

2.3. Biochemical analyses

2.3.1. Enzymatic assay and protein quantification

Liver and gills were homogenized (1:4, w:v) in Tris buffer 0.05 M (pH 7.4) containing
sucrose 0.005 M, KCI 0.015 M and protease inhibitor (phenylmethanesulfonylfluoride — PMSF)
0.001 M. The homogenized samples were centrifuged at 10,000g for 20 min ate 4°C, and the
supernatant fraction was collected and re-centrifuged at 50,0009 for 60 min at 4°C. The second
supernatant fraction was used for SOD, CAT, GPx, GST, G6PDH and GR assays, while the pallet,
suspended in 100 pL of Tris buffer 0.1 M (pH 7.5), containing EDTA 0.001 M, dithiothreitol (DTT)
0.001 M, KCI 0.1 M and glycerol 20%, was used to EROD, BROD and PROD assays.
SOD activity was evaluated by the inhibition of cytochrome C reduction in the presence of
hypoxanthine/xanthine oxidase O™~ generator system at 550 nm (McCord and Fridovich, 1969).
CAT activity was quantified at 240 nm by H,O, decomposition according Beutler (1975). GPx
activity was assayed using the oxidation of NADPH (linked to GSSG reduction by excess
glutathione reductase) at 340 nm, and using t-butyl hydroperoxide as substrate, as described by Sies

etal. (1979). GST activity was quantified at 340 nm using reduced glutathione (GSH) and 1-chloro-
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2,4-dinitrobenzene (CDNB) as substrate, according Keen et al. (1976). GR activity was measured
using the consumption of NADPH at 340 nm in the presence of oxidized glutathione (GSSG),
seeing the reduction of GSSG to GSH by GR, according Carlberg and Mannervik (1985). G6PDH
activity was quantified according the production of NADPH through consumption of NADP at 340
nm, using glucose-6-phosphate as substrate and Mg,* (from MgCl,-) as co-factor, according Glock
and McLean (1953). EROD, BROD and PROD activities were measured using the fluorimetric
method described by Burk and Mayer (1985), using 7-ethoxyresorufin, 7-benzyloxyresorufin and
7-pentoxyresorufin respectively as substrate for EROD, BROD and PROD, and monitoring the
formation of a fluorescent product, resorufin (Aexcit=537 nm, Aemis=583 nm). Protein levels were

measured by Bradford (1976) method using bovine serum albumin as standard.

2.3.2. Lipid peroxidation

Levels of lipid peroxidation in liver and gills were estimated by measuring the product
formed from the reaction of malondialdehyde (MDA) and thiobarbituric acid (TBA) by HPLC
coupled to photodiodearray (PDA) detector (Almeida et al., 2003, 2004). The HPLC system
(Shimadzu Corporation, Kyoto, Japan) was the same used for chemical analyses of the water. The
column used was a Shimadzu Shim-Pack XR-ODS (3.0 x 100.0 mm, 2.2 um particle size, 8 nm pore
size). For this analysis, 100 mg of the sample was homogenized in 0.3 mL of Tris buffer 0.1 M (pH
8.0). Then 40 mg of TBA was dissolved in 10 mL of HCI 0.2 M and 0.3 mL of this solution was
added to each sample. This mixture was heated at 90°C for 40 min. After that 1 mL of n-butanol
was added and samples were centrifuged at 1,500g for 3min to extract the MDA-TBA derivative.
The supernatant was collected and quantified by HPLC at 532 nm, in terms of a malondialdehyde
(MDA) standard calibration curve that had been previously prepared (with tetramethoxypropane —

TMP) using the same procedure used of the sample.

2.4. Statistical analyzes

We tested whether biomarker responses changed with exposure to diuron and its metabolites
by using one-way ANOVA. If some effect was detected we performed planned comparisons in order
to evaluated which treatments differed from control group. We used a parametric test because our

data meet the requirements of normality (Shapiro-Wilk test) and homocedasticity (Levene test) of
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the residuals. Significant difference were accepted only when p < 0.05. Data are presented as mean
+ standard deviation.

We used the biomarkers as response variable, considering the concentrations of each
biomarker individually and in an integrated fashion by summarizing them in a single index, the
“Integrated Biological Responses” test (IBR). We used the IBRv2 according Sanchez et al. (2013)
whose calculations are based on reference deviation concept. In summary, the IBRv2 is the sum of
the standardized differences between the biomarkers values of a given sample in relation to

respective value found in the control group (Sanchez et al., 2013).

3. Results

3.1. Biochemical enzymes

3.1.1. EROD, BROD, PROD

EROD, BROD and PROD activities in gills did not have alterations after exposure to the
treatments compared to the control group (Table 3). EROD and PROD activity in liver were higher
compared to the control group after exposure to the mixture of all diuron metabolites and diuron at
10 (Group 4; p=0.001) and 50 ng.L™* (Group 5; p=0.007), to the combination of OP and NP at 40
ng.L* (Group 6; p<0.001) and to the combination of the mixture of all diuron metabolites and diuron
at 10 ng.L* each plus OP and NP at 40 ng.L* (Group 12; p=0.015). PROD activity in liver was
higher after exposure to diuron 200 ng.L-* (Group 3; p<0.001) and to the combination of the mixture
of all metabolites and diuron at 10 ng.L* + OP and NP 200 ng.L* (Group 13; p<0.001) (Table 3)

BROD activity in liver was decreased, compared to the control group, after exposure to
diuron 40 ng.L"* (Group 2; p=0.003), and 200 ng.L"* (Group 3; p=0,006), to the mixture of all diuron
metabolites and diuron at 10 ng.L™ each (Group 4; p=0,006), to NP and OP at 200 ng.L™ (Group 7;
p=0,001), to the combination of diuron 40ng.L™, OP and NP 200 ng.L* (Group 9; p=0.001), to the
combination of diuron 200ng.L™t, OP and NP 200 ng.L* (Group 11; p=0.002), to the combination
of the mixture of all diuron metabolites and diuron in 10 ng.L™* of each with OP and NP 40 ng.L*
(Group 12; p=0.01) and to the combination of the mixture of all diuron metabolites and diuron at 50

ng.L* each and diuron with OP and NP 40 ng.L™* (Group 14; p<0.001) (Table 3).
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3.1.2. GST

GST activity in gill decreased, compared to the control group, after exposure to the mixture
of all diuron metabolites and diuron at 10 ng.L? (Group 4; p<0.001), to NP and OP at 40 ng.L™
(Group 6; p=0.002) and at 200 ng.L (Group 7; p=0.008), to the combination of diuron 200 ng.L*
with NP and OP 40 ng.L (Group 10; p=0.024), to the combination of diuron 200 ng.L* with NP
and OP 200 ng.L? (Group 11; p=0.021) and to the combination of the mixture of all diuron
metabolites and diuron at 10 ng.L* with NP and OP 200 ng.L™* (Group 13; p<0.001) (Table 3).

GST activity in liver decreased, compared to the control group, after exposure to diuron 200
ng.L? (Group 3; p=0.022), to the mixture of all diuron metabolites and diuron 10 ng.L* (Group 4;
p=0.049) and 50 ng.L* (Group 5; p=0.008) of each compound, to the combination of diuron 200
ng.L* with NP and OP 40 ng.L"* (Group 10; p<0.001), to the combination of diuron 200 ng.L* with
NP and OP 200 ng.L* (Group 11; p<0.001), to the combination of all diuron metabolites and diuron
10 ng.L* with NP and OP 40 ng.L? (Group 12; p<0.001), to the combination of all diuron
metabolites and diuron 10 ng.L* with NP and OP 200 ng.L? (Group 13; p<0.001), to the
combination of all diuron metabolites and diuron 50 ng.L* with NP and OP 40 ng.L* (Group 14;
p<0.001) and to the combination of all diuron metabolites and diuron 50 ng.L™* with NP and OP 200

ng.L* (Group 15; p<0.001) (Table 3).
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Table 3. Enzymatic activities of ethoxyresorufin-O-deethylase (EROD), benziloxiresorufin-O-
desbenzilase (BROD), pentroxiresorufin-O-despentilase (PROD), glutathione S-transferase (GST), in
gills and liver of Oreochromis niloticus, exposed to different combinations of diuron, DCPMU, DCPU,

DCA and akylphenols (AP) for 7 days.

Concentration

Biochemical biomarkers

Tissue Treatment (ng.L?Y) ERODA BRODB PRODB GST®
Control 0 0.47 £0.10 101.8+63.2 324+7.2 1.8 £0.27
. 40 0.67 £0.12 552+20.8 329+20.1 1.6 £0.06
Diuron
200 0.53+0.05 43.4+17.0 19.4+9.9 1.6 £0.08
Mixture (DCPMU + -
DCPU + DCA + 10+10+10+10 0.73 +£0.05 19.9+9.1 19.1 +8.6 1.2 +£0.09
Diuron) 50 +50+ 50+ 50 0.65 +0.09 31.1+£7.1 244+7.4 1.6 £0.06
NP + OP 40 + 40 0.57 £0.05 384+101 31.7+10.9 1.3+0.06*
200 + 200 0.48 +£0.02 66.3+31.1 436+13.7 14+0.11*
Gill 40 + 40 + 40 061+£008 425+268 528+128 1.6+0.07
Diuron + NP + OP 40 + 200 + 200 0.74£0.23 32.7 £13.9 23.8+6.0 1.6 £0.22
200 +40 + 40 0.63+£0.10 20.2+8.7 40.3+£8.0 1.4+0.12*
200 + 200 + 200 0.84 +£0.29 246 £9.7 13.1+10.7 1.4+0.04*
10 (X4) + 40 + 40 0.59 +£0.06 74+43 243+7.6 1.6 +£0.14
*
Mixture + NP +OP 10 (X4) + 200 + 200 0.36 £0.08 149+9.1 19.7+25 1.2 +£0.02
50 (X4) + 40 + 40 0.40 £0.07 12.1+2.8 36.3+8.3 1.8 £0.07
50 (X4) + 200 + 200 0.28 £0.07 23.9+4.2 26.3+9.4 1.9 £0.07
Control 0 0.90+0.41 28.3+34 143+24 51+0.37
. 40 12.75+£3.79 11.3 £ 3.0* 17.1+3.8 4.2 +0.30
Diuron
200 7.56 +1.31 129+28* 424+51* 3.9+0.22*
Mixture (DCPMU + N - -
DCPU + DCA + 10+10+10+ 10 24.72 +10.74 12.8 +3.0 264+6.7 4.1+ 0.30
Diuron) 50 +50 +50 + 50 20.35 +7.94* 247+19 165+2.7 3.7 £0.36*
NP + OP 40 + 40 27.78 +9.63* 18.2+4.0 228 +8.7 49+0.26
200 + 200 8.09 +£3.23 9.4 +2.0* 91+18 4.6 +0.29
Liver 40 + 40 + 40 13.57 £0.85 206 7.7 13.3+x04 5.2+0.32
*
Diuron+ Np+op 402004200 1095:315  96:09* 16158 44+036
200 + 40 + 40 7.31+£3.87 27.8+6.6 221+6.4 26+£0.77*
200 + 200 + 200 11.48 £5.05 10.8 + 3.0* 95+27 2.4 +0.08*
10 (X4) + 40 + 40 18.30 + 4.49* 13.9 + 3.2* 22.7+59 2.9+0.29*
* *
Mixture + Np +op 10 (X4) +200+200 1308175 26742 47.9+23* 25011
50 (X4) + 40 + 40 7.37+2.77 6.2 +1.9* 115+14 2.8+0.29*
50 (X4) + 200 + 200 10.18 +2.84 25.1+3.4 25.3+9.1 3.3+0.37*

3.1.3. Antioxidant enzymes: SOD, CAT, GPx, GR and G6PDH

SOD activity in gill decreased, compared to the control group, after exposure to NP and OP

200 ng.L™* (Group 7; p=0.024), to the combination of diuron 40 ng.L™* with NP and OP 40 ng.L*

(Group 8; p<0.001), to the combination of diuron 40 ng.L* with NP and OP 200 ng.L™* (Group 9;
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p<0.001), to the combination of diuron 200 ng.L* with NP and OP 40 ng.L™ (Group 10; p<0.001),
to the combination of diuron 200 ng.L* with NP and OP 200 ng.L* (Group 11; p<0.001) and to the
combination of the mixture of all diuron metabolites and diuron 10 ng.L"* with NP and OP 40 ng.L"
1 (Group 12; p=0.037). In addition SOD activity increased the in gill, compared to the control group,
after exposure to the combination of the mixture of all diuron metabolites and diuron 50 ng.L™ of
each compound with NP and OP 200 ng.L? (Group 15; p<0.001) (Table 4).

SOD activity in liver increased, compared to the control group, after exposure to the
combination of the mixture of all diuron metabolites and diuron 50 ng.L"* with NP and OP 40 ng.L"
1 (Group 14; p<0.001), to the combination of the mixture of all diuron metabolites and diuron 50
ng.L™* of each with NP and OP 200 ng.L™* (Group 15; p<0.001) (Table 4).

CAT activity in gill was not altered after exposure to the treatments (p=0.24), compared to
the control group. CAT activity in liver decreased, compared to the control group, after exposure to
diuron 200 ng.L™* (Group 3; p=0.026), to the mixture of all diuron metabolites and diuron 50 ng.L*
(Group 5; p=0.008), to the combination of diuron 40 ng.L* with NP and OP 200 ng.L"* (Group 9;
p=0.041), ), to the combination of diuron 200 ng.L"* with NP and OP 40 ng.L™* (Group 10; p=0.037),
to the combination of diuron 200 ng.L* with NP and OP 200 ng.L"* (Group 11; p=0.033) and to the
combination of the mixture of all diuron metabolites and diuron 10 ng.L* with NP and OP 40 ng.L"
! (Group 13; p=0.006) (Table 4).

GPx activity in gill decreased, compared to the control group, after exposure to NP and OP
200 ng.L* (Group 7; p=0.002), to the combination of diuron 40 ng.L* with NP and OP 40ng.L™
(Group 8; p<0.001), to the combination of diuron 40 ng.L* with NP and OP 200ng.L™* (Group 9;
p<0.001), to the combination of diuron 200 ng.L* with NP and OP 40ng.L* (Group 10; p<0.001),
to the combination of diuron 200 ng.L™* with NP and OP 200 ng.L™* (Group 11; p<0.001), to the
combination of the mixture of all diuron metabolites an diuron 10 ng.L* of each compound with NP
and OP 40ng.L* (Group 12; p<0.001), to the combination of the mixture of all diuron metabolites
and diuron 10 ng.L* with NP and OP 200 ng.L™ (Group 13; p<0.001), to the combination of the
mixture of all diuron metabolites and diuron 50 ng.L™ with NP and OP 40ng.L? (Group 14;
p=0.001), to the combination of the mixture of all diuron metabolites and diuron 50 ng.L™* with NP

and OP 200ng.L™* (Group 15; p<0.001) (Table 4).
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GPx activity in liver increased, compared to the control group, after exposure to the
combination of diuron 40 ng.L* with NP and OP 200ng.L™* (Group 9; p=0.035), to the combination
of diuron 200 ng.L* with NP and OP 200ng.L™* (Group 11; p=0.001), to the combination of the
mixture of all diuron metabolites and diuron 10 ng.L* with NP and OP 40 ng.L* (Group 12;
p<0.001), to the combination of the mixture of all diuron metabolites and diuron 10 ng.L™* of each
compound with NP and OP 200ng.L* (Group 13; p<0.001), to the combination of the mixture of all
diuron metabolites and diuron 50 ng.L? of each compound with NP and OP 40ng.L (Group 14;
p<0.001), to the combination of the mixture of all diuron metabolites and diuron in 50 ng.L* of each
compound with NP and OP 200ng.L"* (Group 15; p<0.001) (Table 4).

GR activity in both the gill and the liver presented no alteration after exposure to the
contaminants (p=0.15 and p=0.07, respectively), compared to the control group (Table 4).

G6PDH activity in gill increased, compared to the control group, after exposure to diuron 40
ng.L* (Group 2; p=0.013), to the combination of diuron 40 ng.L* with NP and OP 200ng.L* (Group
9; p=0.002) and to the combination of diuron 200 ng.L"* with NP and OP 40ng.L* (Group 10;
p=0.005) (Table 4).

G6PDH activity in liver increased, compared to the control group, after exposure to the
mixture of all diuron metabolites and diuron in 50 ng.L™ of each (Group 5; p=0.003), to NP and OP
40 ng.L (Group 6; p<0.001), to NP and OP 200 ng.L™* (Group 7; p<0.001), to the combination of
diuron 40 ng.L* with NP and OP 40ng.L* (Group 8; p<0.001), to the combination of diuron 40
ng.L* with NP and OP 200ng.L™* (Group 9; p<0.001), to the combination of diuron 200 ng.L* with
NP and OP 40 ng.L™* (Group 10; p<0.001), to the combination of diuron 200 ng.L"* with NP and OP
200 ng.L* (Group 11; p<0.001), to the combination of the mixture of all diuron metabolites and
diuron 10 ng.L™* with NP and OP 40 ng.L™* (Group 12; p<0.001), to the combination of the mixture
of all diuron metabolites and diuron 10 ng.L* with NP and OP 200 ng.L* (Group 13; p<0.001), to
the combination of the mixture of all diuron metabolites and diuron 50 ng.L"* with NP and OP 40
ng.L? (Group 14; p=0.001), to the combination of the mixture of all diuron metabolites and diuron

50 ng.L* with NP and OP 200 ng.L™* (Group 15; p<0.001) (Table 4).
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3.2.  Lipid Peroxidation

In gill the lipid peroxidation levels were lower after exposure to diruon 200 ng.L™ (Group 3;
p=0.036), to the mixture of all diuron metabolites and diuron 10 ng.L™* (Group 4; p=0.033) and 50
ng.L? (Group 5; p=0.001), to NP and OP 40 ng.L™ (Group 6; p=0.025), to NP and OP 200 ng.L*
(Group 7; p=0.008) and to the combination of diuron 200 ng.L"* with NP and OP 200 ng.L™* (Group
11; p=0.02) (Table 4).

In liver, the lipid peroxidation levels were lower after exposure to NP and OP 200 ng.L*
(Group 7; p=0.02) and to the combination of diuron 200 ng.L* with NP and OP 200 ng.L™* (Group

10; p=0.02) (Table 4).
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Table 4. Enzymatic activities of 87ldrin87ione-6-phosfato dehydrogenase (G6PDH), superoxide dismutase (SOD), catalase (CAT)
and glutathione peroxidase (GPx), glutathione reductase (GR) and malondialdehyde (MDA) levels in gills and liver of
Oreochromis niloticus, exposed to different combinations of diuron, DCPMU, DCPU, DCA and akylphenols (AP) for 7 days.

Concentration

Biochemical biomarkers

Tissue Treatment (ng.L?) G6PDHP SOD¢ CATC® GPx® GRP MDAE
Control 0 13.1+£1.2 8.7+1.75 20.8 +1.05 0.49 +0.03 6.94 + 0.62 45.1+10.6
Diuron 40 20.1+1.3* 11.5+1.60 194 +1.82 0.52 £ 0.09 9.52 +1.32 31.3+£8.0

200 125+£23 11.1 £0.66 17.3+£3.01 0.39 +0.08 8.55+0.77 25.2 +3.2*

Mixture 10+10+10+
(DCPMU + 10 132+1.1 10.5 +0.66 142 +1.23 0.45 £ 0.06 8.23+1.38 24.9 + 3.2*

DCPU+DCA+ 50+50+50+
Diuron) 50 13.2+£2.0 8.9+1.13 15.8 £1.88 0.49 +0.10 6.12 +0.80 14.1 +2.0*
NP + OP 40 + 40 11.7+1.8 11.5+0.36 205+2.82 0.51 £ 0.06 494 +£1.19 23.7£2.3*
200 + 200 135+£3.6 5.1 +1.49* 14.6 £1.03 0.20 + 0.03* 7.99+2.31 19.6 £ 2.2*
Gill 40 +40 + 40 145+1.2 2.8+047* 19.1 +2.63 0.16 £0.01* 6.20 £ 1.06 28.6+11.9
Diuron + NP + 40 + 200 + 200 219 +24* 2.7+£0.19* 19.2£2.77 0.17+0.11* 7.32+1.08 29.5+6.8
oP 200 + 40 + 40 21.1+14* 2.8 £0.15* 13.7+£2.13 0.13+0.04* 28.05+14.68 29.4+7.8

200 + 200 +

200 152+£25 2.6 £0.33* 15.2£0.23 0.10 £ 0.01* 7.35+1.65 232 +2.7*

10 (X4) + 40 +
40 127+14 5.4 +0.90* 174 +£3.72 0.10 £0.01* 5.95+1.59 37.7+£7.3

10 (X4) + 200
Mixture + NP + 200 156124 7.3+£0.59 14.2 £0.67 0.11 £ 0.02* 9.78 +1.75 464 +3.4

+OP 50 (X4) + 40 +
40 184+14 106 £2.23 128 +1.17 0.19 £ 0.08* 7.22+0.71 285+5.3

50 (X4) + 200
+ 200 155+24 175+ 1.44* 19.8+2.16 0.04 £ 0.03* 8.30 £ 1.53 56.1 £ 5.6
Control 0 15+11 714+6.4 173.7£9.9 0.08 +0.02 7.96 +1.52 6.4 £2.47
Diuron 40 21.2+21 57.4+4.7 166.6 £10.7 0.21 £0.01 4.68£1.23 7.6+241
200 29.2+2.7 542 +3.9 149.8 + 8.4* 0.19 £ 0.05 7.77 +1.55 7.0+2.03

Mixture 10+10+10+
(DCPMU + 10 463.8 £116.2 44,9 + 2.5* 175.0+11.6 0.10+0.01 6.29 +0.49 3.2+1.17

DCPU + DCA+ 50+50+50+
Diuron) 50 573.1 £ 42.9* 652+ 7.7 141.0+18.3* 0.13+£0.02 497 +0.75 4.8+0.49
NP + OP 40 + 40 1083.1 £82.1* 82.1+2.0 163.6 £6.7 0.19+0.01 3.16 £ 0.52 3.9+0.48
200 + 200 867.7 £ 73.6* 78.1+4.9 166.2 + 6.6 0.10 £ 0.03 5.37 +0.59 2.1+£0.31*
Liver 40 +40 + 40 1402.7 £99.0* 90.1+7.0 164.6 + 15.6 0.11 +0.00 6.52 +1.25 3.6 £0.60
Diuron + NP + 40+200+200 8535 +19.2* 742+54  1539+185% 0.26+0.06* 321+095  3.7+1.00
opP 200+40 +40  665.7 +241.2* 788 +4.3 152.9+12.6* 0.12+0.03 1761+£5.16 0.7+0.28*

200 + 200 +

200 946.2 + 85.7* 88.7+25 151.9+17.0* 0.35+0.08* 8.59 +1.37 45+1.20

10 (X4) + 40 +
40 978.3 £ 30.6* 89.0+75 2055+£35 0.48 +0.18* 7.54 +0.33 6.9+1.35

10 (X4) + 200
Mixture + NP + 200 1013.6 £ 66.7* 85.7+ 135 138.0 +13.4* 0.46 +0.06* 453+291 3.7+0.86

+OP 50 (X4) + 40 +
40 1408.1 £ 49.4* 149.0 +10.1* 204.8+19.6 0.31+£0.00* 10.56+5.15 4.6+1.80

50 (X4) + 200
+ 200 1337.8 £172.1* 194.2 £10.4* 1779+159 0.29+0.04* 10.20+£1.73 53+0.44
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3.3.  IBRv2 test
According IBRv2 test applied in gill results, only diuron 200 ng.L™, mixture of diuron and its
metabolites (DCPMU, DCPU and DCA) in 50 ng.L? of each and NP with OP in 40 ng.L* of each
one did not showed difference compared to the control group, others groups showed higher IBRv2
levels. In these data, we could observe that the mixture of diuron and the APs showed higher IBRv2
test, compared to the control group (Figure 1). In liver results, all treatments showed a higher IBRv2
level, and we could observe that the mixture of diuron and its metabolites with the APs, showed

higher IBRv2 test, compared to the control group (Figure 2).

Gill IBRv2

Figure 1. IBRv2 values in gill of Oreochromis niloticus of, comparing
control group to all treatments. *Statistical difference compared to the
control group (p<0.05).
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*

Liver IBRv2

Figure 2. IBRv2 values in liver of Oreochromis niloticus, comparing
control group to all treatments.*Statistical difference compared to the
control group (p<0.05).

4. Discussion

The evaluation of alterations in biotransformation enzymes in fish is often used as an early
indication of pollutant exposure to numerous organic xenobiotics, including HPA and biodiesel
(Nogueira et al. 2013), cypermethrin and chlorpyrifos (Bonansea et al. 2016) and erythromycin and
ketoconazole (Liu et al. 2016), since the activation of these enzymes are among the first metabolic
responses to cellular xenobic input. Some studies have indicated that diuron is able to induce CYP1A
expression (Zhao et al. 2006) and the related EROD activity (Schoket and Vincze 1990) in
mammals, due to its capacity of binding the aryl hydrocarbon receptor (AhR), as demonstrated by

Zhao et al. (2006). A previous study done by our research group (Felicio et al. submitted) recently
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demonstrated that diuron and metabolites, at 40 and 200 ng.L™* were also able to induce EROD
activity in the liver of Nile tilapias in a dose-response manner, despite BROD and PROD were
practically non-responsive for diuron and the metabolites. In the present study, despite not
significant for most part of the exposed groups, EROD activity showed a strong tendency of increase
for all treated groups in the liver, corroborating the capacity of these compounds to induce EROD
activity. Also in accordance to our previous findings, diuron isolated or mixed with its
biodegradation metabolites or APs caused significant decrease in GST, possibly compromising the
phase Il biotransformation process. However, the previous study did not find significant effects of
diuron and metabolites in BROD and PROD activities, contrary to the the present study, in which
random decreases were observed for BROD activity. It should be commented that the study made
by Felicio et al. (submitted) only focused on the effects of diuron and metabolites, isolated or mixed,
while the present study was focused on the combined effects of diuron with metabolites in the
presence and absence of NP and OP. Thus, the discrepancies observed between the two studies could
be due to the distinct treatments used, despite the concentration of each compound used in the
mixtures were similar. Moreover, these discrepancies would be also due to the physiological status
of the fish used in each experiment. In the previous study, larger fish were used (77.81 £ 12.98 g
and 13,68 + 0,83 cm) compared to the fish used in the experiments of the present study (49.74 +
11.21 gand 12.11 + 0.92 cm). It has been showed that the responses of biotransformation enzymes
to another phenylurea herbicide (tebuthiuron) vary significantly according to the size of the fish
(Franco-Bernardes et al. 2014). Nevertheless, it seems that EROD increase and GST decrease are
common alterations provoked by diuron and metabolites, isolated or mixed, and independent on the
presence or the absence of NP and OP.

Oxidative stress biomarkers did not present any dose-response alteration in Nile tilapia in the
present study. In general, the mixture of all compounds in the presence of APs and the mixture of
NP+OP caused a significant decrease in SOD and GPx activities in gills. Considering that GST was
also inhibited by most part of the contaminant mixtures, and that some isoforms of this enzyme
presents peroxidase activity (Van der Oost et al. 2003), these decreases in SOD, GPx and GST
indicates the impairment of antioxidant defenses of the fish caused by the mixtures. The alterations
in SOD and GPx occurred only for fish exposed to the mixtures in the presence of, indicating the

importance of NP and OP to the observed effects. Hasselberg et al. (2004) showed that the exposure
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to APs for 1 and 4 weeks alters the redox status in Atlantic cod (Gadus morhua). Another study
observed that the exposure to AP could inhibit cell grown and cellular oxygen consumption in
Saccharomyces cerevisiae, suggesting the generation of ROS in yeast mitochondria (Okai et al.
2000). These data indicates that APs plays important roles in the establishment of oxidative stress
in different organisms.

However, despite the interference of the mixture of compounds on antioxidant enzymes, no
increases in MDA levels were observed. These results suggest that ROS production was not
stimulated by diuron exposure in the gill. Nevertheless Felicio et al. (2016) reported increases in the
levels of MDA in the gills of Nile tilapias exposed to diuron and metabolites. Again, these
discrepancies could be due to different physiological status of fish used in each study. Nevertheless,
our results indicates that diuron and metabolites, in the presence of APs, can impair the antioxidant
defenses of O. niloticus in gills, turning these fish more susceptible to oxidative stress. In accordance
to this, Boukangé-Lecomte et al. (2016) exposed crustaceans for 86h to diuron and alkylphenols and
observed that both tested pollutants induced modifications in protein expression, including
antioxidant enzymes, suggesting the instigation of oxidative stress in the exposed animals.

In the liver, a marked increase on G6PDH activity was the most evident response for the
tested contaminants, suggesting that the exposure to the mixture of contaminants increased the
demand for NADPH in cells, as a co-factor for biotransformation enzymes and/or to balance cellular
redox state. NADPH, one of the products of G6PDH, is an essential co-factor for the activity of
cytochrome P450 (Van der Oost et al., 2003), and the strong increase of this enzyme for the tested
contaminants would indicate a response to significant increases in biotransformation enzymes. In
contrast to this result, only slight increases were observed in EROD activity, but not statistically
significant for most tested group. Nevertheless, it should be considered the involvement of other
NADPH-dependent biotransformation enzymes in the metabolism of the tested compounds. Felicio
et al. (2016) showed that diuron and its metabolites increased CYP3A gene expression and
testosterone bioshynthesis, and that pre-exposure of Nile tilapia to NP/OP increased the rate of in
vitro NADPH-dependent biotransformation of diuron into the metabolites. These results indicates
that diuron, the metabolites and APs increases the rate of NADPH consumption due to
biotransformation processes. In response to this increased demand of NADPH, G6PDH would also

increase to produce NADPH in the pentose-phosphate shunt, as observed in the present study.



92

Another possibility for increases of G6PDH would be a response due to excessive GSH
consumption. NADPH is also used by GR to reduce GSSG, therefore regenerating GSH (Van der
Oost et al., 2003). However, no alterations in GR were observed for the exposed groups. Also, GST
and GPx, enzymes that uses GSH as cofactor were actually decreased by the exposure to the
contaminants, indicating that increases in G6PDH are probably not related to increased GSH
consumption.

In the liver, random alterations in SOD and CAT activities were observed, without any dose-
response relationships. SOD activity was increased in the group exposed to the mixture of all
contaminants in the presence of APs, but decreased in the group exposed to the mixture of all
contaminants without AP. The effects of the contaminants on CAT, when occurred, lead to a
decrease in the activity. In general, the mixtures of all contaminants in the presence of APs increased
GPx activities. The increases in antioxidant enzymes would be a protective response to ROS
generation, while the decreases, in contrary, indicates that the compounds impaired the antioxidant
system, leading to an increased susceptibility to oxidative stress. Nevertheless, no increases in MDA
levels were observed, demonstrating that despite the alterations in antioxidant responses, oxidative
stress did not take place, considering the experimental design.

Moreover, with IBRv2 data was possible to distinguish that of all tested compound, main the
mixture of all compounds (the diuron with OP and NP and the mixtures with OP and NP in all
concentrations), specially the diuron mixture with OP and NP in gill, and the mixture of diuron and
its metabolites with OP and NP in liver. These IBR test results corroborate with our data, showing
that the mixtures with APs are able to cause biomarkers alterations in Nile tilapia.

In conclusion, it can be affirmed that diuron and metabolites, in combination or not with APs
are able to cause significant alterations in biochemical biomarkers related to biotransformation
enzymes and oxidative stress. The mixture of diuron with the metabolites possibly activated
biotransformation processes that increased the demand for NADPH, causing a strong increase in
G6PDH activity. The mixtures also caused a general decrease in the antioxidant enzymes in both
the liver and the gill, except for GPx in the liver that was increased. Nevertheless, this general
impairment of the antioxidant defenses was not reflected in MDA levels, which was not increased
but actually decreased in the gills. There results indicates that diuron, when mixed with its

biodegradation metabolites and APs at environmentally relevant concentrations can produce
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significant negative effects to fish, and that the evaluation of the classical biomarkers used in this

papers can be useful to indicate such negative effects.
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Abstract

Previous studies using in vivo bioassay guided fractionation indicated that the
herbicide diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) and alkylphenol
(AP)-containing surfactants were detected infractions of extracts that induced
the estrogenic biomarker, vitellogenin in fish exposed to surface water extracts
from the United States. However, when the compounds were evaluated
individually using in vivo estrogenic assays or in vitro estrogen receptor
assays, estrogenic activity was not observed. Since APs have been shown to
alter activity and content of cytochrome P450s (CYP) which convert diuron to
potential estrogenic metabolites, the hepatic biotransformation of diuron was
measured with and without a 7 day pretreatment of p-Octylphenol (OP) and p-
Nonylphenol (NP) at low (OP 13 ng/L + NP 91 ng/L),and high concentrations
(OP 65 ng/L + NP 455 ng/L) in juvenile male Nile tilapia (Oreochromus
niloticus). Pre-treatment with the OP/NP (AP) mixture caused elevated levels
of NADPH-catalyzed formation of 3,4-dichlorophenyl-N-methylurea (DCPMU)
but not 3,4-dichlorophenylurea (DCPU). Fish were also treated with nominal
concentrations of low (40 ng/L) and high (200 ng/L) diuron and each of its three
degradates/metabolites: DCPMU, DCPU and 3,4-dichloroaniline (DCA).
Additional treatments were conducted with APs and Diuron as a mixture at the
low concentrations which mimicked concentrations observed in surface
waters. Hepatic vitellogenin (Vtg) mRNA was induced by exposure to the high
concentrations of Diuron, as well as DCPMU and DCPU in both
concentrations. Brain cytochrome P450 aromatase activity was generally
diminished by diuron, its metabolites, and the AP/diuron mixtures. 17f-
Hydroxysteroid dehydrogenase (17BHSD) levels were also reduced by
DCPMU and DCA in the lower concentrations, but not by higher
concentrations. While the AP mixture reduced 178HSD, the AP/diuron mixture
induced testosterone (T) biosynthesis at the single concentration tested.
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Although CYP3A expression was inducedby all diuron metabolites, it was
unchanged by the AP mixture. These data indicate that mixtures of AP and
diuron enhanced the formation of the metabolite (DCPMU) which induced
vitellogenin, and reduced T biosynthetic enzymes (17BHSD inhibition).
Overall, these data showed that APs may have induced the biotransformation
of diuron to at least one metabolite, that may disrupt androgen biosynthesis
and potentially alter steroid feedback pathways in the central nervous system.

Keywords: Diuron, Alkylphenols, Anti-androgen, Vitellogenin,
Biotransformation, Cytochrome P450.

1. Introduction

Previous studies using in vivo bioassay guided fractionation for
estrogenic activity in water extracts from the Central Valley and San Francisco
Bay Delta in California (USA) identified Diuron (3-(3,4-dichlorophenyl)-1,1-
dimethylurea) and alkylphenols in estrogenic fractions of water extracts
(Schlenk et al., 2012). Diuron is one of the most widely used herbicides for
sugar cane cultivation in Brazil (Lourencetti et al., 2008) and a general use
herbicide in the United States (Tomlin, 1994). Alkylphenols are derived
primarily from akylphenol ethoxylates which are routinuely used assurfactants
in a number of applications including pesticide formulations (Xie et al., 2005).
When the individual compounds (diuron, octylphenol and p-nonylphenol) were
administered to primary hepatocytes of rainbow trout (Oncorhynchus mykiss)
at ambient concentrations, estrogenic activity (induction of vitellogenin mRNA)
was not observed (Schlenk et al.,, 2012). Similarly, when male Japanese
medaka (Oryzias latipes) were exposed to the individual compounds, hepatic
vitellogenin protein was not observed. However, when diuron was combined
with several alkylphenol ethoxylates and alkylphenols as well as the
pyrethroid, bifenthrin, which was also detected in bioactive fractions,
estrogenic activity was observed in the in vivo assays, but not the in vitro
assays (Schlenk et al., 2012).

Diuron has also been shown to be antiandrogenic in vitro (Orton et al.,
2009), in vivo (Pereira et al., 2015) and impair steroidogenesis at relatively
high concentrations (15.6—7.3, and 14.5 mg/L, respectively) (Vinggaard et al.,
2000). Since responses to the mixtures were only noted in vivo during previous
studies, the potential targets for diuron and/or the other compounds observed
in estrogenically active water extracts are unclear. One possible mechanism
may involve the conversion of diuron to other compounds with endocrine
activity leading to feminization. In mammals, diuron undergoes
biotransformation to 3,4-dichloroaniline (DCA), 3,4-dichlorophenylurea
(DCPU) and 3,4-dichlorophenyl-N-methylurea (DCPMU) (Tixier et al., 2002;
Hodgeet al., 1967; Abass et al., 2007). Cytochrome P450 has been shown to
be primarily responsible for the demethylation of diuron in mammals to
DCPMU and DCPU (Abass et al., 2007), but its role in fish biotransformation
is unclear.
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Each metabolite/degradate weakly binds to the bovine androgen
receptor, with relative binding affinities between 0.002 and 0.01% of the affinity
of dihydrotestosterone (Orton et al., 2009). DCA, DCPU, and DCPMU all
reduced plasma testosterone and 11-ketotestosterone along with gonadal
somatic indices, diameter of seminiferous tubules and mean percentages of
germ cells in male tilapia (Pereira et al., 2015). However, the mechanism of
the anti-androgenic activity was not evaluated.

While the androgen receptor may be a potential target for diuron and its
metabolites, a second target may be the hypothalamic-pituitary-gonadal axis
which synthesizes and secretes gonadotropic and gonadal steroid hormones,
and reproductive process modulators (Agulleiro et al., 2006). These hormones
play a key role in fish gametogenesis (Mylonas et al., 2010). In males, for
example, gonadal steroids (11-ketotestosterone andtestosterone) mediate
spermatogonial proliferation and spermiation (Ohta et al., 2007). Since diuron
impaired the biosynthesis of these reproductive hormones in fish (Vinggaard
et al., 2000; Pereiraet al., 2015), the aim of this study was to evaluate the
effects of diuron with and without combination of alkylphenols as well as diuron
metabolites on two enzymes that are involved in testosterone biosynthesis and
metabolism (178HSD and aromatase) as well as xenobiotic biotransformation
and steroid clearance (CYP3A) in juvenile male tilapia, Oreochromus
mossambicus.

2. Materials and methods

2.1. Chemicals

All chemicals were 99% pure based on manufacturers information.
Diuron and metabolites were ordered from Sigma-Aldrich Chemical Co (St.
Louis, Mo).

2.2. Test organisms

Juvenile male Oreochromus mossambicus, were selected as model
organisms because of their worldwide use as a species for aquaculture in the
USA and Brazil. Individuals aged one month weighed 78.23 g + 3.07 g and
had standard lengths of 15.29 cm + 0.16 cm.They were obtained from Blue
and Beyond Fisheries (Desert HotSprings, California). Gender was confirmed
by microscopic analyses post-mortem. This work was approved by UCR
IACUC # 2010-0004.

2.3. Exposure experiments

To a 20L aquarium, 18L of water and one fish was added prior to the
addition of chemicals. There were 12 treatment groups, with five fish per group
creating five replicates. The temperature was maintained at 28 + 2°C and water
was constantly aerated. Fish were acclimated for five days in their respective
aguarium before exposure. During the exposure period fish were not fed and
the water was changed every two days, to maintain toxicant concentrations
and control ammonia concentrations, which were determined throughout the
experiment.
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The groups of the experiment are described in Table 1. Low
concentrations used in this experiment were based upon the measurements
observed in surface waters of the San Francisco Bay Delta (Schlenk et al.,
2012). High concentrations were arbitrary 5 fold increases. After seven days
of exposure all fish were collected, anesthetized, and tissues (brain and liver)
were collected and storedin —80°C, for analysis.

Table 1
Treatment groups for diuron, metabolite and akylphenol mixture exposures.
Group number Treatment
1 Control
2-diuron low 40 ng/L of diuron
3- diuron high 200 ng/L of diuron
4- DCPMU low 40 ng/L of DCPMU
5- DCPMU high 200 ng/L of DCPMU
6- DCPU low 40 ng/L of DCPU
7- DCPU high 200 ng/L of DCPU
8- DCA low 40 ng/L of DCA
9- DCA high 200 ng/L of DCA
10-AP mixture low 13 ng/L of OP+91 ng/L of NP
11-AP mixture high 65 ng/L of OP+455 ng/L of NP
12-AP/Diuron mixture diuron 40 ng/L+ 13 ng/L of OP+91 ng/L of NP

2.4. Fish microsome isolations

Liver and brain were homogenized using the methods of Lavado et al.
(2004) with minor modifications. Gonads were not measured because the
tissues did not provide enough biomass. Tissues were homogenized (1:5, w/v)
in Phosphate Buffer (100 mM, pH 7.4) containing 100 mM of KCl and 1 mM of
EDTA. The homogenized samples were centrifuged at 1,500 x g for 15 min at
4°C and the resulting supernatant centrifuged again at 12,000 x g for 12 min
at 4°C. The supernatant from this step was centrifuged again at 100,000 x g
for 60 min to obtain the microsomal fraction as a pellet. The pellet was re-
suspended in 1:10 (w/v) in Phosphate Buffer (100 mM, pH 7.4) containing 100
mM of KCI, 1 mM of EDTA and 20% of Glycerol.

For protein quantification, the Bradford (1976) method was used with
bovine serum albumin as standard.

2.5. Diuron biotransformation

Liver microsomal fractions of fish from groups 3 (exposed to 200 ng/L of
diuron), 10 (exposed to 13 ng/L of OP + 91 ng/L of NP), and 11 (exposed to
65 ng/L of OP + 455 ng/L of NP) were incubated for 30 min at 30°C in 100 mM
Tris-HCI buffer (pH 7.4) with 100 uM of diuron and 7.5 mM of NADPH. An
additional 7.5 mM of NADPH was again mixed with the incubation for another
30 min. The reaction was stopped with 250 pL of ice cold acetonitrile to
precipitate proteins and the internal standard (100 uM caffeine) was added.
Recovery rates were 60—70%. Sample was centrifuged at 14,000 x g for 10
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min and the supernatant was collected for HPLC analyses of DCPMU, DCPU
and DCA.

HPLC analyses were performed on a SCL-10AVP Shimadu HPLC
System equipped with a 250 x 4.6 mm Hypersil ODS C18 (5 um) reverse-
phase column (ThermoFisher Scientific Inc, Waltham, MA) using an
absorbance of 250 nm for quantification. The mobile phase an isocratic 50%
mixture of acetonitrile and water with a 1 mL/min flow rate. Absorbance of
eluates was measured at 254 nm. Quantification of the metabolites was
attained through linear extrapolation from standard curves employing 5
concentrations of each compound.

2.6. CYP3A immunoblot analysis

Microsomal CYP3A from liver was determined by Western immunoblot
using the method of Lavado et al. (2004) with minor modifications. Microsomes
were boiled at 95°C for 5 min in SDS-PAGE buffer and 10 ug of protein was
separated by electrophoresis using 10% SDS-polyacrylamide gels, first for 30
min in 60 V and after for 80 min in 150 V, and transferred to Nitrocellulose
Membranes using a Trans-Blot®Semi-Dry Transfer Gel (Bio-Rad
Laboratories, Hercules, CA, USA) for 30 min in 15 V. They were probed using
a 1:2000 dilution (v/v) of primary rabbit anti-human CYP3A4, incubating
overnight at 25°C. The membrane was rinsed three times with Tris-buffered
saline containing 0.2% Tween 20 (v/v) and 0.5% gelatin (w/v). The membranes
were incubated for 1 h with Goat Anti-Rabbit IgG (H+L)-AP Conjugate (Bio-
Rad, Hercules, CA, USA) and using the Alkaline Phosphatase Conjugate
Substrate Kit (Bio-Rad Laboratories) developed. Quantification was carried out
with a ChemiDocTMXRS+ System (Bio-Rad) using Image Lab Software (Bio-
Rad) to measure optical density units/mg protein. Loading was normalized by
total protein measurements.

2.7. Vitellogenin analysis

Vitellogenin messenger RNA was measured using the method of Lavado
et al. (2013). Total RNA from the liver was extracted using RNeasy®Lipid
Tissue MiniKit (QIAGEN; Valencia, CA, USA). For cDNA preparation High
Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM; Foster City,
CA, USA) was used, and the quality of the extracted RNA was evaluated by
spectrophotometry (Nanodrop). Real time quantitative PCR was performed
using “iScript™One Step” RT-PCR kits with SYBR®Green (BioRad; Hercules,
CA, USA). Vitellogenin primers (R —= 5’GTC CTC CCT GAT CACATTAGTT G
3 and F — 5CTC AGT TGC TGG AGT ACA GTG 3’) and EF1-alpha primers
(R-—5GCA TAA GCC ATG CCT TGA GTATAG 3’ and F - 5CGG TGT CAT
CAA GTC CGT TAT C 3’) for housekeeping were used. Analyses were
conducted using an iCycler-MylQ SingleColor Real-Time PCR Detection
System (Bio-Rad; Hercules, CA. USA) and data analyzed with 1Q5 (Bio-Rad;
Hercules, CA, USA). Primers were optimized based on annealing temperature,
template concentration, and primer concentration. 250 nM of each primer was
added to 25 pL PCR reactions containing SYBR Green RT-PCR Reac-tion
Mix, and 100 ng of cDNA sample. Thermocycling parameters were as follows:
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5 mins at 95°C; 40 cycles of 10s at 95°C and 30s at 57°C. At the end of each
cycle fluorescence data was collected. A melting curve analysis was run
between 60°C and 95°C following the amplification reaction. The C(t) was
selected to be in the linear phase of amplification.

2.8. Liver 17B-Hydroxysteroid dehydrogenase enzyme activity

Liver microsomal fractions were incubated in 50 mM of Tris-HCI Buffer
(pH 7.4) with 0.2 uM [*H]androstenedione (150,000 dpm),10 mM MgCl2 and
300 uM NADPH in a total volume of 250 pL, as described in Thibaut and Porte
(2004). Samples were incubated for 15 min in 30°C. To stop reaction 250 uL
of acetonitrile was added and the solution was centrifuged 1500g for 10 min.
The supernatant was collected and analyzed in HPLC. HPLC analyzes was
performed on a SCL-10AVP Shimadu HPLC System equipped with a 250 x
4.6 mm Hypersil ODS C18 (5 um) reverse-phase columm (ThermoFisher
Scientific Inc, Waltham, MA), in a 254 nm of wave-length. Separation of
androstenedione and metabolites was performed at 1 mL/min with a mobile
phase composed of (A) 75% of water and 25% of acetonitrile, and (B) 25% of
water and 75% of acetonitrile. Chromatographic peaks was monitored by on-
line radioactivity detection with Radioflow detector LB 509 (Berthold
Technologies, BadWildbad, Germany) using Flo-Scint 3 (Packard BioScience,
Groningen, The Netherlands) as scintillation cocktail.

2.9. Brain aromatase enzyme activity

Since animals did not have adequate gonadal tissue for aromatase
analyses, the brain microsomal fraction was used to measure aromatase
activity, using the tritiated-water method as described in Morcillo et al. (1999),
with some changes. Each sample was adjusted to 2 mg/ml of protein and was
incubated at 25°C for 30 min with 100 mM Tris-HCI (pH 7.6), 10 uM unlabeled
androstenedione, 4.35 mM NADPH and 0.1 Ci/uL [1B-3H]-androstenedione.
Assay blanks containing 100 uL of buffer instead of microsomes were used for
every run. The reaction was stopped by placing the tube on ice; organic
metabolites and the excess of substrate were immediately eliminated from the
agueous phase by extraction with methylene chloride. Following this, a
suspension containing 2.5% (w/v) activated charcoal and 0.25% dextran in
Milli-Q water was added. The mixture was centrifuged and the supernatant
counted for 3H radioactivity.

2.10. Statistical analyses

Statistical analyses were conducted using Prism5 v5.0a software. Prior
to statistical analysis, all data were analyzed to meet the normality and
variance assumptions for parametric tests. For normally distributed data, an
initial one-way ANOVA was performed to evaluate the differences between
treatments. If a P-value less that 0.05 was observed, it was considered
statistically significant, and if there was significance, the Tukey’s multiple range
test was preformed to determine differences between groups. If data did not
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meet assumptions of the parametric test, a Kruskal-Wallis test and two-tailed
multiple comparisons Dunn’s test was used.

3. Results

3.1. Biotransformation

In vitro incubations of diuron with liver microsomes from untreated
tilapia catalyzed the NADPH-dependent formation of DCPU, and DCPMU from
diuron (Table 1). Fish pretreated with AP significantly increased the rates of
DCPMU formation 3-fold after treatment (Table 2).

To evaluate the potential role of CYP3A in the biotransformation of
diuron, expression of hepatic CYP3A was measured after treatment with
Diuron, its metabolites and the AP mixture. CYP3A was significantly induced
in livers of tilapia following treatment with the diuron metabolites, reduced by
AP, and unchanged following pretreatment with AP/diuron (Table 3).

Table 2
Diuron biotransformation (nmol/min/mg prot.) in liver microsomes of 0. mossambicus exposed to diuron, octylphenol +nonyiphenol (OF +NP), or unexposed (control) for
7 days. Each value represents the mean value of 5 replicates + 5D.

Control Diuron (200 ng/L) OP+NP(13+91 ng/L) OP+NP (65 +455ng/L)
DCPMU 0.18 +0.05 0.40+028 058+0.36 0.31+009
DCPU 0.08 £0.05 0.16+0.14 0.21+0.19 0.07 £0,03
DA ND NI ND ND

ND=Not detected.
* (p<0.05) compared to the control group.

Table 3

Effects of Diuron, its metabolites) degradates and APs alone and in mixtures on hep-
atic CYP3A-like expression in O, mossambicus after 7 days of exposure, Each value
represents the mean+ 5D of 5 replicates.

Compound Concentration (ng/L) CYP3A expression
Control - 1.07 0,11
Diuron 40 0.65+0.20
200 1.60+0.24
DCPMU 40 096016
200 426+ 0,62
DCPU 40 1.49+0.22
200 438108
DCA 40 1.45+0.30
200 2.04+052
0P + NP 13+901 0,40 +0.00
G5+ 455 0521015
(P + NP + Diuron 13+91+40 0.8G6+048
" p=005

3.2. Estrogenic activity

Vitellogenin expression was statistically higher after seven days of
exposure to the high concentrations of Diuron (high concentration), as well as
DCPMU and DCPU in both concentrations. Induction was also observed in
animals treated with the low concentration of DCA (Fig. 1A). Although trends
toward an increase in Vtg were observed with the AP mixture, the only
significant difference was observed between diuron treatments and the
AP/diuron treatment (ANOVA p = 0.05) (Fig. 1B).
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3.3. Steroid biosynthetic enzymes

Aromatase activity in the brain was statistically lower after exposure to
the high Diuron treatment. DCPMU in both concentrations, and the low
concentration of DCPU also diminished activity (Fig. 2A). Treatment with DCA
failed to alter activities. AP treatment with and without the low Diuron
concentration also caused significant reductions in aromatase activities (Fig.
2B).

17BHSD activity was significantly reduced by treatment of fish with the
low concentration of DCPMU and DCA (Fig. 3A). Pretreatment with AP also
reduced 17BHSD. However, combinations of diuron with AP led to a non-
significant increase in activity (Fig.3B).
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5. Discussion

Previous studies indicated that APs and Diuron were observed
inestrogenic fractions that induced vitellogenin in fish treated with
concentrations observed in surface waters (Schlenk et al., 2012). Mixtures of
APs, diuron and bifenthrin caused induction in vivo, but not in vitro using
primary hepatocyte cells from rainbow trout indicating direct activation of
estrogen receptor by any of these compounds was not a likely mechanism.
More recent studies have reported that diuron and its primary metabolites
cause reductions of plasma testosterone and 11-ketotestosterone as well as
histological alterations of gonads indicating anti-androgenic effects tomale fish
(Pereira et al., 2015). APs have been shown to modify steroid clearance
enzymes and diuron metabolizing enzymes (CYPs) (Lee et al., 1996). Since
diuron metabolites were shown to have anti-androgenic effects, the purpose
of this study was to determine whether mixtures of AP and diuron affect
biotransformation of diuron to the active metabolites, and whether enzymes
that are critical in steroid biosynthesis and clearance were impacted.

In tilapia liver microsomes, diuron was readily converted to DCPU, and
DCPMU (Table 2). In rats and dogs, DCPU was the predominant metabolite in
the urine with small amounts of DCPMU, DCA, 3,4-dichlorophenol, and
unchanged diuron detected (Hodge et al., 1967). DCPMU was the
predominant metabolite (~35%) formed by NADPH catalysis in mouse liver.
Interestingly, when the microsomes were incubated with DCPMU to determine
whether additional demethylation occurs only 4% conversion to DCPU was
observed (Suzuki and Casida,1981). Consistent with this observation, liver
microsomes from seven mammalian species and recombinant human CYPs,
only observed DCPMU formation (Abass et al., 2007). The rankorder of
formation based on intrinsic clearance (Vmax/Km) was dog > monkey > rabbit
> mouse > human > minipig > rat. These data indicate biotransformation of
diuron in tilapia is qualitatively similar to that of mammals with demethylation
of diuron being the predominant enzymatic reaction.

Demethylation of diuron to DCPMU was significantly induced by AP pre-
treatment indicating modulation of CYPs in tilapia (Table 2). Evaluation of 12
recombinant human CYPs demonstrated that all were able to catalyze
demethylation of diuron (Abass et al.,2007). The highest activities were
observed with CYP1Al, CYP1A2, CYP2C19, and CYP2D6. While there are
not any known homologous othrologs to CYP2C or CYP2D in fish, CYP1A
activities appear to be conserved among vertebrates including fish (Schlenk et
al., 2008). However, NP inhibits expression and catalytic activities of CYP1A
in rodents (Lee et al., 1996), and most fish (Sturve et al., 2006). Inaddition,
diuron was shown to potently inhibit CYP1A in humans (Abass et al., 2007).
Thus, given its lack of induction of CYP1A by NP in fish, induction of diuron
metabolism by NP treatment indicatesother CYPs may be induced.

NP treatment has been shown to induce CYP3A in rats (Lee et al., 1996)
and induce CYP3A at environmentally relevant concentrations (Arukwe et al.,
1997). Since diuron and its metabolites caused a significant reduction of
plasma androgens (Pereira et al.,2015), it was hypothesized that induction of
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CYP3A may be a mechanism by which testosterone clearance may be
enhanced leading to lower plasma concentrations. However, AP treatment
reduced CYP3A expression and when in mixture with diuron, failed to
significantly induce vitellogenin expression (Table 3). Lower levels of CYP3A
with AP treatment is in consistent with the enhanced formation of DCPMU by
AP suggesting other CYPs not modified by AP may be responsible for the
demethylation of diuron. In addition, reduction of CYP content by AP is also
inconsistent with diminished testosterone concentrations caused by diuron
observed in earlier tilapia studies (Pereira et al., 2015). CYP3A is the initial
clearance enzyme for testosterone in vertebrates (Schlenk et al., 2008).
Hydroxylation at the 6B and 16f position is followed by Phase Il conjugation
through sulfation or glucuronidation (Schlenk et al.,2008).

Although AP/Diuron modestly induced vitellogenin transcription relative
to diuron alone, demethylated metabolites and the high concentration of diuron
induced vitellogenin mRNA at equal efficacies and in the case of DCPMU, a
concentration dependent manner (Fig. 1A). None of the compounds are
estrogen receptor agonists, but diuron has relatively weak anti-estrogenic and
anti-androgenic binding activities (Orton et al., 2009). Consistent with these
effects, earlier studies in Japanese medaka (Oryzias latipes) showed that
exposure to 41 ng/L of diuron alone failed to induce vitellogenin (Schlenk et
al., 2012). Unfortunately, higher concentrations such as the 200 ng/L in this
study, were not tested in medaka. The similarity in responses between the two
species at the 40 ng/L concentration is significant since the current study
utilized gPCR assessment of vitellogenin transcription in the liver, whereas the
medaka measurements utilized enzyme linked immunosorbent assays of
hepatic vitellogenin protein. Since vitellogenin is transcriptionally regulated by
estrogens, measurements of mMRNA have been shown to be more sensitive in
short duration assessments, while measurements of protein have a longer
half-life and may be more robust during chronic exposures (Schultz et al.,
2001). Responses in two species to the same compound indicate vitellogenin
MRNA and/or protein in male or sexually immature animals provide consistent
indications of estrogenic activity.

The mechanisms of vitellogenin induction by diuron and its demethylated
metabolites are unclear, but may be related to alterations of circulating steroid
hormones. Vitellogenin expression is directly controlled by E2, which is
typically synthesized via CYP19 catalyzed aromatization of testosterone in the
gonad. In contrast to the single form found in mammals, two genes of CYP19
have been found in teleosts; one of which is expressed mainly in the brain
(CYP19alb) and the second mainly in the gonad (CYP19ala) (see Diotel et
al., 2010 for review). While the gonadal forms are thought to be more involved
in general reproduction, the brain forms appear to control many other
neuroendocrine responses such as behavior. Brain aromatase activity was
reduced by nearly all diuron treatments in tilapia (Fig. 2). Reductions in brain
aromatase may have a number of significant neuroendocrine outcomes
including altered release of neuronal E2 or other hypothalamic pituitary
signals. Several studies have shown that diuron impaired steroidogeneis in
various organisms (Cardone et al., 2008; Kojima et al.,2004) including fish
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(Vinggaard et al., 2000; Pereira et al., 2015). CYP19alb is up-regulated in vivo
by certain androgens, notably testosterone (Diotel et al., 2010). Although
putative androgen-responsive elements were identified in the promoter region
of cyp19alb, transfection experiments showed that neither androgen receptor
nor the potential response element were required for the stimulation of
cypl9alb by testosterone (Diotel et al., 2010). Consequently, the potential for
diminished levels of testosterone biosynthesis caused by diuron or its
metabolites may be consistent with reductions in brain aromatase in tilapia.

The fact that non-aromatized androgens (11-KT) were also diminished
following treatment with diuron and its metabolites suggests that steroid
biosynthesis upstream of androstenedione may also be a potential target
(Pereira et al., 2015). Consistent with vitellogenin expression, DCPMU also
inhibited 17BHSD (Fig. 3).The failure of diuron alone to inhibit 17HSD is
consistent with earlier studies that showed 178HSD was unaltered by diuron
in fish ovarian microsomes (Thibaut and Porte, 2004). Consequently,
conversion of diuron to demethylated metabolites may be a key factor in the
initiation of anti-androgenic activity. Additional studies focusing on estrogen
levels, gonadal aromatase (in older animals), as well as steroid biosynthetic
enzymes upstream of 17BHSD or aromatase are needed to better understand
this potential pathway.

6. Conclusion

Combined exposure to AP/Diuron caused a modest vitellogenin induction
compared to diuron alone. Evaluation of targets that involve androgen
transformation (CYP19) and clearance (CYP3A) suggest that enhanced
biotransformation to metabolites with equivalent activity by AP, resulted in
feminization (Vtg mRNA) possibly through anti-androgenization (reduced
Testosterone formation in vitro). The relationships between anti-
androgenization and feminization further suggest that impacts on brain
aromatase as well as other steroid biosynthetic pathways may
provideadditional information regarding potential mechanisms for the
estrogenic effects observed with diuron.
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Conclusao

Nos trabalhos realizados observamos, primeiramente, que o diuron e
seus metabdlitos, nas concentracdes ambientalmente relevantes que
utilizamos, foram capazes de alterar os biomarcadore classicos. A EROD em
figado e a GPx e o MDA em branquias, foram especialmente responsivos
sendo os principais parametros nessa primeira etapa, sendo a EROD uma
enzima classica de alteracdo apds exposi¢cdo a contaminantes ambientais,
mostrando que pode ter havido alguma alteracdo nos processos de
biotransformacdo dos peixes expostos, jA 0s outros parametros alterados
mostram que pode ter havido aumento da producédo das espécies reativas de
oxigénio, levando a sua alteracdo. Adicionalmente, ao analisarmos
integralmente os efeitos dos compostos analisados nos biomarcadores, ficou
evidente que o DCPMU foi o composto que mais causou alteracfes apos a
exposicao.

Na segunda etapa realizada, observamos que o diuron e seus
metabdlitos, associados ou ndo com os APs, sdo capazes de causar
alteracbes nos biomarcadores classicos. Provavelmente a mistura dos
metabdlitos com o diuron ativou o0s processos de biotransformacéo,
aumentando a demanda por NADPH, levando ao aumento da atividade da
G6PDH. As misturas também foram responsaveis por diminui¢cdo nas enzimas
antioxidantes, em figado e em branquias, porém, a GPx teve sua atividade
aumentada em figado, diferentemente das outras enzimas. Este padréo
observado nas enzimas antioxidantes nao foi observado no MDA, que nédo
aumentou e sim diminuiu em branquias. Assim, os resultados dessa segunda
parte, nos mostraram que o diuron, seus metabdlitos e os APs podem produzir
efeitos negativos nas enzimas de biotransformacgao e no sistema antioxidante.

Na terceira etapa realizada, observamos que a exposi¢cao dos peixes ao
diuron mais os APs causou modesta inducdo da Vtg, em comparacdo aos
peixes expostos somente ao diuron, que apresentaram inducdo mais
acentuada da Vtg. A andlise da CYP19 e da CYP3A, que envolvem a
transformacdo e a liberacdo de horménios, sugerem que o aumento na
biotransformacao pelos metabdlitos, equivalente a observada no APs,
resultaram na feminilizacdo (RNA Vtg), possivelmente pela diminuicdo da
testosterona (anti-androgénica). Essa relacdo entre a feminilizacao e a falta
de horménio masculino sugerem impactos na funcéo da aromatase cerebral,
assim como na biossintese de outros esteroides.

Assim, os trabalhos realizados nos permitiram observar que o diuron,
seus metabdlitos e os APs, associados ou ndo, podem causar diversos danos
nos peixes analisados (tilapias do Nilo e tilapias mozanbique), tanto em
relacdo as enzimas de biotransformacédo, aos parametros que compdem o
sistema antioxidante quanto também, nos parametros que envolvem o
sistema endocrino. Sendo que todos eles sdo importantes na manutencéo da
homeostase odo organismo, mantendo sempre o equilibrio.



113

Referéncias

ABASS, K.; REPONEN, P.; TURPEINEN, M.; JALONEN, J,;
PELKONEN, O. Characterization of diuron N-demethylation by mammalian
hepatic microsomes and c-DNA expressed human cytochrome P450
enzymes. Drug Metabolism & Disposition v. 35, p. 1634-1641, 2007.

ABELE, D.; PUNTARULO, S. Formation of reactive species and
induction of antioxidant defense systems in polar and temperate marine
invertebrates and fish. Comp Biochem Physiol A, v. 138, p. 405-415, 2004.

ABDOLLAHI, M.; RANJBAR, A.; SHADNI, S.; NIKFAR, S.; REZALE, A.
Pesticide and oxidative stress: a review. Medical Science Monitor v. 10(6), p.
141-147, 2004.

AGULLEIRO, M.J.; ANGUIS, V., CANAVATE, J.P.; MARTINEZ-
RODRIGUEZ, G.; MYLONAS, C.; CERDA, J. Induction of spawning of captive-
reared Senegal sole (Solea senegalensis) using different administration
methods for gonadotropin-releasing hormone agonist. Aquaculture v. 257, p.
511-524, 2006.

ALMEIDA, E.A.; BAINY, A.C.D.; DAFRE, AL., GOMES, O.F,;
MEDEIROS, M.H.G., DI MASCIO, P. Oxidative stress in digestive gland and
gill of the brown mussel (Perna perna) exposed to air and re-submersed.
Journal of Experimental Marine Biology and Ecology v. 318, p. 21-30, 2005.

ALMEIDA, E.A.; BAINY, A.C.D.; LOUREIRO, A.P.M.; MARTINEZ, G.R.;
MIYAMOTO, S.; ONUKI, J.; BARBOSA, L.F.; GARCIA, C.C.M.; PRADO, F.M,;
RONSEIN, G.E.; SIGOLO, C.A.; BROCHINI, C.B.; MARTINS, AM.G,
MEDEIROS, M.H.G.; DI MASCIO, P. Oxidative stress in Perna perna and
other bivalves as indicators of environmental stress in the Brazilian marine
environment: antioxidants, lipid peroxidation and DNA damage. Comparative
Biochemistry and Physiology Part A: Molecular & Integrative Physiology v.
146, p. 588-600, 2007.

ALVES-COSTA, J.R.M. Biomarcadores de contaminacdo em peixes de
agua doce, por contaminacdo ao chumbo (Il): ensaios laboratoriais com
Hoplias malabaricus e Oreochromis niloticus. 2001. 125 f. Dissertacao
(Mestrado em Biologia Celular), Universidade Federal do Parana, Curitiba,
2001.

ARSUSDA. The Agricultural Research Services Pesticide Properties
Database. @ U.S. Department of  Agriculture.  Disponivel em:
http://www.arsusda.gov/acsl/services/ppdb/. 2004.

ARUKWE A, NORDTUG T, KORTNER TM, MORTENSEN AS,
BRAKSTAD OG. Estimation of steroidogenesis and xenobiotic
biotransformation responses in zebrafish (Dario rerio) exposed to water-
soluble fraction of crude oil. Environmental Research v. 107, p. 362-370, 2008.

BALAKRISHNAN, S.; TAKEDA, K.; SAKUGAWA, H. Occurrence of
Diuron and Irgarol in seawater, sediments and planktons of Seto Inland Sea,
Japan. Geochemical Journal, v. 46, p. 169-177, 2012.

BAGCHI, P.; CHATTERJEE, S.; RAY, A.; DEB, C. Effect of Quinalphos,
Organophosphorus Insecticide, on Testicular Steroidogenesis in Fish, Clarias



114

Batrachus. Environmental Contamination and Toxicology v. 44, p. 871-875,
1990.

BHUJLE, B.V.; NADKARNI, V.B. Hydroxysteroid dehydrogenases in the
kidney of white-breasted water hen, Amaurornis phoenicurus chinensis
(Boddaert). Acta Histochemica v. 54, p. 284-289, 1975.

BLAZQUEZ, M.; GONZALES, A.; PAPADAKI, M.; MYLONAS, C,;
PIFERRER, F. Sex-related changes in estrogen receptors and aromatase
gene expression and enzymatic activity during early development and sex
differentiation in the European sea bass (Dicentrarchus labrax), General and
Comparative Endocrinology v. 158, p. 95-101, 2008.

BOULANGE-LECOMTE, C.; ROCHER, B.; CAILLEAUD, K.; COSETTE,
P.; LEGRAND, E.; DEVREKER, D.; BUDZINSKI, H.; SOUISSI, S.; FORGET-
LERAY, J. Differential protein expression in the estuarine copepod Eurytemora
affinis after diuron and alkylphenols exposures. Environmental Toxicology and
Chemistry v. 35(7), p. 1860-1871, 2016.

BROWN, J. A. Endocrine responses to environmental pollutants. In Fish
Ecophysiology, Rankin, J. C. and Jensen, F. B., Eds., Chapman & Hall,
London, p. 276—296, 1993.

BROWN, W.H. First Record Of The African Mouthbreeder Tilapia
Mossambica Peters In Texas. Texas Journal of Science v. 13, p. 352-354,
1961.

BRUTON, M.N.; ALLANSON, B.R. The growth of Tilapia mossambica
Peters (Pisces: Cichlidae) in Lake Sibaya, South Africa. Journal of Fish Biology
v. 6, p. 701-715, 1974.

CASTRO, |.; WESTPHAL, E.; FILLMANN, G. Third generation antifouling
paints: new biocides in the aquatic environment. Quimica Nova v. 34, n. 6, p.
1021-1031, 2011.

COCCI, P.; MOSCONI, G.; PALERMO, F.A. Effects of 4-nonylphenol on
hepatic gene expression of peroxisome proliferator-activated receptors and
cytochrome P450 isoforms (CYP1Al and CYP3A4) in juvenile sole (Solea
solea). Chemosphere v. 93, p. 1176-1181, 2013.

COSTA, D. D. M. Emerging Contaminants and Endocrine System
Dysfunction. In: ALMEIDA, E.A.; RIBEIRO, C. A.O. (eds.) Pollution and Fish
Health in Tropical Ecosystems. CRC Press, Taylor & Francis Group, p.243-
311, 2014.

CONNAUGHTON, M. A.; AIDA, K. Female Reproductive System, Fish.
Encyclopedia of Reproduction, v. 2, p. 193-204, 1999.

COURTENAY, W.R.; SAHLMAN, H.F; MILEY, W.W.; HERREMA, D.J.
Exotic fishes in fresh and brackish waters of Florida. Biological Conservation
v. 6, p. 292-302, 1974.

CRAGO, J.; TRAN, K.; BUDICIN, A.; SCHREIBER, B.; LAVADO, R,
SCHLENK, D. Exploring the Impacts of Two Separate Mixtures of Pesticide
and Surfactants on Estrogenic Activity in Male Fathead Minnows and Rainbow
Trout. Archives of Environmental Contamination and Toxicology v. 68(2), p.
362-370, 2015.

CROPPER, M.; GRIFFITHS, C. The Interaction of Population Growth and
Environmental Quality. The American Economic Review, Papers and



115

Proceedings of the Hundred and Sixth Annual Meeting of the American
Economic Association v. 84(2), p. 250-254, 1994.

DANTAS, A.B.; PASCHOALATO, C.F.R.; MARTINEZ, M.S.; BALLEJO,
R.R.; DI BERNARDO, L. Removal of diuron na d hexazinona from Guarany
Aquifer gorundwater. Brazilian Journal of Chemical Engineering v. 28 (3), p.
415-424, 2011.

DEMOLINER, A.; CALDAS, S.S.; COSTA, F.P.; GONCALVES, F.F,;
CLEMENTIN, R.M.; MILANI, M.R.; PRIMEL, E.G. Development and validation
of a method using SPE and LC-ESI-MS-MS for the determination of multiple
classes of pesticides and metabolites in water sample. Journal of the Brazilian
Chemical Society, v. 21, p. 1424-1433, 2010.

DIAMANATI-KANDARAKIS, E.; BOURGUINON, J.P.; GIUDUCE, L.C;
HSUSE, R.; PRINS, G.S.; SOTO, A.M.; ZOELLER, R.T.; GORE, A.C.
Endocrine-disrupting chemicals. An endocrine society scientifi ¢ statement.
The Endocrine Society. Endocrine Reviews v. 30, p.293-342, 2009.

DIOTEL, N.; LE PAGE, Y.; MOURIEC, K.; TONG, S.; PELLEGRINI, E,;
VAILLANT, C.; ANGLADE, |.; BRION, F.; PAKDEL, F.; CHUNG, B.; KAH, O.
Aromatase in the brain of teleost fish: Expression, regulation and putative
functions. Frontiers in Neuroendocrinology v. 31, 172-192, 2010.

DOMINGUES, L.L.S. A producdo tecnolégica em incubadoras de
empresas. Dissertacdo (Mestrado em Sociologia) — Universidade Federal do
Rio Grande do Sul. Instituto de Filosofia e Ciéncias Humanas, Programa de
Pé6s-Graduacdo em Sociologia, Porto Alegre, 2010.

ECHEVERRIA-SAENZ, S.; MENA, F.; ARIAS-ANDRES, M.; VARGAS,
S.; RUEPERT, C.; VAN DEN BRINK, P.J.; CASTILLO, L.E.; GUNNARSSON,
J.S. In situ toxicity and ecological risk assessment of agro-pesticide runoff in
the Madre de Dios River in Costa Rica. Environmental Science and Pollution
Research, 2016.

ECKSTEIN, B.; AZOURY, R. Enzymes of steroid hormone metabolism in
ovarian tissue of teleosts. Comparative Biochemistry and Physiology - Part B
v. 64, p. 309-312, 1979.

EKNATH, A.E.; HULATA, G. Use and exchange of genetic resources of
Nile tilapia (Oreochromis niloticus). Reviews in Aquaculture, v. 1, p.197-213,
2009.

EMBRAPA. Cana-de-acucar: Impactos ecoldgicos. Disponivel em:
<http://www.agencia.cnptia.embrapa.br/gestor/cana-de-
acucar/arvore/CONT1.html> Acesso em: 02/01/2017.

EPA, 2017. What is Endocrine Disruotion. Disponivel em:
https://www.epa.gov/endocrine-disruption/what-endocrine-disruption. Acesso
em: 10/01/2017.

ERMAK, G.; DAVIES, K. Calcium and oxidative stress: from cell signaling
to cell death. Mol Immunol, v. 38, p. 713-721, 2002.

European Commision Health & Consumer Protection Directorate-
General, 2008. Review report for the active substance diuron finalised in the
Standing Committee on the Food Chain and Animal Health at its meeting on
11 July 2008 in view of the inclusion of diuron in Annex | of Directive
91/414/EEC. p. 31.



116

FELICIO, A.A.; PARENTE, T.E.M.; MASCHIO, L.R.; NOGUEIRA, L.;
VENANCIO, L.P.R.; REBELO, M.F.; SCHLENK, D.; ALMEIDA, E.A.
Biochemical responses, morphometric changes, genotoxic effects and CYP1A
expression in the armored catfish Pterygoplichthys anisitsi after 15 days of
exposure to mineral diesel and biodiesel. Ecotoxicology and Environmental
Safety v. 115, p. 26-32, 2015.

FIELD, J. A.; REED, R. L.; SAWYER, T. E.; GRIFFITH, S. M,
WIGINGTON, P. J. Diuron Occurrence and Distribution in Soil and Surface
and Ground Water Associated with Grass Seed Production. Journal of
Environmental Quality v. 32, p. 171-179, 2003.

GABRYELAK, T.; KLEKOT, J. The effect of paraquat on the peroxide
metabolism enzymes in erythrocytes of freshwater fish species. Comparative
Biochemistry and Physiology v. 81C, p. 415-418, 1985.

GALLAGHER, E. P. et al., In vitro kinetics of hepatic glutathione S-
transferase conjugation in largemouth bass and brown bullheads, Environ.
Toxicol. Chem., 19, 319, 2000.

GAGNAIRE B, GEFFARD O, NOURY P, GARRIC J. In vivo indirect
measurement of cytochrome P450-associated activities in freshwater
gastropod molluscs. Environmental Toxicology v. 25, p. 545-53, 2010.

GARCIA, D.P. Metabolismo do malondialdeido em peixes: inibicdo na
avaliacdo da peroxidacao lipidica como biomarcador de contaminacao
aquatica. 91p. Dissertacdo (Mestrado em Quimica) — Departamento de
Quimica. Universidade Estadual Paulista “Julio de Mesquita Filho”’- S&o José
do Rio Preto, 2016.

GATIDOU, G.; THOMAIDIS, N.S.; ZHOU, J. Fate of Irgarol 1051, diuron
and their main metabolites in two UK marine systems after restrictions in
antifouling paints. Environmental International Journal, v.33, p. 70-77, 2007.

GHOSH, D.; RAY, A. Subcellular action of estradiol-17f in a Freshwater
Prawn, Macrobrachium rosenbergii. General and Comparative Endocrinology
v. 90, p. 274-281, 1993.

GIACOMAZZI, S.; COCHET, N. Environmental impact of diuron
transformation: a review. Chemosphere v. 56, p. 1021-1032, 2004.

GOLDEMBERG, J. Ethanol for a Sustainable Energy Future. Science v.
315, p. 808-810, 2007.

GOUDER, B.Y.; NADKARNI, V.B.; HOOLI, M.A.; SAIDAPUR, S.K;
BHUJLE, B.V. Steroid dehydrogenases in the kidney of musk shrew, Crocidura
caerulea: a histochemical study. Acta Histochemica v. 54, p. 230-235, 1975.

GUIMARAES, G. L. Impactos Ecoldgicos do Uso de Herbicidas ao Meio
Ambiente. Instituto de Economia agricola (IEA). Série Técnica IPEF,
Piracicaba, v.4, n.12, p.159 1987.

GUL, S.; BELGE-KURUTAS, E.; YILDIZ, E.; SAHAN, A.; DORAN, F.
Pollution correlated modifications of liver antioxidant systems and
histopathology of fish (Cyprinidae) living in Seyhan Dam Lake, Turkey.
Environmental international v.30, p. 605-609, 2004.

HACKENBERGER, B.K.; VELKI, M.; STEPIC, S.; HACKENBERGER,
D.K. First evidence for the presence of 345 efflux pump in the earthworm
Eisenia andrei. Ecotoxicology Environmental Safety v. 75, p. 40-45, 2012.



117

HAGEMEYER CE, BURCK C, SCHWAB R, KNOTH R, MEYER RP7-
Benzyloxyresorufin-Odealkylase activity as a marker for measuring
cytochrome P450 CYP3A induction in mouse liver. Analytical Biochemistry v.
398, p. 104-111, 2010.

HALLIWELL, B.; GUTTERIDGE, J. Free Radicals in Biology and
Medicine. Nova York: Oxford University Press v.1, p. 851, 2007.

HARTL MG, KILEMADE M, SHEEHAN D, MOTHERSILL C,
O'HALLORAN J, O'BRIEN NM, VAN PELT FN. Hepatic biomarkers of
sediment-associated pollution in juvenile turbot, Scophthalmus maximus L.
Marine Environmental Research v. 64, p. 191-208, 2007.

HASSELBERG, L.; MEIER, S.; SVARDAL, A. Effects of alkylphenols on
redox status in first spawning Atlantic cod (Gadus morhua). Aquatic Toxicology
v. 69, p. 95-105, 2004.

HERMES-LIMA, M. Oxygen in biology and biochemistry: role of free
radicals. In: STOREY, K.B. (ed.) Functional metabolism: regulation and
adaptation. New York, John Wiley & Sons, Inc., p. 319-368, 2004.

HJELLE, J. J.; PETERSEN, D. R. Metabolism of malondialdehyde by rat
liver aldehyde dehydrogenase. Toxicology and Applied Pharmacology, v.
70(1), p 57-66, 1983.

HODGE, H.C.; BOYCE, A.M.; DEICHMANN, W.B.; KRAYBILLI, H.F.
Toxicology and no effect levels of aldrin and dieldrin. Toxicology and Applied
Pharmacology v.10, p. 613-675, 1967.

INEE. Instituto Nacional de Eficiéncia Energética. Disponivel em:
http://www.inee.org.br/. Acesso em: 10/01/2017.

JOBLING, S.; CASEY, D.; RODGERS-GRAY, T.; OEHLMANN, J;
SCHULTEOEHLMANN, U.; PAWLOWSKI, S.; BAUNBECK, T.; TURNER,
A.P.; TYLER, C.R. Comparative responses of molluscs and fish to
environmental estrogens and na estrogenic efluente. Aquatic Toxicology, V.
65, p. 205-220, 2003.

JOBLING, S.; SUMPTER, J. P. Detergent components in sewage
effluent are weakly oestrogenic to fish: An in vitro study using rainbow trout
(Oncorhynchus mykiss) hepatocytes. Aquatic Toxicology v. 27(3-4), p. 361-
372, 1993.

JOBLING, S.; SUMPTER, J. P.; SHEAHAN, D.; OSBORNE, J. A,
MATTHIESSEN, P. Inhibition of testicular growth in rainbow trout
(Oncorhynchus mykiss) exposed to estrogenic alkylphenolic chemicals.
Environmental toxicology and chemistry v. 15(2), p. 194-202, 1996.

KAVITHA, P.; VENKATESWARA RAO, J. Toxic effects of chlorpyrifos on
antioxidant enzymes and target enzyme acetylcholinesterase interaction in
mosquito fish, Gambusia affinis. Environmental Toxicology and Pharmacology
v.26, p. 192-198, 2008.

KIRCH, H.H.; BARTELS, D.; WEI, Y.; SCHNABLE, P.S.; WOOD, A.J.
The ALDH gene superfamily of Arabidopsis thaliana. Trends in Plant Science
v.9, p.372-377, 2004.

KIRCH, H.H.; NAIR, A.; BARTELS, D. Novel ABA-dehydration-inducible
aldehyde dehydrogenase genes isolated from the resurrection plant



118

Craterostigna plantagineum and Arabidopsis thaliana. The Plant Journal v. 28,
p. 555-567, 2001.

KLOBUCAR, R.; ZAJA, R.; FRANJEVIC, D.; BROZOVIAE, A
SMITAL,T. Presence of ecotoxicologically relevant Pgp and MRP transcripts
and proteins in Cyprinid fish. Archives of Industrial Hygiene and Toxicology
Journal v. 61, p. 175-182, 2008.

KOBAYASHI, M. M. Endocrine control of sexual behavior in teleost fish,
General and Comparative Endocrinology, 2009.

KURELEC, B.; PIVCEVIC, B. Distinct glutathione-dependent enzyme
activities and a verapamil-sensitive binding of xenobiotics in a fresh-water
mussel Anodonta cygnea. Biochem. Biophy. Res. Commun. v. 164, p. 934—
940, 1989.

LEE, D.S.; GILBERT, C.R.; HOCUTT, C.H.; JENKINS, R.E;
MCALLIISTER, D.E.; STAUFFER, J.R. Atlas of North American Freshwater
Fishes. North Carolina State Museum of Natural History, Raleigh, NC. p. 854,
1980.

LINTELMANN, J.; KATAYAMA, A.; KURIHARA, N.; SHORE,
L.;WENZEL, A. Endocrine disruptors in the environment. International Union
of Pure and Applied Chemistry v.75, p. 631-681, 2003.

LIVINGSTONE, D. R. Contaminant-stimulated reactive oxygen species
production and oxidative damage in aquatic organisms. Marine Pollution
Bulletin v. 42(8), p. 656—-666, 2001.

LONG, J. et al. Neuronal mitochondrial toxicity of malondialdehyde:
inhibitory effects on respiratory function and enzyme activities in rat brain
mitochondria. Neurochemical research v. 34(4), p. 786-794, 20009.

LOPEZ-BAREA, J.; PUEYO, C. Mutagen content and metabolic
activation of promutagens by molluscs as biomarkers of marine pollution.
Mutation Research v. 399(1), p. 3-15, 1998.

LOURENCETTI, C.; RODRIGUES DE MARCHI, M.R.; RIBEIRO, M.L.
Determination of sugar cane herbicides in soil and soil treated with sugar cane
vinasse bysolid-phase extraction and HPLC-UV. Talanta v. 77, p. 701-709,
2008.

MALATO, S.; BLANCO, J.; CACERES, J.; FERNANDEZ-ALBA, AA;
RODRIGUEZ, A. Photocatalytic treatment of water-soluble pesticides by
photo-Fenton and TiO2 using solar energy. Catalysis Today v. 76, p. 209-220,
2002.

MANZO, S.; BUONO, S.; CREMISINI, C. Toxic effects of irgarol and
diuron on sea urchin Paracentrotus lividus early development, fertilization, and
offspring quality. Archives of Environmental Contamination and Toxicology v.
51, p.61-68, 2006.

MAPA, Ministério da Agricultura, Pecuaria e Abastecimento, sob nimero
08895, http://www.adapar.pr.gov.br/arquivos/File/defis/DFI/Bulas/Herbicidas/
DIURON_NORTOX_500_SC.pdf. Acesso em: 01/2017.

MARCHITTI, S.A.; BROCKER, C.; STAGOS, D.; VASILIOU, V. Non-
P450 aldehyde oxidizing enzymes: the aldehyde dehydrogenase superfamily.
Expert Opinion on Drug Metabolism & Toxicology v.4(6), p. 697-720, 2008.



119

MARIA, V.; BEBIANNO, M. Antioxidant and lipid peroxidation responses
in Mytilus galloprovincialis exposed to mixtures of benzo(a)pyrene and copper.
Comp Biochem Physiol C Toxicol Pharmacol, v. 154, p. 53-63, 2011.

MARIN, M. G.; MATOZZO, V. Vitellogenin induction as a biomarker of
exposure to estrogenic compounds in aquatic environments. Marine Pollution
Bulletin, v. 48, p. 835-839, 2004.

MARTINEZ, C.B.R. Parametros bioquimicos de peixes para avaliacao
da qualidade da agua. In: Angela Teresa Silva-Souza. (Org.). Sanidade de
Organismos Aquaticos no Brasil. Maringa: ABRAPOA, p. 43-62, 2006.

MHADHBI, L.; BEIRAS, R. Acute toxicity of seven selected pesticides
(Alachlor, Atrazine, Dieldrin, Diuron, Pirimiphos-Methyl, Chlorpyrifos,
Diazinon) to the marine fish (Turbot, Psetta maxima). Water Air Soil Pollution
v.223, p. 5917-5930, 2012.

MYLONAS, C.C.; FOSTIER, A.; ZANUY, S. Broodstock management
and hormonal manipulations of fish reproduction. General and Comparative
Endocrinology v.165, p. 516-534, 2010.

MIMICA-DUKIC, N.; SIMIN, N.; SVIRCEV, E.; ORCIC, D.; BEARA, |
LESJAK, M.; BOZIN, B. The Effect of Plant Secondary Metabolites on Lipid
Peroxidation and Eicosanoid Pathway. In: World's largest Science,
Technology & Medicine Open Access book publisher. INTECH, 2012.

MINDNICH, R.; MOLLER, G.; ADAMSKI,J. The role of 17 beta-
hydroxysteroid dehydrogenases. Molecular and Cellular Endocrinology v. 218,
p. 7-20, 2004.

MIRANDA, A.L.; ROCHE, H.; RANDI, M.AF.; MENEZES, M.L,;
OLIVEIRA, C.A. Bioaccumulation of chlorinated pesticides and PCBs in the
tropical freshwater fish Hoplias malabaricus: histopathological, physiological,
and immunological findings. Environment International v. 34, p. 939-949, 2008.

MUSUMECI, M.R.; NAKAGAWA, L.E.; LUCHINI, L.C.; MATALLO, M.B,;
ANDREA, M.M. Degradagéo do diuron-14C em solo e em plantas de cana-de-
acucar (Saccharum spp.). Pesquisas Agropecuarias Brasileiras v.30(6), p.
775-778, 1995.

NAKAZONO, M.; TSUJI, H.; LI, Y.; SAISHO, D.; ARIMURA, S,
TSUTSUMI, N.; HIRAI, A. Expression of a Gene Encoding Mitochondrial
Aldehyde Dehydrogenase in Rice Increases under Submerged Conditions.
Plant Physiology v. 124, p. 587-598, 2000.

NELSON, D.R. The cytochrome P450 homepage. Human Genomics v. 4
(1), p. 59-65, 20089.

NOGUEIRA, L. Estudo comparativo do estresse oxidativoentre tilapias
(Oreochromis niloticus) e cascudo (Pterygoplichthys anisitsi) expostos a 6leo
diesel e biodiesel. 2010, 54p. Dissertacdo (Mestrado em Biologia Animal) —
Departamento de Quimica. 2010.

NOGUEIRA, L.; SILVA, D.G.H.; OLIVEIRA, T.Y.K.; ROSA, J.M.C,;
FELICIO, A.A.; ALMEIDA, E.A. Biochemical biomarkers and oxidative stress
in armored catfish (Pterygoplichthys anisitsi) after short-term exposure to
diesel oil, pure biodiesel and biodiesel blends. Chemosphere v. 93, p. 311-
319, 2013.



120

NORDBERG, J.; ARNER, E. Reactive oxygen species, antioxidants, and
the mammalian thioredoxin system. Free Radical Biology & Medicine v.
31(11), p. 1287-1312, 2001.

OETTMEIER, W.; MASSON, K.; HECHT, H. Heterocyclic ortho- uinones,
a novel type of Photosystem Il inhibitors. Biochimica et Biophysica Acta, V.
1504, p. 346-351, 2001.

OHTA, T.; MIKAKE, H.; MIURA, C.; KAMEI, H.; AIDA, K.; MIURA, T.
Follicle-stimulating hormone induces spermatogenesis mediated by androgen
production in Japanese eel, Anguilla japonica. Biology of Reproduction v. 77,
p. 970-977, 2007.

OKAMURA, H.; AOYAMA, I.; ONO, Y.; NISHIDA, T. Antifouling
herbicides in the coastal waters of western Japan. Marine Pollution Bulletin v.
47, p. 59-67, 2003.

ORTON, F.; LUTZ, I.; KLOAS, W.; ROUTLEDGE, E.J. Endocrine
Disrupting Effects of Herbicides and Pentachlorophenol: In Vitro and in Vivo
Evidence. Environmental Science and Technology v. 43(6), p. 2144-2150,
2009.

ORUC, E.O.; SEVGILER, Y.; UNER, N. Tissue-specific oxidative stress
responses in fish exposed to 2,4-D and azinphosmethyl. Comparative
Biochemistry and Physiology Part C: Toxicology & Pharmacology v.137, p.43-
51, 2004.

OTTO, D. M.; MOON, T. W. Phase | and Il enzymes and antioxidant
responses in different tissues of brown bullheads from relatively polluted and
non-polluted systems, Archives of Environmental Contamination and
Toxicology v. 31, p. 141, 1996.

OZON, R.; FOUCHET, C.; PERIN, F. Transformation of testosterone into
17beta-hydroxy-5beta-androstan-3-one by Rana esculenta skeletal muscle.
Biochimica et Biophysica Acta (BBA) v. 348, p. 425-437, 1974.

PALMER, B.D.; PALMER, S.K. Vitellogenin induction by xenobiotic
estrogens in the red-eared-turtle and African clawed toad. Environmental
Health Perspectives v. 103, p. 19-25, 1995.

PAIT, A.S.; NELSON, J.O. Endocrine disruption in fi sh an assessment
of recent research and results. NOAA Techinical memorandum. 63p, 2002.

PAN Pesticides Database — Chemicals, Pesticides Action Network Noth
America (PANNA). Acesso em:
http://www.pesticideinfo.org/Detail _Chemical.jsp?Rec_1d=PC33293#Toxicity.

PEREIRA, T. S. B.; BOSCOLO, C. N. P.; FELICIO, A. A.; BATLOUNI,
S.R.; SCHLENK, D.; ALMEIDA, E. A. Estrogenic activities of diuron
metabolites in female Nile tilapia (Oreochromis niloticus). Chemosphere v. 146
, p- 497-502, 2016.

PEREIRA, T.S.B.; BOSCOLO, C.N.P.; SILVA, D.G.H.; BATLOUNI, S.R;
SCHLENK, D.; ALMEIDA, E.A. Anti-androgenic activities of diuron and its
metabolites in male Nile tilapia (Oreochromis niloticus) Aquatic Toxicology,
v.164, p. 10-15, 2015.

PEROZICH, J.; NICHOLAS, H.B.J.R.; WANG, B.C.; LINDAHL, R;
HEMPEL, J. Relationships within the aldehyde dehydrogenase extended
family. Protein Science, v.8, p. 137-146, 1999.



121

PLOCH, S.A.; LEE, Y.P.; MACLEAN, E.; DI GIULIO, R.T. Oxidative
stress in liver of brown bullhead and channel catfish following exposure to tert
-butyl hydroperoxide. Aquatic Toxicology v. 46, p. 231-240, 1999.

POPOVIC, N. T.; HOWELL, T.; BABISH; J.G.; BOWSER, P.R. Cross-
sectional study of hepatic CYP1A and CYP3A enzymes in hybrid striped bass,
channel catfish and Nile tilapia following oxytetracycline treatment. Research
in Veterinary Science v. 92, p. 283-291, 2012.

PORTE C, ESCARTIN E, GARCIA DE LA PARRA LM, BIOSCA X,
ALBAIGES J. Assessment of coastal pollution by combined determination of
chemical and biochemical markers in Mullus barbatus. Marine Ecology
Progress Series v. 235, p. 205-16, 2002.

PubChem Database, 2017 https://pubchem.ncbi.nim.nih.gov/

QUATTROCHI, L.C.; GUZELIAN, P.S. CYP3A regulation: from
pharmacology to nuclear receptors. Drug Metabolism and Disposition v. 29 (5),
p. 615-622, 2001.

RANKOUHI, T. R.; HOLSTEUN, |.; LETCHER, R.; GEISY, J. P.; VAN
DER BERG, M. Effects of Primary Exposure to Environmental and Natural
Estrogens on Vitellogenin Production in Carp (Cyprinus carpio) Hepatocytes.
Toxicological Sciences, v. 67(1), p. 75-80, 2002.

RANKOUHI, T. R.; SANDERSON, J. T.; HOLSTEIJN, I. V.; LEEUWEN,
C. V., VETHAAK, A. D.; VAN DEN BERG, M. Effects of natural and synthetic
estrogens and various environmental contaminants on vitellogenesis in fish
primary hepatocytes: comparison of bream (Abramis brama) and carp
(Cyprinus carpio). Toxicological Sciences, v. 81, p. 90-102, 2004.

RENNER, R. U.S. and European regulators and researchers disagree
over risks of a common class of surfactants. Environmental Science &
Technology v. 31(7), p. 316A-320A, 1997.

REGOLI, F. et al. Molecular and biochemical biomarkers in
environmental monitoring: A comparison of biotransformation and antioxidant
defense systems in multiple tissues. Aquat Toxicol, v. 105S, p. 56-66, 2011.

RICKLEFS, R. E. The Economy of Nature. 5 ed. (em inglés). Estados
Unidos: Guanabara Koogan, 2003.

RIEDEL, R.; COSTA-PIERCE, B.A. Feeding ecology of Salton Sea
Tilapia (Oreochromis spp.). Bulletin of the Southern California Academy of
Sciences. v.104, p. 26-36.

RODRIGUEZ, B.N.; ALMEIDA, F.S. Guia de herbicidas, em Ministério da
Agricultura, Pecuaria e Abastecimento-MAPA, 6 ed. Londrina, p. 697, 2011.

ROMANA-EGUIA, M.R.R.; IKEDA, M.; BASIAO, Z.U.; TANIGUCHI, N.
Genetic diversity in farmed Asian Nile and red hybrid tilapia stocks evaluated
from microsatellite and mitochondrial DNA analysis. Aquaculture v.236, p.131-
150, 2004.

ROMEO, M.; BENNNI, N.; GNASSIA-BARELLI, M.; LAFAURIE, M.;
GIRARD J.P. Cadmium and copper display different responses towards
oxidative stress in the kidney of the sea bass Dicentrarchus labrax. Aquatic
Toxicology v. 48, p. 185-194, 2000.



122

ROUTLEDGE, E.J.; DESBROW, C.; BRIGHTY, G.C.; SUMPTER, J.P;
WALDOCK, M. Identification of Estrogenic Chemicals in STW Efluent.
Environmental Science & Technology, v.32, p.1549-1557, 1998.

ROUTLEGDGE, E.J.; SUMPTER, J.P. Structural Features of
Alkylphenolic Chemicals Associated with Estrogenic Activity. The Journal of
Biological Cheistry v. 272, p. 3280-3288, 1997.

SAGLIO, P.; TRIJASSE, S. Behavioral responses to atrazine and diuron
in goldfish. Archives of Environmental Contamination and Toxicology Journal
v. 35, p. 484-491, 1998.

SAKAMOTO, T.; MCCORMICK, S. D.; HIRANO, T. Osmoregulatory
actions of growth hormone and its mode of action in salmonids: a review. Fish
Physiology and Biochemistry v. 11, p. 155—-64, 1993.

SALVESTRINI, S.; DICERBO, P.; CAPASSO, S. Kinetics of the chemical
degradation of diuron. Chemosphere v. 48, p. 69-73, 2002.

SANCHEZ, D.C.O. Desreguladores endocrinos na inducdo da
vitelogenina em peixes nativos. Dissertacdo (Mestrado em Farmacologia) —
Universidade Federal do Parana. 2006.

SANCHEZ-MUROS, A. J.; VILLACRECES, S.; LAMA, G. M.; HARO, C.;
GARCIABARROSO, F. Effects of chemical and handling exposure on fatty
acids, oxidative stress and morphological welfare indicators in gilt-head sea
bream (Sparus aurata). Fish Physiology Biochemistry v. 39, p. 581-591, 2013.

SARASQUETE, C.; SEGNER, H. Cytochrome P4501A (CYP1A) in
teleostean fishes. A review of immunohistochemical studies. Science of the
Total Environment, v. 247(2-3), p. 313-32, 2000.

SCHEIL, V.; KIENLE, C.; OSTERAUER, R.; GERHARDT, A.; KOHLER,
H. Effects of 3,4-dichloroaniline and diazinon on different biological
organization levels of zebrafish (Danio rerio) embryos and larvae.
Ecotoxicology v.18, p. 355-363, 2009.

SCHLENK, D.; CELANDER, M.; GALLAGHER, E.P.; GEORGE, S,
JAMES, M.; KULLMAN, SW.; VAN DER HURK, P.; WILLETT, K.
Biotransformation in fish. In: DI GIULIO, R.T.; HINTON, D.E. (Eds.), The
Toxicology of Fishes. Taylor & Francis Group, New York, p. 153—-234, 2008.

SCHLENK, D.; LAVADO, R.; LOYO-ROSALES, J.E.; JONES W,
MARYOUNG, L.; RIAR, N.; WERNER, |.; SEDLAK, D. Reconstitution studies
of pesticides and surfactants exploring the cause of estrogenic activity
observed in surface waters of the San Francisco Bay Delta. Environmental
Science & Technology v. 46, p. 9106-9111, 2012.

SILVERSAND, C.; HYLLNER, S. J. E HAUX, C. Isolation,
immunochemical detection, and observations of the instability of vitellogenin
from four teleosts. The Journal of Experimental Zoology, v.267, p.587-597,
1993.

SLEKAR, K.H.; KOSMAN, D.J.; CULOTTA, V.C. The yeast copper/zinc
superoxide dismutase and the pentose phosphate pathway play overlapping
roles in oxidative stress protection. The Journal of Biological Chemistry v. 271,
n. 46, p.28831-28836, 1996.

SMITAL, T.; LUCKENBACH, T.; SAUERBORN, R.; HAMDOUN, A.A;;
VEGA, R.L.; EPEL, D. Emerging contaminants — pesticides, PPCPs, microbial



123

degradation products and natural substances as inhibitors of multixenobiotic
defense in aquatic organisms Mutation Research/Fundamental and Molecular
v. 552, p. 101-117, 2004.

SMITAL, T.; SAUERBORN, R. Measurement of the activity of
multixenobiotic resistance mechanism in the common carp Cyprinus carpio.
Marine Environmental Research v.54, p. 449-453, 2002.

SOTO, A. M.; JUSTICIA, H.; WRAY, J. W.; SONNENSCHIN, C. p-Nonyl-
phenol: an estrogenic xenobiotic released from "modified" polystyrene.
Environmental Health Perspectives v. 92, p. 167-173, 1991.

STEGEMAN, J.J; BROUWER, M.; DI GIULIO, R.T.; FORLIN, L.
FOWLER, B.A.; SANDERS, B.M.; VAN VELD, P.A. Molecular responses to
environmental contamination: enzyme and protein systems as indicators of
chemical exposure and effect. In. HUGGET, R.J.; KIMERLE, R.A.; MEHRLE
JR, P.M.; BERGMAN, H.L. (eds.) Biomarkers. Biochemical, physiological, and
histological markers of anthropogenic stress. Boca Raton, Lewis Publishers,
p. 235-335, 1992.

STOCCO, D.M. The role of the StAR protein in steroidogenesis:
challenges for the future. The Journal of endocrinology v. 164, p. 247-253,
2000.

STROBL-MAZZULLA, P.H.; LETHIMONIER, C.; GUEGUEN, M.M.;
KARUBE, M.; FERNANDINO, J.I.; YOSHIZAKI, G.; PATINO, R
STRUSSMANN, C.A.; KAH, O.; SORNOZA, G.M. Brain aromatase (Cyp19A2)
and estrogen receptors, in larvae and adult pejerrey fish, Odontesthes
bonariensis: neuroanatomical and functional relations, General and
Comparative Endocrinology v. 158, p. 191-201, 2008.

STUPANS, I.; KONG, S.; KIRLICH, A.; MCKINNON, R.A.; MURRAY, M.
Testosterone dehydrogenase activity in koala liver: characterisation of cofactor
and steroid substrate differences. Comparative Biochemistry and Physiology -
Part C v. 125, p. 245-250, 2000.

SUMPTER, J. P. The endocrinology of stress. In Fish Stress and Health
in Aquaculture, IWAMA, G. K.; PICKERING, A. D.; SUMPTER, J. P,
SCHRECK, C. B. (eds.), Cambridge University Press, Cambridge, U.K., pp.
95-118, 1997.

SUMPTER, J.P.; JOBLING, S. Vitellogenesis as a biomarker for
oestrogenic contamination of the aquatic environment. Environmental Health
Perspectives v. 103, p. 173-178, 1995.

SZAKACS, G.; VARADI, A.; OZVEGY-LACZKA, C.; SARKADI, B. The
role of ABC transporters in drug absorption, distribution, metabolism, excretion
and toxicity (ADME-Tox). Drug Discovery Today v. 13 (9-10), 2008.

TJARNLUND, U.; ERICSON, G.; LINDESJOO, E.; PETTERSON, I
AKERMAN, G.; BALK, L. Further Studies of the Effects of Exhaust from Two-
Stroke Outboard Motors on Fish. Marine Environmental Research v.42, p. 267-
271, 1996.

THOMAS, K.V. The environmental fate and behaviour of antifouling paint
booster biocides: A review. Biofouling: The Journal of Bioadhesion and Biofilm
Research v. 17(1), p. 73-86, 2001.



124

THOMAS, K.V.; LANGFORD, K.H. The analysis of Antifouling paint
biocide in water, sediment and biota. Chapter 18 em Ecotoxicology of
Antifouling Biocides, ARAI, T.; HARINO, H.; OHJI, M.; LANGSTON, W.J., eds.;
Springer: Tokio, 2009.

THOMAS, K.V.; MCHUGH, M.; HILTON, M.; WALDOCK, M. Increased
persistence of antifouling paint biocides when associated with paint particles.
Environmental Pollution v. 123, p. 153-161, 2003.

THOMAS, K.V.; MCHUGH, M.; WALDOCK, M. Antifouling paint booster
biocides in UK coastal waters: inputs, occurrence and environmental fate. The
Science of the Total Environmental, v. 239, p. 117-127, 2002.

TIXIER, C., SANCELME, M., AIT-AISSA, S., WIDEHEM, P,
BONNEMOY, F., CUER, A., TRUFFAUT, N., VESCHAMBRE, H.
Biotransformation of phenylurea herbicides by a soil bacterial strain,
Arthrobacter sp. N2: structure, ecotoxicity and fate of diuron metabolite with
soil fungi. Chemosphere v. 46, p. 519-526, 2002.

TOMLIN, C. The Pesticide Manual, Crop Protection, tenth ed. Surrey,
UnitedKingdom. 1994.

TOMY, S.; WU, G.C.; HUANG, H.R.; DUFOUR, S.; C.F. CHANG.
Developmental expression of key steroidogenic enzymes in the brain of
protandrous black porgy fish, Acanthopagrus schlegeli, Journal of
Neuroendocrinology v. 19, p. 643-655, 2007.

TRANT, J.M.; GAVASSO, S.; ACKERS, J.; CHUNG, B.C.; PLACE, A.R.
Developmental expression of cytochrome P450 aromatase genes (CYP19a
and CYP19Db) in zebrafish fry (Danio rerio), Journal of Experimental Zoology v.
290, p. 475-483, 2001.

TRISCIANI A, CORSI |, TORRE CD, PERRA G, FOCARDI S. Hepatic
biotransformation genes and enzymes and PAH metabolites in bile of common
sole (Solea solea, Linnaeus, 1758) from an oilcontaminated site in the
Mediterranean Sea: A field study. Marine Pollution Bulletin v. 62, p. 806—14,
2011.

TYLER, C. R.; VAN DER EERDEN, B.; JOBLING, S.; PANTER, G,
SUMPTER, J. P. Sumpter. Measurement of vitellogenin, a biomarker for
exposure to estrogenic chemicals, in a wide variety of cyprinid fish. Journal of
Comparative Physiology B v. 166, p.418-426, 1996.

UNICA. Unido da Industria de Cana-de-Acucar. Etanol de cana-de-
acucar. Disponivel em: http://www.unica.com.br. Acesso em: 20/11/2016.

VAN DER OOST, R.; BEYER, J.; VERMEULEN, N. P. E. Fish
bioaccumulation and biomarkers in environmental risk assessement: a review.
Environmental Toxicology and Pharmacology v. 13(2), p. 57— 149, 2003.

VASILIOU, V.; BAIROCH, A.; TIPTON, K.F.; NEBERT, D.W. Eukaryotic
aldehyde dehydrogenase (ALDH) genes: human polymorphisms, and
recommended nomenclature based on divergent evolution and chromosomal
mapping. Pharmacogenetics v. 9, p. 421-434, 1999.

VASILIOU, V.; PAPPA, A.; ESTEY, T. Role of human aldehyde
dehydrogenases in endobiotic and xenobiotic metabolism. Drug metabolism
reviews v. 36(2), p. 279-299, 2004.



125

VERSONNEN, B. J.; GOEMANS, G.; BELPAIRE, C.; JANSSEN, C. R.
Vitellogenin content in European eel (Anguilla anguilla) in Flanders,
Belgium.Environmental Pollution, v. 128, p. 363-371, 2004.

WESTER, P. W.; VAN DER VEN, L. T. M.; VOS, J. G. Comparative
toxicological pathology in mammals and fish: some examples with endocrine
disrupters. Toxicology, v. 205, p. 27-32, 2004.

WESTER, P.W.; VAN DER VEN, L.T.M.; VETHAAK, A.D.; GRINWIS,
G.C.M.; VOS, J.G. Aquatic toxicology: opportunities for enhancement through
histopathology. Environmental Toxicology and Pharmacology v. 11, p. 289-
295, 2002.

WILLIAMS, D.E.; LECH, J.J.; BUHLER, D.R. Xenobiotics and
xenoestrogens in fish: modulation of cytochrome P450 and carcinogenesis.
Mutation Research v. 399, p. 179-192, 1998.

WINSTON, G. W. et al. Production of reactive oxygen species by
hemocytes from the marine mussel, Mytilus edulis: lysosomal localization and
effect of xenobiotics. Comp Biochem Physiol, v. 113, p. 221-229, 1996.

XIE, L.T.; THRIPPLETON, K.; IRWIN, M.A.; SIEMERING, G.S;
MEKEBRI, A.; CRANE, D.; BERRY, K.; SCHLENK, D. Evaluation of estrogenic
activities of aquatic herbicides and surfactants using an rainbow trout
vitellogenin assay. Toxicological Sciences v. 87, p. 391-398, 2005.

YOSHIDA, A.; RZHETSKY, A.; HSU, L.C.; CHANG, C. Human aldehyde
dehydrogenase gene family. European Journal of Biochemistry v. 251, p. 549
-57, 1998.

ZANGAR, R.C.; DAVYDOV, D.R.; VERMA, S. Mechanisms that regulate
production of reactive oxygen species by cytochrome P450. Toxicology and
Applied Pharmacology v. 199, p. 316-331, 2004.





