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RESUMO

Dissertacdo de Mestrado
Programa de P6s-Graduacdo em Farmacologia
Universidade Federal de Santa Maria

EFEITOS DO ORGANOFOSFORADO PARATIONATO METILICO
SOBRE O EIXO HIPOTALAMO-HIPOFISE-INTERRENAL EM PEIXE-
ZEBRA (Danio rerio)

AUTOR: Jodo Gabriel Santos da Rosa

ORIENTADOR: Leonardo José Gil Barcellos

Data e Local da Defesa: Passo Fundo, 18 de abril de 2013.

Compostos organofosforados como o parationato metilico sdo utilizados nas diversas etapas
de producdo para controlar pragas tanto na atividade agricola como na aquicultura. O
mecanismo de acdo desse tipo de composto é a inibicdo da enzima acetilcolinesterase. O
peixe-zebra (Danio rerio) vem sendo cada vez mais usado como modelo experimental em
variados campos, como desenvolvimento, genética e pesquisa farmacoldgica. O parationato
metilico ja foi caracterizado como interruptor endocrino do eixo hipotalamo-hipofise-
interrenal (HHI). Foi realizado um experimento de 96 horas de exposicdo de peixes adultos a
substancia testada, na concentracdo de 5,2 mg/L. Foi avaliado o nivel de cortisol de corpo
inteiro, visando medir a resposta endocrina a um evento estressor. Também foram
investigadas a expressdo dos genes do receptor de glicocorticoide (GR), da proteina
regulatoria de esteroidogenese aguda (StAR) e a proteina do choque térmico 70 (HSP 70). Os
peixes expostos que foram submetidos a um evento estressor demonstraram baixos niveis de
cortisol de corpo inteiro. Além disso, 0s peixes estressados e expostos ao agrogquimico
apresentaram uma diminuicdo da expresséo dos genes GR, StAR e HSP 70. Os dados indicam
que a exposicdo ao parationato metilico provoca uma diminuicdo da capacidade de responder
adequadamente a um evento estressor. Peixes que possuem uma incapacidade em produzir
uma resposta satisfatoria do eixo HHI, ndo sdo capazes de realizar os ajustes ibnicos e
metabolicos necessarios a recuperacdo da homeostase, ficando vulneraveis ao estresse
causado pelas praticas aquicolas ou por alteracGes ambientais.

Palavras-chave: Danio rerio. Parationato metilico. Cortisol. Proteina regulatéria de
esteroidogenese aguda. Receptor de glicocorticoide. Proteina do choque térmico 70.
Expresséo. Genes.
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EFFECTS OF ORGANOPHOSPHATE METHYL-PARATHION ON THE
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Organophosphorus compounds such as methyl-parathion are used in the various stages of
production to control pests both in agricultural activity as in aquaculture. The mechanism of
action of this type of compound is the inhibition of the enzyme acetylcholinesterase. The
zebrafish (Danio rerio) has been increasingly used as an experimental model in varied fields
such as development, genetics and pharmacological research. The methyl-parathion has been
characterized as endocrine disruptor of the hypothalamic-pituitary-interrenal axis (HHI). An
experiment was carried out of 96 hours of exposure of adult fish to the substance tested, at the
concentration of 5.2 mg/L. Was evaluated the whole-body cortisol level in order to measure
the endocrine response to a stressful event. Were also investigated the gene expression of
glucocorticoid receptor (GR), steroidogenic acute regulatory protein (StAR) and heat shock
protein 70 (HSP 70). Fish exposed that have undergone a stressor event demonstrated low
levels of cortisol. In addition, the fish stressed and exposed to agro-chemical showed a
decreased expression of the StAR, HSP 70 and GR genes. The data indicate that exposure to
methyl-parathion causes a decrease in the ability to respond appropriately to a stressor. Fish
that have an inability to produce a satisfactory answer by the HHI axis are not able to make
the necessary metabolic and ion adjustments for recovery the homeostasis, getting vulnerable
to stress caused by aquaculture practices or environmental changes.

Keywords: Danio rerio. Methyl-Parathion. Cortisol. Steroidogenic acute regulatory protein.
Glucocorticoid receptor. Heat shock protein 70. Expression. Genes.



LISTA DE TABELAS

ARTIGO 1
Tabela 1 — Daily measured Methyl-parathion concentrations (mg) in water.............cccccocevee.. 22

ARTIGO 2
Tabela 1 — Primer sequences and PCR amplification conditions.............................. 32/34



LISTA DE FIGURAS

Figura 1: Comercializagao de pesticidas N0 Brasil ............ccociiiiiiiiiiinienie e 11
Figura 2: Vias de contaminagao de corpos aquaticos por agroquimiCos. ..........cccoerverveeeeeneen. 12
Figura 3: Mecanismo de ag¢do de organofosforados............ccveiirnieie e 13
Figura 4: Principais 0rgaos. Zebrafish macho...........cccccoveiieiiiiiicsce e 14
Figura 5: Ativacdo do receptor de glicOCOIICOITES. .......ccoceviiiiiieiiercee e 15
Figura 6: Conversdo de colesterol em cortisol e aldosterona................ccccceevieviveicinennnnn. 16
ARTIGO 1

Figura 1 — Mean whole-body cortisol (ng.g™ +SEM) level of zebrafish exposed to stress (S),
Methyl-parathion (MP) or stress plus acute exposition to methyl-parathion (MP+S). Different
letters above the standard error bars indicate a significant diference between treatment groups.
(ANOVA followed by Tukey’s multiple range test, p<0.01; N-10........cccociriiiiiiiiiieiiinienns 22

ARTIGO 2
Figura 1 — Effects of stress (S), acute exposition to methyl-parathion (MP) or stress plus acute

exposition to methyl parathlon (MP+S) on StAR (A) hsp70 (B) and GR (C) expression in
zebrafish brain.. . e e et ...33/34



SUMARIO

INTRODUGAO. ..ottt sttt st ns st n st an st 10
Contaminacédo ambiental e Parationato metiliCo...........ccccccvvvveviii i 10
Peixe-zebra como MOEl0...........ooiiii e 13
Resposta enddcrina ao estresse € €iX0 HHI.........cccoovviieiicccic e 15
INtErTUPGAD ENAOCTING. .. .vieiiiiteieeeiee ettt et 17
(@] o] 153 110 L3 USSR 18

ARTIGO 1 - IMPAIRMENT OF CORTISOL RESPONSE TO STRESS IN
ZEBRAFISH ACUTELY EXPOSED TO METHYL-
PARATHION. ..o 19

A o1 = (o3 SRR
T L (0o 013 1 o o TR
Materials anNd METNOUS.........ccuiiiiiie et e s erae e
(S 1L £
[T ES o 11 o] o P
REfEIrENCES......c.vveeeiieee e fe ettt e et e e —eeee e et e e —teteeee e e e e ———————aeeaaaa———

ARTIGO 2 - EFFECTS OF METHYL PARATHION EXPOSURE ON ZEBRAFISH
BRAIN GR, STAR, AND HSP70 GENE

EXPRESSION. ... .ottt ettt ettt sttt e sttt e e st e e st e e e sab e s s sbbesssbteessbteessbteessbenesreneas 26
A 01 - (o3 PR 28
1L (0o U131 o T 29
Materials and MELNOGS.........c..ooiiviiiii e 30

Fish, housing and experimental design...........cccooiiiiiiiininnieeee s 30
(1T o[ ey o] = 1S1S] o] o TSSO UPPTRPROPN 31
0] 7= 1 5] 11T 32
[ (S U1 L £ 33
[T Yo U 1Y o] o R 34
[ E] (=] =] 101 SO 37

DISCUSSAO. ...ttt ee et ee e ee et ee s en et ee s en et en e 41

CONCLUSAOD. ...ttt ettt en et aanenes 44

PERSPECTIVAS FUTURAS ..ottt ettt ettt sttt erae e 45

REFERENGCIAS. ..ottt ee et et e e e e e e et et e e et e e e et e e et et e e e e e es e e es e e s e e anane 46



10

INTRODUCAO

A populacdo mundial cresce de forma constante e, com isso, surge a necessidade de uma
producdo cada vez maior de alimentos. Uma das principais fontes de alimentos é a agricultura, que
precisa ser continuamente aprimorada a fim de garantir uma producdo satisfatoria. Essa garantia de
producdo é obtida através do uso de agroquimicos adicionados ao processo agricola. Porém muitos

agroquimicos séo utilizados em excesso e de forma descontrolada.

Esse fato caracteriza um risco iminente de contaminacdo ambiental, pois muitas vezes sdo
usados de forma errada, além de em alguns casos ndo haver fiscalizacdo e o ndo atendimento as
recomendacdes de uso. A introdugdo desses compostos em ambientes ndo alvo é considerada uma

ameaca aos ecossistemas.

Contaminacédo ambiental e Parationato metilico

Com o répido processo de industrializagdo e desenvolvimento, novos compostos quimicos séo
introduzidos no mercado anualmente. Cada um desses compostos € considerado uma ameaga aos
ecossistemas. A complexa natureza dessas substancias torna muito dificil o processo de anédlise de
toxicidade, tornando desconhecidos os efeitos dos poluentes e seus produtos de oxidacdo, que acabam

acumulando no meio ambiente.

Durante as Gltimas décadas, o uso de produtos quimicos aplicados na agricultura aumentou
drasticamente, coincidindo com modificacfes nas préaticas agricolas e a intensificacdo da producédo
(Konstantitinou et al., 2006). Aproximadamente 1-3% dos agroquimicos utilizados alcanca seu local
de acdo (Plimmer, 1990), resultando na presenca de residuos desses compostos contaminado 0s
componentes bidticos e abiodticos, como plantas, solo e a rede hidrografica local, aumentando as
chances de atingir algum organismo nao alvo, como peixes e outros. Além disso, muitos agroquimicos
apresentam alta persisténcia ambiental, o que significa que estardo presentes no ambiente por muito

tempo (Huang et al., 2011).
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Brazil: Pesticide trade

Value [Millions of USD]
1996 2001 2006 2011
Imports 108.00 304 61 516.94 1958 81
Exports 146.07 143.89 242 24 471.73

Figura 1: Valores da comercializacdo de pesticidas no Brasil. Fonte: FAO

Em alguns casos, agroquimicos sdo utilizados diretamente na &gua. Isso acontece, por
exemplo, na atividade piscicola. Muitas vezes, esses agroquimicos atuam no combate de insetos e
parasitos de peixes. O uso descontrolado, utilizando o produto sem fiscalizacéo, e, ainda ndo seguindo
as recomendac0es técnicas, resulta em polui¢do ambiental, contaminacgdo dos peixes de cultivo e de
todos os organismos envolvidos no ecossistema aquatico (Ranzani- Paiva et al., 1997 e Rodrigues et
al., 1997).

Na aquicultura, compostos organofosforados (OP) séo utilizados nas etapas de producéo para
controlar ectoparasitos e larvas de insetos, que causam mortalidade dos alevinos na fase inicial de

producao.

Sdo comumente encontrados em ambientes aquaticos como consequéncia do uso
indiscriminado na atividade agricola. Devido a constante presenca dessas substancias, esses compostos
OP representam um grande risco para espécies ndo alvo. O parationato metilico (PM) destaca-se como
0 inseticida mais empregado para combater os predadores aquéaticos (FIGUEIREDO e SENHORINI,
1990).
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Figura 2: Vias de contaminacdo de corpos aquaticos por agroquimicos. Fonte: Swedish

University of Agricultural Sciences

O mecanismo de acdo desse tipo de composto é a inibicdo da enzima acetilcolinesterase
(AChE). A inibicdo dessa enzima impede a hidrolizagdo do neurotransmissor acetilcolina (ACh) nas
terminagbes nervosas e jungdes neuromusculares, levando a uma hiperexcitagdo dos tecidos
musculares. Essa reacdo exacerbada provoca efeitos comportamentais, como hiperatividade, e efeitos
fisicos, como asfixia (Roex et al., 2003). Given et al (1997) encontraram uma diminui¢do da
esteroidogenese em células adrenais expostas a parationato. A inibi¢do dessa enzima em organismos
vivos é amplamente usada como biomarcador da exposi¢do ao OP bem como a outros compostos da
mesma classe como inseticidas carbamatos (Walker, 2001).
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Figura 3: Mecanismo de agdo de organofosforados. Fonte: Universidade do Porto, Fauldade de
Farmécia, Monografias e teses.

Efeitos comportamentais podem ser observados mesmo em exposicdo a concentracdes
menores que aquelas que causam outros efeitos. Diminui¢8o da atividade e de consumo de alimento
foi observada em peixes expostos ao PM (Rand, 1977; Banas and Sprague, 1986). Varios estudos
mostraram que a inibicdo da enzima acetilcolinesterase causa uma significativa mortalidade em
espécies aquaticas, tanto em exposices agudas (Van der Wel and Welling, 1989; Zinkl et al., 1991;

Legierse, 1998) como cronicas (Ansari and Kumar, 1984).

Peixe-zebra como modelo

O peixe-zebra (Danio rerio) vem sendo cada vez mais usado como modelo experimental em
variados campos, como desenvolvimento, genética e pesquisa farmacoldgica. Essa espécie despertou
nos Ultimos anos um grande interesse na pesquisa em neurociéncias. Sua conduta social ativa,
facilidade de ambientacdo, baixo custo de manutencdo, ciclo reprodutivo rapido e alta prolificidade,
colaboram para a utilizacdo do peixe-zebra como espécie modelo (Cachat e Stewart, 2010). Além
disso, o tamanho pequeno (5-6 cm), a transparéncia Optica durante a embriogénese (que proporciona
facilidade na deteccdo de anormalidades morfoldgicas) e a facilidade de tracabilidade de perfis
genéticos favoreceu a utilizacdo dessa espécie como modelo experimental. Nos ultimos anos, uma
série de artigos sobre o estudo da fisiologia do estresse bem como a cronologia da resposta em peixe
zebra foram publicados (Chandrasekar et al., 2007; To et al., 2007; Alsop e Vijayan, 2008; Alderman
e Bernier, 2009; Alsop e Vijayan, 2009; Barcellos et al., 2007, 2010; Ramsay et al., 2009).
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Possuindo uma significante homologia genética e fisiologica com outros vertebrados, o peixe-
zebra (Danio rerio) tem se tornado muito popular em pesquisas neuro-comportamentais e construcdo
de fendtipos cognitivos e afetivos. Além disso, a espécie tem demonstrado ser um bom modelo em
estudos de comportamento, devido a possibilidade de modulacdo através de fatores enddgenos e
exogenos (Goldsmith, 2004). Até recentemente, assumia-se que 0 comportamento de peixes possuia
um carater apenas instintivo, com pouca capacidade cognitiva. No entanto, j& é conhecida a habilidade
dos peixes de formar memdarias espaciais e mapas cognitivos, e com isso a possibilidade de exploracao
ambiental (Burt de Perera, 2004).

spinal chord

heart | er

/L 3

Figura 4: Principais 6rgdos. Zebrafish macho. Adapatado de Tokarz et al., 2013

O peixe-zebra apresenta resultados muito Uteis em testes utilizados em anélise
comportamental. Essas caracteristicas demonstram a sensibilidade da espécie a manipulacdo
experimental e confirma sua aplicabilidade como modelo de estresse e fenbmenos comportamentais
(Stewart et al, 2013). Estudos baseados na exposicdo a ambientes novos sdao comumente usados em
neurociéncias e ciéncia do comportamento para estudar tanto fendmenos afetivos, como medo e
ansiedade, quanto cognitivos como habituacdo (Wong et al, 2010), além de parametros bioquimicos
(Barcellos et al., 2007).
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Resposta enddcrina ao estresse e eixo Hipotalamo-Hipdéfise-Interrenal

Todos os animais, vertebrados ou ndo, passam por situacbes em que ocorre desequilibrio da
homeostase. Esse desequilibrio € conhecido como estresse, e os fatores que levam a esse quadro séo
chamados fatores estressantes ou estressores (Barton, 2002). Quando um fator estressante interage
com um organismo Vvivo, essa interacdo provoca o desencadeamento de uma reagdo chamada resposta
ao estresse. Essa resposta deve ser produzida de forma que o organismo seja capaz de recuperar 0
estado de homeostase inicial. O principal componente da resposta ao estresse € o aspecto enddcrino,
gue consiste na sintese de hormdnios glicocorticoides circulantes. Nos teledsteos, o principal
glicocorticoide atuante é o cortisol (Barton, 2002). O cortisol possui funcdo glicemiante, que
proporciona aos peixes estressados a recuperacdo da homeostase inicial provendo um aumento no
aporte de energia disponivel (Wendelaar Bonga, 1997), além de ser um fator essencial a adaptagdo em

situacdes de estresse.

Citoplasma

GR inativado

Complexo
HSP

Ligando

Complexo GR ativado
HSP

Translocacao

Nucleo

Reciclagem do GR
ativado

Ligagdo com o DNA Interacdo com fatores de transcri¢do

N K

Regulag¢do datranscri¢do genética

Figura 5: Ativacdo do receptor de glicocorticoides. Fonte: Autor.

A resposta enddcrina ao estresse é regulada pelo eixo neuroenddcrino hipotalamo-hipofise-
interrenal (HHI). Quando um estressor é percebido, a informacao € interpretada pelo hipotdlamo onde
uma série de neurdnios inicia um processo de producdo e liberacdo de neuropeptidios como o
horménio liberador de corticotrofina (CRH) e urotensinogénio tipo | (Ul). Quando o CRH é liberado,

ele age nos receptores proprios localizados na hipo6fise anterior, e promovem a produgdo de pro-
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opiomelanocortina (POMC), um precursor do hormdnio adrenocorticotréfico (ACTH). O ACTH é
entdo liberado na corrente sanguinea e atinge a porcdo cranial dos rins, agindo nos receptores 2-
melanocortina (MCR2R). Essa reagdo inicia o processo de esteroidogénese e secrecdo de cortisol
(Bernier et al., 2009).

A metabolizacdo do colesterol dé origem a pregnenolona, que em seguida é convertida através
de uma série de reacOes enziméticas até a formacdo de 11-deoxycortisol. Por fim a enzima 11f-
hidroxilase faz a conversdo de 11-deoxycortisol em cortisol. O cortisol é entdo liberado para a corrente
sanguinea, ndo sendo armazenado no rim cefélico (Wendelaar Bonga, 1997).

Colesterol

17 e hidroxilase

Pregnenolona — 17 OH Pregnenolona
e S

Progesterona =~ 17 OH Progesterona

I a | a

Deoxicorticosterona 11- Deoxicortisol
Corti l t : l P
orticosterona .
Cortisol

¥
Aldosterona _

Figura 6: Conversdo de colesterol em cortisol e aldosterona. Fonte: Autor

O feedback negativo do cortisol pode ocorrer em todos os niveis do eixo neuroenddcrino,
atuando em receptores de glicocorticoides (GR) ou receptores de mineralocorticoides (MR)
localizados em vaérias células-alvo em varios tecidos. Os horménios esteroides também podem alterar
a estabilidade de &cido ribonucleicos mensageiros (MRNA) interferindo na quantidade de proteinas ou

receptores responsivos aos glicocorticoides (Tsigos e Chrousos, 2002).
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Interrupgéo enddcrina

Existem diversas formas de os residuos de agroquimicos atingirem os corpos d’agua, como
lixiviacdo, armazenamento inadequado de embalagens e recipientes, e até mesmo a lavagem em local
improprio de equipamentos utilizados na aplicacdo (Konstantinou et al., 2006; Huskes and Levsen,

1997). Esses residuos representam um risco em potencial para as espécies aquaticas nao alvo.

A maior parte das pisciculturas estd localizada préxima a areas agricolas, e por vezes até
sendo supridas com a mesma &gua utilizada na atividade agricola. A contaminagdo, mesmo em doses
consideradas aparentemente indcuas, pode causar um efeito deletério nos organismos aquaticos. Este
efeito deletério dos agroquimicos sobre os organismos pode ser classificado como interrupcéo
enddcrina (Colborn 2010). A interrupcdo enddcrina afeta um eixo neuroendécrino, que geralmente

possui a funcdo de coordenar e manter a homeostase em determinado sistema no organismo.

A interrupcdo do eixo neuroenddcrino Hipotadlamo-Hipofise-Interrenal (HHI), que é
responsavel, entre outras fungbes, por coordenar a resposta ao estresse, impede 0s animais de
produzirem uma reacdo efetiva as situacGes de estresse. A resposta ao estresse, proporcionada pela
acdo do horménio cortisol, é uma reagdo do organismo a uma variedade de fatores adversos, chamados
estressores, que iniciam uma série de processos fisiol6gicos adaptativos coordenados pelo eixo HHI.
Um peixe com resposta ao estresse prejudicada apresenta uma reducéo significativa da sua capacidade
de elevar o cortisol plasmaético, tornando-se fisiologicamente comprometido e ndo respondendo

adequadamente aos estressores comuns em seu ambiente.

Vérios mecanismos de acdo tém sido estudados e propostos como causadores de bloqueio no
eixo HHI. Efeito na hipofise, mais especificamente no receptor de glicocorticéide cerebral (BGR),
onde se liga o CRH (horménio liberador de corticotrofina) foi observada por Hontela (2006) e Gravel
& Vijayan (2006). Especificamente no tecido interrenal, varios efeitos foram descritos em diversos
estudos. O bloqueio da expressdo de uma proteina chave na cascata de sintese do cortisol, a StAR
(steroidogenic acute regulatory protein) foi relatada por Hontela (2006), Gravel & Vijayan (2006) e
Aluru et al. (2005). A StAR que promove a entrada do colesterol na mitocdndria e a sua transferéncia
para o sitio ativo da P450 “side chain cleavage” (P450scc) com a consequente conversao do colesterol
em pregnenolona que, depois da acdo de mais algumas hidroxilases, dard finalmente origem ao

cortisol (Mommsen et al., 1999).
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Objetivos

Frente & necessidade de um melhor entendimento da fisiopatologia da interrupcao enddcrina
causada pela exposi¢cdo a agroquimicos, e as consequéncias deletérias aos animais no que tange a
interacdo entre homeostase e 0s eventos estressores no ambiente, esse trabalho pretende identificar os

mecanismos de interacdo entre a substancia e os componentes do eixo HHI.
Obijetivos especificos

Como objetivos especificos, o trabalho avaliara o efeito do parationato metilico sobre os seguintes

componentes do eixo HHI:

1. Resposta do eixo hipotalamo-hipd6fise-interrenal;

2. A proteina regulatéria de esteroidogenese aguda — StAR;
3. O receptor de glicocorticoide;

4. As proteinas do choque térmico (HSPs).
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ARTIGO 1

IMPAIRMENT OF CORTISOL RESPONSE TO STRESS IN ZEBRAFISH ACUTELY
EXPOSED TO METHYL-PARATHION

Este capitulo foi escrito de acordo com as normas da Revista Journal of Environmental Science and
Technology, onde foi publicado sob 0 DOI 10.3923/jest.2013.57.62
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ABSTRACT

The current uses of the organophosphorous methyl-parathion (MP) easily allow the pesticide
to reach non-target organisms like fish. This substance was previcusly found as an endocrine
disruptor of the Hypothalamus-Pituitary-Interrenal (HPI) axis. Thus, the cortisol response has
been investigated in waterborne MP (5.2 mg LY exposed adult zebrafish (Danio rerio) sampled
96 h after exposure. Stressed fish exposed to MP contaminated water showed lower levels of whole-
body cortisol. Data demonstrated that MP produced impairment in the cortisol response to stress in
zebrafish. This impairment may reduce the ability of the organism to promote metabolic and ionic
adjustments necessary for the stress response. Fish that are incapable of mounting a normal cortisol
response are likely to have a reduced ability to respond to the continuous challenges imposed on
their homeostatic systems, either by aquaculture practices or by environmental changes.

Key words: Methyl-parathion, HPI disrupten, cortisol response daniorerio, metabolic disturbance

INTRODUCTION

Zebrafish is a good model system to research stress response and its Hypothalamus-Pituitary-
Interrenal (HPI) axis has already been characterized (Alsop and Vijayan, 2009; Fuzzen ef al,
2010). Considering this, it is also useful to aquatic toxicology studies on endocrine disruption of this
axig, which coordinates the stress response in fish (Wendelaar Bonga, 1997). HPI and its peripheral
product, cortisol, play a key role in the metabolie, ionic and physiclogic adjustments necessary for
coping with stress. Consequently, any adverse effect on the functioning of the HPI axis would
compromise the ability of the animal to mount an adequate response to stressors (Hontela, 1998,
2005).

Methyl-Parathion (MP) is an organcphosphorous pesticide largely used in Brazil to avoid
agriculture losses due toinsect attacks. In addition, MP has also been used in fish-culture ponds
to kill the aquatic larvae of the predatory insects (Szarek et al., 2000; Luvizotto-Santos ef al., 2009).
MP, commercially named as Folidel 600% is a “less-persistent” organophosphate insecticide which
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is moderately soluble in water and acutely toxic to fishes (Walton et al., 1997). MP has been shown
to interfere with and disrupt the functioning of the HPI axis in fish such as Rhamdia quelen
(Cericato et al.,, 2008).

Thus, the aim of the present work was to verify the effects of an acute exposure to
sublethal concentrations of methyl-parathion on the cortisol respanse to an acute stressor in adult

zebrafish.

MATERIALS AND METHODS

Fish and housing conditions: Two hundred and forty adult male “wild type” zebrafish
(Danio rerio) were obtained from a commercial supplier (Delphis, Porto Alegre, ES) and acclimated
for three days before the tests in the experimental aquaria (40 L, with constant aerated
dechlorinated tap water), housed in groups of 20 fish, kept under 14-10 h day/night cycle and fed
three times a day with commercial flakes (TetraMin®). All protocols were approved by the
Institutional Animal Care Committee (CEUA-UPF, number 03/2011). Throughout the experiment,
the water temperature was 2842 °C, pH ranged from 6.6 to 7.2 and dissolved oxygen from
592to 7.1 mg L1 Total ammonia was lower than 0.5 mg L1

Experimental design: After acclimation, fish were divided into four experimental groups, each
one housed in six aquaria in a static test design. In the first group fish were kept without
any stressor or Contaminant (C). In the second group (MP) fish were exposed to 5.2 mg L7 of
methyl-parathion (concentration based on previcus results by Bellavere and Gorbi (1984) and on
the most commonly used concentrations in aquaculture stated Luvizotto-Santos et al. (2009) in
the third group (5) fish were exposed to a stressor (60 sec of chasing with a net) and in the last
group (MP+3) zebrafish were exposed to both the stressor and the contaminant. The stressor was
applied after 96 h of exposure, and fish sampled at hour 97, cryoanaesthetized and euthanized
(Wilson et al., 2009) for whole-body cortisol determination (n = 10).

The concentration of MP in water was monitored daily from the moment of the incculation to
until 96 h of exposure period. MP was analyzed by High-Pressure Liquid Chromatography (HPLC)
using the method described specifically for MP by Sabharwal and Belsare (1986) and for other
compounds general by Zanella et al. (2003).

Analytical methods: The extraction and measurement of cortisol was fully described by
Barcellos et al. (2007). Briefly, fish were captured and immediately frozen in liquid nitrogen and
stored at -80 °C until the cortisol extraction. Kach zebrafish was weighed and a pool of three fish
were minced and placed into a disposable stomacher bag with 2 mL of Phosphate Buffered Saline
(PBS, pH 7.4) for 6 min. The contents were transferred to a 10-mL screw top disposable test tube
and b mL of laboratory grade ethyl ether was added. The tube was vortexed for 1 min and
centrifuged for 10 min at 3000 rpm. The tube was then immediately frozen at liquid nitrogen and
the unfrozen portion (ethyl ether containing cortisol) was decanted. The ethyl ether was transferred
to a new tube and completely evaporated under a gentle stream of nitrogen for 2 h, yielding a lipid
extract containing the cortisol. The extract was stored at -20 °C until the ELISA was conducted on
the samples suspended with 1 mlL of PBS buffer. In order to prevent a possible stress response
induced by manipulation, the time elapsed between capture and killing was less than 10 sec. Whole
body cortisol was measured in duplicate samples of tissue extract with a commercially available
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ETAgen™ CORTISOL test (BioChem Immuno Systems). The specificity of the test was evaluated
by comparing the parallelism between the standard curve and serial dilutions in PBS (pH 7.4) of
the tissue extracts. The standard curve constructed with the human standards ran parallel to that
obtained using serial dilutions of zebrafish tissue extracts. In the linear regression test, high
positive correlation (R, = 0.9818) was found between the curves. The intra-assay coefficient of
variation was 3.33-3.65%.

Statistical analysis: Data were expressed as MeantS E.M. and analyzed with Graph Pad
InStat 3.00 statastical package (GraphPad Software, San Diego, California USA), by analysis of
variance (ANOVA) followed by Tukey’s multiple range tests. Statistical significance was aceepted
at p<0.05.

RESULTS

The main result of the present work was the attenuation of whole-body cortisol levels in fish
from MP48 group with values of 21.14£2.33 ng g™! tissue, statically lower than stressed zebrafish
in clear water (34.67+6.25 ng g 'tissue). The mean whole-body cortisol levels are indicated in
Fig. 1. No mortality was observed in all groups.

Immediately after inoculation the concentration of MP measured in the water (5.044 mg L™
was extremely close to the nominal concentration. After 96 h, MP was detected at a concentration
45% lower than inoculated (2.808 mg L™}, Table 1).

Table 1: Daily measured Methyl-parathion concentrations (mg) in water

Measurement moment Measured concentration (mg I1.71)
Immediately after inoculation 5.044
24 h after inoculation 4.368
48 h after inoculation 3.692
72 h after inoculation 3.016
96 h after inoculation 2.808
451
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Fig. 1: Mean whole-body ecortisol (ng g™ £SEM) levels of zebrafish exposed to stress (8),
Methyl-Parathion (MP) or stress plus acute exposition to methyl-parathion (MP+S).
Different letters above the standard error bars indicate a significant difference
between treatment groups (ANOVA followed by Tukey’s multiple range test, p<0.01;
n =10}
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DISCUSSION

The main result of the present work was the attenuation of whole-body cortiscl levels in fish
from MP+S group. A weakened cortisol response to stress is a well-documented phenomenon that
occurs in several fish species following prolonged (Hontela ef al., 1992, 1995, 1997) and acute
exposure to xenobhiotics (Gravel and Vijayan, 2007; Cericato et al., 2008; Hori et al., 2008). In
general, whale-body cortisol levels measured in the present study were similar to levels previously
determined in this species (Ramsay et al., 2006; Barcellos ef al., 2007, 2010).

HPI axis disruption provoked by MP exposure was also verified in the teleost
Rhamdia quelen (Cericato ef al., 2008), but the mechanisms involved were not studied. HPI axis
disruption is a well know phenomenon in fish (Aluru ef al., 2004; Gravel and Vijayan, 2006;
Gravel and Vijayan, 2007). According to our knowledge, the results presented herein are the first
reporting impaired whole-body cortiscl levels in zebrafish exposed to MP.

The possibility that MP impairs the HPI axis in zebrafish by acting directly on the interrenal
tissue cannct be discarded since we previously found a nonresponsive interrenal tissue in 2. quelen
when challenged with adrenocorticotropic hormone (ACTH) (Cericato et al., 2009). Also, we cannot
discard the possibility that this disrupting effect may oceur elsewhere within the HFI axis. Despite
the exact mechanism by which MP blocked the cortisol response, biologically, the fish lost their
capacity to mount an adequate response to cope with a standard stressor and maintain homeostasis.
This attenuation may reduce the ability of the organism to promote metabolic and ionic adjustments
necessary for the stress response. As outlined by Brodeur ef al. (1997), fish that are incapable of
mounting a normal cortisol response are likely to have a reduced ability to respond to the
continuous challenges imposed on their homeostatic systems, either by aquaculture practices or by
environmental changes.

Regarding the substance tested, the organcphosphorous methyl-parathion (Folidol@00?,
800 g ™! of MP) is widely used as an insecticide in food storage and agriculture, as well as in fish
farms to eliminate predatory aquatie insects. Thus, the current uses and practices easily allow MP
to reach non-target organisms like fish (Cericato ef al., 2008). When we put our results into an
environmental context, we perceive that they are very relevant since the concentration used in fish
farms to eliminate predatory aquatic insects ranges from 4 to 8 mg L™ (Luvizotto-Santos ef al.,
2009), very close to the concentration used in the present work.

MP was degraded reducing the real concentration to about 55% of nominal inoculated
concentration after 96 h of exposure, as verified by Sabharwal and Belsare (1986). Thus, fish were
really exposed to sub lethal concentrations for 96 h.

The results presented herein show that MP produced impairment in the cortisol response to
stress in zebrafish at a commonly used concentration. Thus, whole-body cortiscl measurement
might serve as sensitive diagnostic tools for acute exposure of fish to methyl-parathion.
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ARTIGO 2

EFFECTS OF METHYL PARATHION EXPOSURE ON ZEBRAFISH BRAIN GR,
STAR, AND HSP70 GENE EXPRESSION
Este capitulo foi escrito de acordo com as normas da Revista Environmental Toxicology,
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Effects of methyl parathion exposure on zebrafish brain GR, StAR, and hsp70 gene expression
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Abstract

Gene expression patterns of the brain glucocorticoid receptor (GR), steroidogenic acute
regulatory protein (StAR), and heat shock protein 70 (hsp70) have been investigated in
waterborne methyl parathion (MP, 5.2 mg/L)-exposed adult zebrafish (Danio rerio), sampled
96 h after exposure. Stressed fish exposed to MP-contaminated water showed an inhibition of
the brain StAR and hsp70 gene expression. Data demonstrated that MP produced brain StAR

and hsp70 inhibition.

Keywords: methyl parathion, zebrafish, steroidogenic acute regulatory protein, heat shock

protein 70, glucocorticoid receptor
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1. Introduction

Since the zebrafish is a good model system to research stress response and its hypothalamic-
pituitary-interrenal (HPI) axis has already been characterized (Alsop and Vijayan, 2009;
Fuzzen et al., 2010), it might also be useful for aquatic toxicology studies on this axis, which
coordinates the stress response in fish (Wendelaar Bonga, 1997). HPI and its peripheral
product, cortisol, play a key role in the metabolic, ionic, and physiologic adjustments
necessary for coping with stress. Cortisol is secreted and binds to glucocorticoid receptor
(GR), a ligand-activated nuclear transcription factor. GR regulates transcription of the target
genes related to glucose metabolism, immune function, and behavior (Mommsen et al., 1999).
Consequently, any adverse effect on the functioning of the HPI axis would compromise the
ability of the animal to mount an adequate response to stressors (Hontela, 1998, 2005).

In cortisol synthesis, the steroidogenic acute regulatory protein (StAR), which shuttles
cholesterol from the outer to the inner mitochondrial membrane, is a key rate-limiting protein
in steroid synthesis (Stocco et al., 2005).

The brain is not only a target but also a steroid-producing organ, and the steroid
concentrations in the brain fluctuate independently of the plasma cortisol concentrations
(Sierra, 2004). The co-localization of StAR in the brain cells that also express P450scc
demonstrates a similar importance in the production of neurosteroids (King et al., 2002;
Sierra, 2004). These neurosteroids are thought to possess important roles in neuroprotection,
modulation of brain function, and neuronal development (King et al., 2004).

Heat shock proteins (hsps), the other indicators of stress response in fish, represent a
cellular response to stressors (lwama et al., 2004), whose function is to stabilize protein
structures under stress conditions (Willer et al., 2000). Thus, the inhibition of hsp70 might
cause cellular stress with a consequent loss of function. The hsp70 occurs particularly in the

brain regions that coordinate the neuroendocrine response to stress (Blake et al., 1990).
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Interrenal StAR protein and hsp70 might be the targets for toxicants and possible
mechanisms causing disruption on the production of steroids (Aluru et al., 2005; Aluru and
Vijayan, 2006; Gravel and Vijayan, 2006). However, very little is known about the
involvement of brain StAR and hsp70 as the targets for xenobioatics.

Methyl parathion (MP) is an organophosphorus pesticide largely used in Brazil for
avoiding agricultural losses due to insect attacks. In addition, MP has also been used in fish
culture ponds for killing the aquatic larvae of predatory insects (Szarek et al., 2000). MP,
commercially named as Folidol 600°, is a less-persistent organophosphate insecticide, which
is moderately soluble in water and acutely toxic to fishes (Walton et al., 1997).

Thus, the aim of the present work was to verify the effects of an acute exposure to the
sublethal concentrations of methyl parathion (MP) on the expression of brain StAR protein,

hsp70, and GR as the possible targets of this compound in adult zebrafish.

2. Materials and Methods
2.1 Fish, housing, and experimental design
Adult male wild-type zebrafish (Danio rerio) were obtained from a commercial supplier
(Delphis, Porto Alegre, RS) and acclimated for 3 days before the tests in the experimental
aquaria (40 L, with constantly aerated dechlorinated tap water), housed in groups of 20 fish,
kept under 14-10 h day/night cycle, and fed 3 times a day with commercial flakes
(TetraMin®). All the protocols were approved by the Institutional Animal Care Committee
(CEUA-UPF). Throughout the experiment, the water temperature was 28 + 2 °C, the pH
ranged from 6.6 to 7.2, and the dissolved oxygen from 5.2 to 7.1 mg/L. Total ammonia was
lower than 0.5 mg/L.

After acclimation, the fish were divided into 4 experimental groups, each housed in 6

aguaria in a static test design. In the first group, the fish were kept without any stressor or
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contaminant (C). In the second group (MP), the fish were exposed to 5.2 mg/L of methyl
parathion (concentration based on previous results by Bellavere and Gorbi, 1984); in the third
group (S), the fish were exposed to a stressor (60 s of chasing with a pen net), and in the last
group (MP + S), the zebrafish were exposed to both the stressor and the contaminant. Acute
handling stress was applied after 96 h of exposure, and the fish were sampled at hour 97,
cryoanesthetized, and euthanized (Wilson et al., 2009) for brain dissection and gene
expression analysis (n = 6).

2.2 Gene expression

The expression of GR, StAR, and hsp70 genes was analyzed by a semiquantitative reverse
transcription-polymerase chain reaction (RT-PCR) assay. Zebrafish DNA sequences encoding
for GR, StAR, and hsp70 were retrieved from the GenBank database and used for searching
specific primers, which were designed using the Oligos 9.6 program (Table 1). The B-actin
primers were designed as described previously (Chen et al., 2004). TRIzol® reagent
(Invitrogen) was employed for isolating total zebrafish brain RNA, and its purity was
quantified by spectrophotometry. Afterwards, all the samples were adjusted to 160 ng/uL, and
cDNA species were synthesized using SuperScript™ III First-Strand Synthesis SuperMix
(Invitrogen). RT-PCR conditions were optimized in order to determine the number of cycles
that would allow product detection within the linear phase of mMRNA transcript amplification
(Table 1). The PCR reactions were performed using 0.1 uM primers, 0.2 uM dNTP, 2 mM
MgCl,, and 0.5 U Platinum® Tag DNA polymerase (Invitrogen). The PCR products were
submitted to electrophoresis using a 1% agarose gel. The fragment length of the PCR
reactions was confirmed with a low DNA mass ladder (Invitrogen, USA), and p-actin was
carried out as an internal standard. The relative abundance of each mRNA versus -actin was
determined in the organs studied by densitometry using the freeware ImageJ 1.37 for

Windows.
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2.3 Statistics
Data were expressed as mean + SEM and analyzed with the Graph Pad InStat 3.00 statistical
package (GraphPad Software, San Diego, California, USA) by a two-way analysis of variance

(ANOVA), followed by Tukey’s multiple range tests. Statistical significance was accepted at
p <0.05.

Table 1: Primer sequences and PCR amplification conditions

Gene  GenBank Primer sequences (5-3°) PCR Anneling Cycles
acesssion fragment Tm (°C)
number (bp)

GR EF 436284 AACATGCTGTGTTTCGCTCC (forward) 401 62 35

CTGCAAGCATTTCGGGAAAC (reverse)

StAR  BC_075967 TGCTATGTGCAACAAGGGCAAGAAGC 304 62 35

(forward)
GGACATTTACAAAGTCTCTTGGGC

(reverse)

Hsp70 NM_131397 CCACCTGCGCCACGTGGCGTC 343 62 30

(forward)
CCTCCTCGCTGATCTTGCCTTTCAGG

(reverse)

B-actin GTCCCTGTACGCCTCTGGTCG 678 54 35

*

AAC13314  (forward)

GCCGGACTCATCGTACTCCTG (reverse)
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* PCR primer sequences previously described (Chen et al., 2004). Chen, W.-Y., John, J.A.C., Lin, C.-
H., Lin, H.-F., Wu, S.-C., Lin, C.-H., Chang, C.-Y., 2004. Expression of metallothionen gene during
embryonic and early larval development in zebrafish. Aquat. Toxicol. 69, 215-227.

3. Results

No mortality was observed in all the groups. The expression of the brain StAR, hsp70, and GR
genes is depicted in Figure 1. Brain StAR (Fig. 1A) and hsp70 (Fig. 1B) expression in MP + S
zebrafish was statistically lower than in the other treatments (p < 0.05). Concerning brain GR
(Fig. 1C), no differences were found between the MP, S, and MP + S groups, but these

treatments showed high expression ratios when compared to C (p < 0.05).
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Fig. 1. Effects of stress (S), acute exposition to methyl-parathion (MP) or stress plus acute exposition
to methyl-parathion (MP+S) on StAR (A), hsp70 (B) and GR (C) expression in zebrafish brain. Data
expressed as mean + S.E.M. Different letters above the standard error bars indicate a significant
difference between treatment groups (ANOVA followed by Tukey’s multiple range test, p<0.01; n=6).

4. Discussion

The main result found in the present work was the inhibited expression of the brain
StAR protein gene in zebrafish from the MP + S group. The role of the StAR protein in the
brain is not fully described, but the significant decrease in its expression in the MP + S fish
suggests a possible involvement in the HPI axis activation or signaling, pointing to brain
StAR as a possible mechanism of the impairment of steroid synthesis (Arukwe et al., 2008).

Since the brain is a steroid-producing organ (Sierra, 2004) and since neurosteroids are
thought to possess important roles in brain function and neuronal development (King et al.,
2002; King et al., 2004; Sierra, 2004), the verified inhibition of the brain StAR gene
expression in fish exposed to MP (according to our knowledge, the first published results) is a
very instigating result.

The brain StAR expression was also altered in Atlantic salmon exposed to

ethynylestradiol (Lyssimachou and Arukwe, 2007) and nonylphenol (Arukwe, 2005).
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In fact, studies on steroidogenesis disruption focused mainly on the levels of the
steroids and receptor-mediated effects, but little is known about the effects and mechanisms
of endocrine modulators on neural steroid-mediated effects. The current research on
endocrine disruption provoked by chemicals has omitted the examination of the neural
steroids and does not fully cover the process of steroidogenesis (Lyssimachou et al., 2006).

The diminished hsp70 expression in zebrafish in the MP + S group might be an
indicator of cellular stress in the brain, provoked when stress occurs concomitantly to
contamination. As verified in the Arctic char (Aluru et al., 2004), hsp70 inhibition may point
to a loss of neurons, especially those involved in the HPI axis, in response to MP exposure in
zebrafish. Reinforcing this argument, hsp70 occurs in the brain, particularly in regions that
coordinate the neuroendocrine response to stress (Blake et al., 1990).

The brain GR expression in fish from the MP, S, and MP + S groups did not differ.
Similar results were found by Gravel and Vijayan (2006), who exposed rainbow trout
(Oncorhynchus mykiss) to salicylate and reported that brain GR mRNA levels were not
affected. On the other hand, inhibition of GR expression occurred in Salvelinus alpinus
exposed to polychlorinated biphenyls (PCBs) (Aluru et al., 2004). The difference between
these results could be related to different exposure intervals, pharmacological differences of
the contaminants, and/or variations in the protocols employed.

Regarding the substance tested, organophosphorus methyl parathion (Folidol 600®,
600 g/L of MP), it is widely used as an insecticide in food storage and agriculture as well as in
fish farms for eliminating predatory aquatic insects. Thus, the current uses and practices easily
allow MP to reach non-target organisms like fish (Cericato et al., 2008).

Finally, since we did not measure the expression of StAR and hsp70 in the interrenal

tissue, our data did not fully support nor deny the relationship between a possible impairing
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on cortisol levels and the inhibited brain StAR and hsp70. However, the inhibition of StAR
and hsp70 genes in stressed fish exposed to MP is a very instigating result.

Altogether, the results presented herein show that MP produced impairment in brain
StAR and hsp70 gene expression. Thus, the expression of these proteins in the brain might
serve as sensitive diagnostic tools for the acute exposure of fish to methyl parathion and as an

initial point for studying the effects of MP on neurosteroid production.
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DISCUSSAO

Em relacdo a substdncia testada, o organofosforado parationato metilico
(Folidol600®), apresenta alta persisténcia ambiental (Huang et al., 2011), sendo bastante
grande a chance desses residuos atingirem organismos ndo alvo como peixes (Cericato et al.,
2008). Além do MP ser um inseticida utilizado na agricultura, também ¢ aplicado em tanques
de piscicultura com o objetivo de eliminar a fase larval aquatica de insetos predadores. A
contaminacdo acidental de animais do ecossistema aquético, ou a exposi¢do proposital dos

peixes, pode reduzir sua habilidade em responder adequadamente a algum estimulo estressor.

Esse efeito pode ser devido a interrup¢do enddcrina do eixo HHI. Uma resposta ao
estresse enfraquecida, caracterizada pela diminuicdo dos niveis de cortisol, € um fenémeno
bem documentado que ocorre em varias espécies de peixes, tanto em exposicdo prolongada
guanto exposicdo aguda a xenobioticos. Uma resposta de cortisol reduzida, apds um evento
agudo de estresse, € um fendmeno que ocorre em Varias espécies de peixes expostos a
xenobidticos. Outras evidéncias do bloqueio do eixo HHI apds a exposicdo aguda a
agrotoxicos foram relatadas por Gravel e Vijayan (2007), que observaram uma inibicao
adaptativa do cortisol plasmatico em trutas alimentadas com racdo artificialmente
contaminada com salicilato. Em geral, os niveis de cortisol de corpo inteiro medidos nesse
estudo foram semelhantes aos niveis previamente determinados nesta espécie (Ramsay et al.,
2006; Barcellos et al., 2007). Os resultados desse trabalho, evidenciados no artigo 1,
demonstra que 0s peixes expostos ao parationato metilico ndo responderam de forma

satisfatdria ao estresse agudo a que foram submetidos.

Véarios mecanismos de acdo tém sido estudados e propostos como causadores de
bloqueio no eixo HHI. Efeito na hipdfise, no receptor de glicocorticoide cerebral (BGR), onde
se liga o CRH (hormdnio liberador de corticotrofina), foi observada por Hontela (2006) e
Gravel & Vijayan (2006). Given et al (1977) encontraram uma diminuicdo da esteroidogenese
em células adrenais expostas a parationato. O bloqueio da expressdo de uma proteina chave na
cascata de sintese do cortisol, a proteina reguladora de esteroidogenese aguda (steroidogenic
acute regulatory protein - StAR) foi relatada por Hontela (2006), Gravel & Vijayan (2006) e
Aluru et al. (2005). A inibicdo da transcricdo/traducdo da StAR resulta em queda da
biossintese de esterdides. Gravel and Vijayan (2007) sugerem que o mecanismo de acdo do
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salicilato envolve a inibi¢do da proteina StAR e 0 do GR, que sdo proteinas essenciais para a

producdo de cortisol e para a resposta do tecido-alvo a esse esteroide, respectivamente.

A proteina StAR ja foi reconhecida como alvo de interrupgdo enddcrina mediada por
xenobidticos em animais, incluindo peixes (Aluru and Vijayan, 2006; Aluru et al., 2005). A
expressao do gene da proteina StAR no cérebro foi inibida em peixes do tratamento de MP +
S. O papel da proteina StAR no cérebro ndo foi totalmente descrito, mas a diminuicao
significativa na sua expressdao em peixes do grupo MP + S sugere um possivel envolvimento
na ativacao ou sinalizagdo do eixo HPI, contribuindo para a resposta de cortisol prejudicada
verificada. Uma vez que estes peixes apresentaram um menor aumento dos niveis de cortisol,
a inibicdo da StAR no cérebro pode ser um mecanismo de interrup¢do endocrina eixo HHI. A
Ruptura do eixo HHI provocada pela exposicdo do MP verificou-se também no teledsteo
Rhamdia quelen (Cericato et al., 2008), mas os mecanismos envolvidos ndo foram estudados.
Em apoio esta hipdtese, peixes expostos a fracdo sollvel do petréleo demonstraram
diminuicdo da expressdo de StAR no cérebro concomitante a alteracdes nos esteroides
testosterona e 17 B-estradiol, apontando para a proteina StAR no cérebro como sendo um
potencial alvo no mecanismo de comprometimento do eixo hipotdlamo-hipo6fise-gonadal
(Arukwe et al., 2008). A expressdo da StAR no cérebro também apresentou alteracdo em
salmdo do Atlantico expostos a etinilestradiol (Lyssimachou e Arukwe, 2007) e nonilfenol
(Arukwe, 2005). Apesar do fato de que o envolvimento da proteina StAR na desregulacéo do
eixo HPI é um fenémeno j& conhecido em peixes (Aluru et al., 2005), os resultados aqui
apresentados sdo o primeiro relato da diminuicdo concomitante de niveis da proteina StAR no

cérebro e niveis de cortisol de corpo inteiro em peixes expostos ao MP.

Normalmente, os estudos sobre a interferéncia na esteroidogénese sdo focados
principalmente nos efeitos mediados por diferentes niveis de esteroides, porém pouco se sabe
sobre os efeitos mediados por mecanismos moduladores de esteroides neurais. Os niveis de
expressdao de GR no cérebro dos peixes dos grupos MP, S e MP + S ndo apresentaram
diferencas significativa. Resultados semelhantes foram encontrados por Gravel and Vijayan
(2006), em truta arco-iris (Oncorhynchus mykiis) expostas a salicilato, onde relatou que 0s
niveis de RNAm para GR no cérebro ndo foram afetados. Por outro lado, a inibi¢cdo da
expressdao de GR ocorreu em Salvelinus alpinus expostos a bifenilos policlorados (PCB)
(Aluru et al., 2004). A diferenca entre estes resultados poderia estar relacionada com
intervalos de exposicdo diferentes, diferengas farmacologicas entre contaminantes e/ou

variagdes nos protocolos empregados.
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A expressdo diminuida de hsp70 no grupo MP + S pode ser um indicador de estresse
celular no cérebro provocado na ocorréncia concomitante do estimulo estressor e a
contaminacdo, em resposta a exposicao de MP no zebrafish. Como verificado em Aluru et al.
(2004), em salméo do Avrtico, a inibicdo de hsp70 pode indicar uma perda de neurdnios,
especialmente os envolvidos no eixo HHI. Reforcando esse argumento, Blake et al. (1990)
afirma que a hsp70 ocorre também no cérebro, particularmente nas regides que coordenam a
resposta neuroenddcrina ao estresse. O aumento da expressdo de chaperonas auxilia no reparo
de proteinas danificadas pelo desafio de estresse e também regula a sintese de novas proteinas
em substituicdo daquelas degradadas (Fishelson, 2001). A capacidade de adaptacdo através do
mecanismo das HSPs representa um grande sucesso na adaptacdo dos seres vivos ao ambiente
a que estdo expostos, sendo esse um indicio de seu grande valor evolutivo (Peetermans,
1995). Em todos os organismos, a indugdo das HSPs é muito répida e intensa, mantendo o
carater emergencial da resposta (Minowada & Welch, 1995). A habilidade de responder com
sucesso a adaptagdo em um novo ambiente é critica para a sobrevivéncia, e representa uma

estratégia evolutiva muito importante.

Com estas informacgOes, percebe-se que 0 agroquimico parationato metilico
aparentemente exerce um efeito deletério aos peixes expostos, agindo em nivel de sintese de
proteinas essenciais ao correto funcionamento do eixo HHI, mais especificamente na sintese
da proteina StAR. Esse efeito deletério sugere uma inibicdo da sintese dessa proteina, ja que

0s grupos tratados apresentaram niveis inferiores.
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CONCLUSAO

1 — O principal resultado no que diz respeito ao eixo hipotdlamo-hipofise-interrenal é a
atenuacdo do mesmo, respaldada pela diminuicdo dos niveis de cortisol de corpo inteiro,

observada no grupo MP+S.

2 — Em relacdo a proteina StAR, foi observada a inibicdo da expressdo do gene que codifica

essa proteina no cérebro. Essa inibicdo foi observada no grupo MP+S.

3 — Os niveis de expressdo de GR no cérebro dos peixes dos grupos MP, S e MP + S ndo

apresentaram diferencas significativas.

4 — Em relacdo a HSP70, foi observada uma diminuicdo da concentracdo dessas proteinas no

cérebro no grupo MP+S, causada pelo principio ativo.
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PERSPECTIVAS FUTURAS

A partir dos resultados encontrados nos estudos apresentados, serd possivel elucidar os
exatos mecanismos de acdo desses agroquimicos a nivel celular. Através da pesquisa com 0s
agroguimicos, dos complexos processos que causam danos as células, é possivel avaliar os

danos das contaminacdes ambientais em nivel de organismo.
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