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Resumo

O glifosato é um herbicida ndo- seletivo e pds emergente que atua diretamente no
crescimento da planta. Em organismos néo-alvo pode acarretar em efeitos adversos
como desregulador endocrino, causador de estresse oxidativo e pode vir a causar
disturbios comportamentais. Drosofilideos tém se mostrado como uma eficaz
ferramenta para estudos toxicoldgicos. No presente estudo foram investigados os efeitos
do Roundup Original (360 g/L de glifosato) em pardmetros de estresse oxidativo,
sistema de defesa antioxidante e atividade acetilcolinesterésica utilizando a Drosophila
melanogaster como modelo. Moscas (ambos os géneros) de 1 a 3 dias de emersdo foram
expostas a diferentes concentragdes de glifosato (1,0; 2,0; 5,0; 10,0 mg/L) no meio de
cultivo por 24 e 96h. Apds o periodo de exposicdo foram quantificados os niveis de
espécies reativas de oxigénio (EAO), capacidade antioxidante total contra radicais
peroxil (ACAP) e dano lipidico (LPO). Foram ainda realizadas analises de expressao
génica através de RT-PCR para genes atuantes no sistema de defesa antioxidante
(keapl, nrf-2, sodl, sod2, cat, catir, gclc, gclm, gs, trxrl e trxr2). Além disso, foi
analisada a atividade da acetilcolinesterase (AChE) para o tempo de 96h. Foi visto um
aumento nos niveis de EAO para o tempo 96h. Os niveis de ACAP bem como a
expressdo dos genes tiveram um aumento a partir de 24h, enquanto que LPO e a
atividade da AChE néo foram afetadas apds a exposi¢cdo ao Roundup. Nossos dados
sugerem que a exposi¢do da D. melanogaster ao Roundup faz com que o sistema de
defesa antioxidante seja ativado e isso pode vir a evitar danos subsequentes causados
através do EAO. Através do presente estudo conclui-se que essa espécie mostrou-se
sensivel frente a exposicdo ao Roundup e essa sensibilidade poderia via a causar efeitos
ao nivel de populacdo, onde uma das possiveis consequéncias seriam a diminuicéo

dessa espécie em termos de abundancia.



Introducéo Geral

Durante a producédo de alimentos, os herbicidas desempenham um papel muito
importante atraves do controle de ervas daninhas (Stephenson et al., 2006).
Antigamente, por meados de 1940, ndo havia muitos herbicidas disponiveis no mercado
e a escolha entre eles se limitava ao tipo de acdo de cada um (Lein et al., 2004). Trinta
anos apds houve o aumento na producgdo de herbicidas, ndo apenas em quantidade, mas
também em diversidade de formulagdes com os mesmos ingredientes ativos e com
diferentes nomes comerciais (Lein et al., 2004).  De maneira geral, os herbicidas
apresentam ainda duas classes com base a sua forma de aplicacdo: ao solo e as folhas.
Esse ultimo pode ainda ser dividido em herbicidas de contatos, os quais tém o seu efeito
somente quando entram em contato com a planta, e herbicidas sisttmicos, que sdo
absorvidos pela planta e transportados tanto pelo floema quanto pelo xilema aos seus
sitios de acdo, que normalmente sdo as regides de crescimento ativo, de reproducdo ou

ainda de armazenamento (Gwynne e Murray, 1985).

Dentre os herbicidas sisttmicos, podemos destacar 0s que s@o inibidores da
sintese de aminoAcidos aromaticos, onde se encaixa o0 glifosato [N-
(fosfonometil)glicina] (Fig.1). Esse é um herbicida ndo seletivo e p6s-emergente que
atua diretamente com o crescimento da planta (Ross e Childs, 1996). A enzima 5-
enopiruvil-3-shikimato-fosfato-sintase (EPSPS) estd envolvida na sintese de
aminoacidos aromaticos (tirosina, triptofato e fenilalanina), os quais sdo responsaveis
por fungdes essenciais nas plantas (Stephenson et al., 2006). O mecanismo de agdo do
glifosato é bloquear a agdo dessa enzima, ocorrendo um acumulo de shikimato na planta
e uma perda de aminodcidos arométicos que sdo necessarios para a producdo de

enzimas essenciais para o crescimento da planta (Ross e Childs, 1996).



Os herbicidas séo responsaveis por cerca de 40% do volume de pesticidas
utilizada em todo 0 mundo e o glifosato € um dos herbicidas mais usados na agricultura,
silvicultura e horticultura (incluindo uso domeéstico) (US EPA, 2011). Além disso, o
glifosato € um dos primeiros herbicidas contra as quais diferentes culturas (por
exemplo, soja, milho, algoddo) tém sido geneticamente modificadas (James, 1997).
Assim, espera-se que a expansao de culturas resistentes ao glifosato ird aumentar ainda

mais a utilizacdo deste pesticida.
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Figura 1. Estrutura molecular do glifosato (N-
(fosfonometil)glicina). Retirado de Fouodjouo
et al.(2015).

Apesar de o glifosato apresentar um modo de acéo que atue por inibir a EPSPS,
que existe exclusivamente em plantas, alguns autores ja relataram efeitos adversos em
organismos ndo-alvo (Sandrini et al., 2013; Mottier et al. 2015; Larsen et al., 2012;
Thongprakaisang et al., 2013). Porém, o glifosato € utilizado em larga escala através de
diversas formulagOes comerciais presentes no mercado (dentre elas, o Roundup), onde
ao ingrediente ativo (glifosato) sdo adicionadas substancias conhecidas como
surfactantes, que tem por fungdo aumentar a eficacia do herbicida (Giesy et al., 2000) e
a esses tém sido atribuido os efeitos negativos do mesmo. Estudos comparativos em
organismos ndo-alvo ja relatam que o glifosato possui uma menor toxicidade quando
comparado com suas formulagfes comerciais (Brausch e Smith, 2007; Mottier et al.,
2013). Dentre outras informacdes sobre o glifosato, sabe-se que ele tende a ser inativado

pelo solo através de sua ligacdo com ions especificos (metais) ou com substancias



himicas. Quando o glifosato esta livre no solo ele é degradado a CO, através da
atividade microbiana (Amarante Jr. et al., 2002). Registros de glifosato ja foram
documentados em solos argentinos por Peruzzo et al. (2008), onde apds aplicacdes de
glifosato foram encontradas concentragdes que variaram de 0,1 a 0,7 mg/L em agua, 0,5
a 4,3 mg/Kg em solo sem agua e 0,0 a 4,9 mg/Kg em sedimento (solo com agua). Com
relacdo a meia-vida desse composto em solo, Wauchope et al. (1992) relatam que a
meia-vida pode chegar até 174 dias e Giesy et al. (2000) sugerem que essa variacao
ocorra de 2 até 197 dias. Ainda, Toni et al. (2006) relataram uma variacdo temporal de
menos de uma semana até alguns meses, sendo esse tempo determinado por fatores

como: teores de argila e matéria organica e do nivel de atividade microbiana.

Disturbios no meio ambiente (como a presenca de herbicidas) tendem a
perturbar 0s organismos de uma maneira a gerar 0 que é conhecido por estresse
oxidativo: um processo no qual ha um desbalanco na producdo de espécies ativas de
oxigénio (EAO) e do sistema de defesa antioxidante (SDA), podendo culminar em dano
oxidativo (Sies, 1991). Uma das fontes de EAO é através do metabolismo energético
pela cadeia transportadora de elétrons e da fosforilacdo oxidativa, onde de maneira geral
0 oxigénio € reduzido a 4gua acoplado a producdo de ATP. Durante esse processo cerca
de 0,1% do oxigénio consumido pode vir a gerar EAO (Fridovich, 2004). Dentre os
tipos de EAO temos o perdxido de hidrogénio, o radical anion superdxido e o radical
hidroxila, onde esses tem a capacidade de reagir com biomoléculas como proteinas,
lipideos e até mesmo no DNA, levando ao mal funcionamento das organelas
membranosas, dos processos enzimaticos e da manutencdo da informacdo genética

(Fridovich, 2004; Storey, 1996; Sies 1991).

Para minimizar os danos causados pelas espécies ativas de oxigénio, 0s

organismos desenvolveram um SDA que pode ser dividido de maneira geral em duas
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classes: defesa antioxidante enzimatica e ndo enzimatica. No sistema de defesa
enzimatico estdo incluidas enzimas como a superdxido dismutase (SOD), catalase
(CAT), glutationa peroxidade (GPx), glutationa S-transferase (GST), tiorredoxina (Trx),
tiorredoxina redutases (Trx) bem como as enzimas relacionadas com a sintese de
antioxidantes ndo enzimaticos. Ja no SDA nédo enzimatico séo encontradas moléculas de
baixo peso molecular como a glutationa (GSH), o acido ascorbico, a melanina, a
melatonina e o acido urico, por exemplo (Hermes-Lima, 2004). Ja se sabe também que
todos esses componentes atuam de forma cooperativa a fim de manter uma defesa
antioxidante efetiva para o organismo através da interceptacdo, degradacdo e/ou
correcdo dos danos causados pelas EAO (Regoli e Winston, 1998; Amado et al., 2009).
Muitos estudos utilizam os niveis das enzimas bem como os niveis de componentes do
sistema de defesa ndo-enzimatico (principalmente a GSH) e respostas de aumento de
dano (lipidico, proteico e de DNA) como parametro para avaliacdo da presenca de
EAO, bem como a resposta do SDA, frente a exposicdo a diferentes contaminantes

(Monserrat et al., 2007).

Um dos mecanismos de toxicidade do glifosato e herbicidas a base de glifosato
(dentre eles o Roundup) em organismos ndo-alvo é a geracdo de estresse oxidativo,
onde ja foi visto que eles sdo capazes de alterar o SDA, bem como produzir EAO e/ou
dano oxidativo. Um mecanismo proposto para a geragdo de EAO através da
administracdo do Roundup ¢ devido as disfun¢es mitocondriais, onde Peixoto (2005)
viu que mitocondrias de ratos isoladas expostas a concentragdo de 5mM apresentaram
uma diminuicdo de cerca de 91% na atividade da ATP sintase, enfatizando um
desbalanco energético. Além disso, foi visto que houve uma diminuicdo no potencial
transmembrana mitocondrial, o qual é essencial para a eficiente conversdo de energia

advinda dos processos oxidativos na cadeia de elétrons em ATP pela fosforilacdo
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oxidativa. O autor nos traz que disfuncdes energéticas como essa podem ser as

causadoras diretas na producédo do EAO.

O incremento na producdo de EAO em animais expostos ao glifosato ou a
herbicidas a base de gifosato jA foram sugeridas em alguns organismos, através da
visualizacdo de alteracbes no SDA. Minhocas que foram expostas a0 Roundup Ultra
apresentaram um incremento na atividade da SOD e CAT, sugerindo que esse aumento
tenha sido causado devido a presenca de EAO (Contardo-Jara et al., 2009). Ja foi visto
também que ostras expostas ao Roundup de maneira cronica (56 dias em uma
concentracdo de 100 pg/L) apresentaram um aumento da GST, reforcando a ativacao de
um sistema de defesa antioxidante devido as condi¢bes pré-oxidantes que foram

propostas (Mottier et al., 2015).

Com relacdo aos danos oxidativos, sabe-se que esse herbicida tem a capacidade
de causar danos lipidicos, como foi reportado por Modesto e Martinez (2010a) que
viram um aumento da lipoperoxidacdo em peixes expostos as concentracdes de 1 e 5
mg/L pelo periodo de 6h. Nesse estudo a presenca do dano foi correlacionada com a
diminuicdo da atividade das enzimas do SDA. Sinhorin et al. (2014) relataram também
um aumento de dano lipidico e protéico no peixe surubim Pseudoplatystoma sp apds a
exposicdo ao Roundup para uma concentracdo maxima de 7,5 mg/L, o que nos sugere
gue o Roundup é capaz de aumentar 0s niveis de espécies ativas de oxigénio, onde essas
seriam responsaveis pelos danos subsequentes. Ja foi relatado também o aumento da
peroxidacdo lipidica em jundias Rhamdia quelen apds 96h de exposi¢cdo ao Roundup
nas concentragdes de 0,2 e 0,4 mg/L (Glusczak et al 2007). Nesse ponto, além de
enfatizar essas andlises para uma possivel determinacdo do balan¢o redox dos
organismos, cabe ressaltar que o Roundup pode estar agindo de uma maneira espécie-

especifica, onde uns apresentam maior sensibilidade do que os outros.
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Dentre alguns outros efeitos do glifosato e de suas formulacGes cabe ressaltar a
inibicdo da atividade da enzima acetilcolinesterase (AChE) (Sandrini et al., 2013). Essa
¢ uma enzima que atua na fenda sindptica ou juncdo neuromuscular quebrando a
acetilcolina (ACh) em acetato e colina. A inibicdo dessa enzima causa um acumulo de
ACh e isso pode interferir diretamente na transmissao colinérgica, causando disturbios
locomotores que podem vir a interferir, por exemplo, na fuga de predadores e
reproducdo (Saglio e Trijasse, 1998; Bretaud et al., 2000). Essa diminuicéo na atividade
da AChE ja foi vista por Modesto e Martinez (2010b) em peixes Prochilodus lineatus
apos 24h e 96h de exposicdo ao Roundup, onde as autoras sugerem que essa diminui¢édo
da atividade da enzima pode afetar os parametros comportamentais. Resultados
contrarios a esses ja foram reportados por Harayashiki et al. (2013), onde a exposi¢édo
do peixe Poecilia vivipara ndo causou diferencas na atividade da AChE, podendo
corroborar com a hipotese de que o Roundup pode atuar de maneira espécie-especifica,
ou ainda essa resposta pode ter sido devido as baixas concentracdes empregadas (130 e
700 pg/L). De qualquer maneira, essa € uma analise bastante importante uma vez que
alteracdes na atividade dessa enzima podem afetar também a parte comportamental do

animal.

Em insetos ja foi visto que houve uma diminuicdo na fertilidade e fecundidade,
bem como o desenvolvimento de tumores na regido abdominal apds a exposi¢édo a uma
formulacdo comercial de glifosato (Glifoglex) em uma espécie de Neuroptera
(Schneider et al., 2009). Para drosofilideos ja foi reportado que o glifosato, em
concentracdes de 0,1 a 10mM é capaz de causar efeitos genotoxicos que foram vistos
através do “wing spot test” que € um teste de mutacao somatica e recombinagdo gé€nica

(SMART) (Kaya et al., 2000).
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A fim de investigar os efeitos do Roundup, se fez necessario a escolha de um
organismo-modelo e houve grande interesse nos insetos, pois esses apresentam
importancia ecologica no ambiente terrestre, participando, por exemplo, da polinizacéo
de flores (Powell, 1997), como consumidores primarios e como fonte de alimento para
outros organismos (Resh e Cardé, 2009). Dentro de Insecta, podemos citar 0s
drosofilideos, que serviram de modelo para diversos estudos, havendo informacdes
sobre ecologia, biologia de populacdo, sistematica comportamento, genética,
desenvolvimento e biologia molecular (Resh e Cardé, 2009). Sabe-se também que é
vantajoso a sua utilizacdo devido ao seu tamanho reduzido, dimorfismo sexual, ciclo de
vida curto e grande fecundidade. Além de serem organismos de facil cultivo em
laboratdrio, com poucas exigéncias nutricionais e baixo custo, a espécie Drosophila
melanogaster apresenta seu genoma sequenciado (Adams et al., 2000). Por fim, mas nao
menos importante, drosofilideos tem sido amplamente utilizados em ensaios
toxicoldgicos onde, apds serem empregados diferentes compostos quimicos, diversos
ensaios tem sido aplicados com sucesso, como por exemplo, expressdo de genes do
SDA, ensaios comportamentais, determinacdo de dano lipidico e protéico (Sudati et al.,
2013), determinacédo de EAO, atividade enzimatica (SOD, CAT, GPx, AchE), contetdo
de tiois totais (Abolaji et al., 2015) bem como ensaios para verificar a genotoxicidade
dos compostos (Kaya et al., 2000). E importante ressaltar que analises do sistema de
defesa antioxidantes de drosofilideos ja vém sendo reportadas. Gupta et al. (2005) expds
larvas de terceiro instar de Drosophila melanogaster a uma faixa de concentracédo de 0,1
a 100,0 ppb de um inseticida organofosforado e viu que houve uma diminuicdo da
AChE, aumento da atividade da SOD e CAT, bem como a producdo de dano lipidico.
Em outro ensaio, para 0 mesmo inseticida numa faixa de 0,1 a 15 ppb, foi visto o

aumento da atividade enzimatica da SOD e CAT, bem como uma diminuicdo da GSH e
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aumento de dano lipidico (Gupta et al., 2007). Esses dados corroboram com a afirmativa
de que a Drosophila é um organismo-modelo ideal para verificacdo dos efeitos do

Roundup.
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Objetivos gerais

Com base no que foi proposto, o objetivo geral do estudo foi analisar os efeitos
do herbicida Roundup em pardmetros de estresse oxidativo, sistema de defesa
antioxidante e atividade acetilcolinesterdsica na mosca-da-fruta Drosophila

melanogaster.

Obijetivos especificos

- Determinar os efeitos do Roundup sobre a viabilidade de adultos de D.

melanogaster;

- Analisar alteracBes nos niveis de espécies ativas de oxigénio, capacidade

antioxidante e peroxidacdo lipidica em D. melanogaster apds a exposi¢cdo ao Roundup;

- Determinar a expressdo de enzimas chave no sistema de defesa antioxidante

frente a exposi¢do ao Roundup;

- Verificar a atividade enzimatica da acetilcolinesterases de drosofilideos expostos

ao Roundup.
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Highlights

Drosophila melanogaster were exposed to the herbicide Roundup.
Herbicide exposure altered reactive oxygen species levels.

Roundup induced the antioxidant defense system at biochemical and
molecular levels.
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Abstract

Glyphosate is a non-selective and post-emergent herbicide that affects plant growth.
Animal exposure to this herbicide can lead to adverse effects such as endocrine
disruption, oxidative stress and behavioral disorders. Drosophilids have been utilized
previously as an effective tool within toxicological tests. In the present study, the effects
of glyphosate-based herbicide (Roundup Original) were investigated regarding
oxidative stress, antioxidant defense system and acetylcholinesterase activity within
Drosophila melanogaster. Flies (both gender) of 1 to 3 days old were exposed to
different glyphosate concentrations (1.0, 2.0, 5.0 and 10.0 mg/L) in the diet for 24 and
96h. After the exposure periods, reactive oxygen species (ROS) levels, antioxidant
capacity against peroxyl radicals (ACAP) and lipid damage (LPO) levels were
quantified. In addition, the mRNA expression of antioxidants genes (keapl, nrf-2, sod1,
sod2, cat, catir, gclc, gclm, gs, trxt, trxrl e trxr2) were evaluated via RT-PCR. In
addition, acetylcholinesterase (AChE) activity was evaluated only after the 96h
exposure period. Results indicated that Roundup exposure leads to a reduction in ROS
levels in flies exposed for 96h. ACAP levels and gene expression of the antioxidant
defense system presented an increase from 24h, while LPO did not show any significant
alterations in both exposures periods. AChE activity was not affected following
Roundup exposure. Our data suggest that Roundup exposure causes an early activation
of the antioxidant defense system in D. melanogaster, and this can prevent subsequent

damage caused by ROS.

Keywords: Roundup, oxidative stress, gene expression, reactive oxygen species.
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1. Introduction

Herbicides represent 40% of total pesticides used worldwide. In particular,
glyphosate-based herbicides are among the most employed herbicides for multiple
purposes in agriculture, silviculture, horticulture, and domestic uses (US EPA, 2011).
Glyphosate [N-(phosphonomethyl)glycine] is a non-selective and post-emergent
herbicide compound that interferes directly with plant growth. Its mode of action is via
the inhibition of the 5-enolpyruvil-3shikimate-phosphate-sintase (EPSPS) enzyme that
is involved in aromatic amino acid synthesis, which are responsible for essential
functions in plants (Stephenson et al., 2006). Although targeted enzyme is present only
in microorganisms and plants, adverse effects of glyphosate exposure in animals have
been reported in literature (Larsen et al., 2012; Sandrini et al., 2013; Mottier et al.,
2015). Nevertheless, this herbicide is employed on a large scale and as several
commercial formulations (e.g. Roundup). These formulations may include inert
substances recognized as surfactants, in addition to glyphosate. Such formulations have
presented higher toxicity when compared with glyphosate by itself (Giesy et al., 2000).
Environmental analyses regarding the presence of this herbicide have reported
significant levels in areas located close to application sites such as river-water,
sediments and soil (Peruzzo et al., 2008).  Disturbances in the environment, such as
pesticides, commonly affect organisms by inducing a physiological situation referred as
oxidative stress (Monserrat et al., 2007). This situation is defined as an imbalance
between reactive oxygen species (ROS) production and the antioxidant defense system,
in favor of the former, culminating in the generation of oxidative damage (Sies, 1993).
In order to minimize such damage, an organism responds via increasing the activity of
its antioxidant defense system, which is comprised of both enzymes and non-enzymatic

molecules. Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx),
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glutathione S-transferase (GST), thioredoxin reductase (Trxr) as well as enzymes related
to the synthesis of low molecular weight scavengers (such as glutathione (GSH) and
ascorbic acid), are among the primary enzymes related to this activity (Halliwell and
Gutteridge, 2007). The generation of oxidative stress represents a toxicity mechanism
suggested for glyphosate and glyphosate-based herbicides in non-target organisms. It
has been demonstrated that exposure to such contaminants can alter antioxidant defense
systems as well as induce ROS and oxidative damage in oysters (Mottier et al., 2015),
earthworms (Contardo-Jara et al., 2009) and several fish species (Glusczak et al., 2007;
Modesto and Martinez, 2010a; Sinhorin et al., 2014). However a clear pattern of effects

cannot be demonstrated, since such parameters vary in a species-specific manner.

Another glyphosate and Roundup toxicity mechanism is the inhibition of
acetylcholinesterase (AChE) activity (Modesto and Martinez 2010a; Modesto and
Martinez 2010b; Sandrini et al., 2013). This enzyme acts in the synaptic cleft and
neuromuscular junctions of vertebrates, causing the breakdown of acetylcholine into its
base compounds, acetate and choline. Inhibition of AChE results in neurotransmitter
accumulation and subsequent interference with the cholinergic pathway, causing muscle
hyper stimulation and disturbances in movement. Consequently, behavioral processes

such as predator escape and reproduction may be affected by this (Bretaud et al., 2000).

Only a few studies have reported glyphosate and glyphosate-based herbicide
effects on insects. Previous literature demonstrates that Roundup may cause a reduction
in fertility and fecundity as well as abdominal tumor development in neuropteran
species (Schneider et al., 2009). Furthermore, in Diptera, it has been reported that
glyphosate causes genotoxicity effects in Drosophila melanogaster (Kaya et al., 2000)
although the mechanism was not determined. Insects present significant ecological

importance in the terrestrial environment as they contribute to flower pollination and
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serve as both primary consumers and as a food source for other organisms. Beyond this,
drosophilids have been employed as model organisms in a range of studies, facilitating
scientific development within systematics, ecology, behavior, genetics, ontogenetic
development and molecular biology (Resh and Cardé, 2009). Also, use of insects as a
powerful toxicological tool has been previously proposed (Rand et al., 2010). Therefore,
investigating the effects of glyphosate on drosophilids may elucidate defense
mechanisms and toxicological effects for this species, which could aid in predicting the
effects of this herbicide on insects. Thus, the objective of the present study was to
analyze the Roundup effects with respect to mortality, oxidative stress parameters,
antioxidant defense mechanisms and acetylcholinesterase activity with the fruit-fly

Drosophila melanogaster as a model organism.

2. Material and Methods

2.1. Model organisms

Drosophila melanogaster harwich stocks were provided by the Santa Maria
Federal University — Brazil (Universidade Federal de Santa Maria — UFSM). Stocks
were then maintained in the Terrestrial Animal Room at the Federal University of Rio
Grande — Brazil (Universidade Federal do Rio Grande — FURG). Flies were reared at
25°C in a 12:12h light dark cycle, in flasks (300ml) containing a conventional
Drosophila medium composed of banana, corn flour, and yeast supplemented with the

mold inhibitor nipagin.

2.2. Toxicological Tests

Experimental procedures followed the protocol described by Abolaji et al.

(2014). The Roundup® (Monsanto) was employed. This herbicide includes in its
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formulation glyphosate (CAS number 1071-83-6) at a final concentration of 360g/L,
along with other inert ingredients. Four different concentrations were tested (1.0 mg/L,
2.0 mg/L, 5.0 mg/L and 10mg/L), which are equivalent to glyphosate concentration
present in the commercial formulation. Herbicide was added directly during the
preparation of the exposure media and transferred to 30 ml vials. The exposure media
was composed of water, yeast extract, sugar, milk powder, agar and nipagin. Newly
reared 1-3 day old flies were grouped into sets of 30 (15 males and 15 females) and
placed into flasks containing the experimental media (control and Roundup). Each
treatment consisted of at least three replicates. The number of dead flies was registered

every day. The media was not renewed until the end of both exposures times.

2.3. Oxidative Stress Markers

Concerning reactive oxygen species (ROS) and antioxidant capacity against
peroxyl radicals, animals were sacrificed in ice and them separated in pools of 15
animals per sample (n=3-5 per experimental group). In each sample it was added 200
puL of cold buffer (Tris HCI 10mM) with pH adjusted for 7.2. The extracts were
centrifuged (2000 x g, 20 min at 4 °C) and the supernatant employed for the subsequent
analyses. The protein content was measured according to the Bradford (1976) method
and bovine serum albumin as employed as standard.

Reactive oxygen species (ROS) were determined via the use of 2,7-
dichlorofluorescein diacetate (H,DCF-DA — Molecular Probes) following the protocol
of Myhre and Fonnum (2011). Fluorescence area was calculated via integration analysis
of arbitrary fluorescence units per unit of time. Since protein content varied between
samples (data not show), results were presented as fluorescence area/animal and

expressed relative to the control group.
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Antioxidant capacity against peroxyradicals (ACAP) was determined according
to the methodology of Amado et al. (2009) employing the thermal decomposition
(37°C) of 2,2'-azobis (2 methylpropionamidine) dihydrochloride (SIGMA - 4 mM). The
ACAP values were obtained by the difference in ROS area in the presence and absence
of ABAP and standardized by the fluorescence registered without ABAP. The results
were presented as relative 1/ACAP level/animal. The data were expressed relative to the
control group values.

Concerning lipid peroxidation, sample pools of 15 animals were homogenized in
100ul of cold methanol following centrifugation at 1000 x g, for 5 min at 4 °C. The
supernatant from this centrifugation was then used for analyses. The assay followed the
protocol of Jiang et al. (1992) employing the xylenol orange (SIGMA) and cumene

hydroperoxide (SIGMA) as standard. Results were expressed as nmoles of CHP/animal.

2.4. Acetylcholinesterase activity (AChE)

At the end of the experimental period, animals were sacrificed and kept on ice.
Pools of 15 flies per sample (n=3-5 pools) were prepared. Initially, samples were
homogenized in cold sodium phosphate buffer (10mM) (Melanson et al., 1985), and
centrifuged (9000 x g; 30min; 4 °C). The resulting supernatant was used as the enzyme
source (cytosolic fraction). The pellet from the first centrifugation was then
homogenized in cold sodium phosphate buffer with Triton X100 added at a final
concentration of 0.5%. The homogenate was centrifuged (9000 x g; 30min; 4 °C) and
the supernatant from this centrifugation was employed as the enzyme source for
biochemical analysis (membrane fraction) as described by Sandrini et al. (2013). Total
protein content from homogenates was measured by the Bradford method.

Acetylcholinesterase activity was analyzed spectrophotometrically according to Ellman

26



et al. (1961), employing acetylthiocholine iodide (SIGMA - 30mM) as substrate.

Results were expressed as mmoles/animal/min.

2.5. Gene expression analysis

After the exposure period (24 and 96h) pools composed of 15 animals per
sample were prepared (n=5). The TRIZOL reagent (Invitrogen) was used in accordance
with procedures following the manufacturer’s protocol to extract RNA from samples.
RNA integrity was checked via electrophoresis gel analysis (agarose 1%).
Quantification was performed spectrophotometrically (260 and 280nm) and RNA from
different samples was diluted in order to standardize concentrations, which were 0.0112
pg/ul at 24h and 0.0168 pg/ul at 96h. RNA was used for cDNA confection employing
the High Capacity Reverse Transcription Kit (Apllied Biosystems), following the
manufacturers’ protocol. CDNA was used for Real-Time PCR analysis. The GoTag®
Probe gPCR Master Mix (Promega) was employed. The following genes were analyzed:
erythroid nuclear factor-2 (nrf-2), kelch-like ECH-associated protein 1 (keapl),
superoxide dismutase isoform 1 (sodl) and isoform 2 (sod2), catalase (cat), immune
regulated catalase (catir), glutamate cysteine ligase catalytic (gclc) and modulator
(gclm) subunits, glutathione synthetase (gs), thioredoxin (trxt), thioredoxin reductase
isoform 1 (trxrl) and isoform 2 (trxr2). The ribosomal protein 49 (rp49), tubulin (tub)
and glyceraldehyde 3-phosphate dehydrogenase (gapdh) were tested for stability in
order to identify as housekeeping genes. Stability was tested with geNorm software
(Vandesompele et al., 2002). The rp49 gene was excluded as a housekeeping gene as it
presented a low stability in its expression between samples. The gene expression was
calculated employing the delta Ct method and expressed as fold induction compared

with the control group.
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Table 1. Sequences of RT-PCR primers

Gene Sequence
Keapl For 5’CCAGAAAGGCACAGCAGGCATC?’
Rev 5’CGCCAGCTCCAAGGGGTGTGT3’
NIf-2 For 5’ CGGCGACAAATATCATCCTT3’
Rev 5’ CCAACTTCCTCAAGGAGCAG3’
sOD1 For 5’GAACTCGTGCACGTGGAATC3’
Rev 5’AATTAACGGCGATGCCAAGG3’
SOD2 For 5’CTGGTGGTGCTTCTGGTGAT3’
Rev 5’CAAACTGCAAGCCTGGCG3’
CAT For 5’TCTGCTCCACCTCAGCAAAG3’
Rev 5’CAACCCCTTCGATGTCACCAZ’
CATIR For 5’GTTGAGCGTGTGAAAGGCTG3’
Rev 5’TAGGCAAAAGCGACTGGAGG3’
GCLm For 5’CCTGCTGACGTTGGAATCCT3’
Rev 5’GTGGACAATGTGGTGTTGGC3’
GCLec For 5’CACCACGGAATCCTGCTTGT3’
Rev 5’GACACCGATACGCATTGCAC3’
GS For 5’ TGACATTGGGACGGGGAAAA3’
Rev 5’TTCCACCTGTTGCCTCAGTC3’
Trxrl For 5’CACCTCGATCTCATCGGCTC3’
Rev 5’GTTTTCACGCCCCTGGAGTA3’
Trxr2 For 5’CAACAGGAGGCTGGTGTAGG3’
Rev 5’CTGAACACGGTGGGAATCCA3’
Trxt For 5" GTTAATGAGGTGTCCGCCCA 3’
Rev 5’ TGTTGAATGATGAGATATGTTGTCG 3°
GAPDH For 5’GCTCCTCAATGGTTTTTCCA3’
Rev 5’ATGGAGATGATTCGCTTCGT?3’
Tubulin For 5’ATCCCCAACAACGTGAAGAC3’
Rev 5S’ACCAATGCAAGAAAGCCTTG3’
RP49 For 5’GCGGGTGCGCTTGTTCGATCC3’
Rev 5’CCAAGGACTTCATCCGCCACC3’

2.6. Fly weights

At the end of the 96h exposure period, animals were individually weighed using
precision equipment. The results were expressed in mg. The number of animals varied
between sexes and experimental group: control group = 33 males and 33 females;
Roundup 1.0 mg/L = 17 males and 20 females; Roundup 2.0 mg/L= 43 males and 31

females; Roundup 5.0 mg/L = 32 males and 24 females.

2.7. Statistical analysis
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One way Anova and Newman-Keuls post hoc tests (p<0.05) were performed.
Non-parametric tests of multiple comparisons followed by the post hoc of Kruskall-
Wallis were used when the pre-requisites of data normality and variance of

homogeneity were not achieved.

3. Results
3.1. Mortality

Concerning mortality rate, an increase in mortality at the 10.0 mg/L treatment
relative to the control (p=0.0001) after 96h of exposure was observed (Fig. 1). Due to

this reason, this exposure group was eliminated for further analysis.
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Figure 1: Mortality of D. melanogaster after 4 days of exposure
to Roundup treatments 0.0, 1.0, 2.0, 5.0 and 10.0 mg/L.
Asterisks represents statistical difference between the control
and Roundup exposure groups. Assays were conducted in
triplicate for each treatment with 30 flies per replicate.

3.2. Oxidative Stress Markers

Since protein levels in tissue extracts varied according to Roundup treatment, the
results from biochemical analyses were normalized by the number of animals employed
for each pool. Reactive oxygen species levels decreased in all tested Roundup

concentrations after 24h (Fig. 2A). Differently, data related to Roundup exposure for

29



96h did show any significant differences between Roundup exposed groups and control
groups (Fig. 2D). Considering the antioxidant capacity against peroxyl radicals, a
significant increase (p<0.05) in ACAP levels for animals exposed to the Roundup
highest concentration (5.0 mg/L) was observed when compared with all other groups in
both exposure periods (Fig. 2B and 2E). No difference in lipid peroxidation was
observed between experimental groups in both exposure periods (p>0.05) (Fig. 2C e

2F).
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Figure 2. Reactive oxygen species generation (ROS), antioxidant capacity against
peroxylradicals (ACAP) and lipid peroxidation (LPO) in D. melanogaster after
exposure to the Roundup herbicide for 24h and 96h. Data from (A) ROS 24h, (B)
ACAP 24h, (C) LPO 24h, (D) ROS 96h, (E) ACAP 96h and (F) LPO 96h were
presented as means + standard error. Different letters represent significant differences
between treatments in the same experimental group (p<0.05).

3.3. Gene expression analysis

The genes gapdh and tubulin presented adequate stability, and for this reason
were employed as housekeeping genes in all analyses. The gene expression analysis
focused on the effects of Roundup on proteins and enzymes within the antioxidant
defense system. In general, a significant increase in gene expression was observed in
both experimental periods for animals exposed to higher Roundup concentration (5.0

mg/L). A significant induction of nrf-2 gene expression in animals exposed to Roundup
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5.0 mg/L (p<0.05) after 24 and 96h exposure periods was observed in comparison to all
other experimental groups (Fig. 3A and 3B). Gene expression was induced 1.64 times
and 6.75 times greater after 24 and 96h, respectively, when compared with the control
group. A significant induction of keap-1 gene expression (p<0.05) in animals exposed
to the highest treatment concentration after 24h (Fig. 3A) relative to all experimental
groups was observed. A mRNA expression 1.75 times greater was observed in

comparison to the control group.

The cat gene was significantly induced following exposure to 5.0 mg/L of
Roundup when compared with all experimental groups after 24h (p<0.05). This
represents an mRNA expression 3.2 times greater relative to control group animals (Fig.
3A). The alternate isoform of this gene (catir) was induced in both experimental periods
for animals exposed to the highest Roundup concentration (p<0.05). This induction,
relative to control group animals, was 1.94 and 3.27 times greater for 24h and 96h
periods (Fig. 3A and 3B), respectively. Superoxide dismutase isoforms, sod1 and sod2,
were altered after 24h Roundup exposure. The sodl presented a 0.71 times lower
expression in animals exposed to 2.0 mg/L in comparison to control group animals. The
sod2 isoform presented a 2.4 times higher expression in animals exposed to 5.0 mg/L

Roundup concentration relative to control group animals (Fig. 3).
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Figure 3. keapl, nrf-2, catalase (cat, catir) and superoxide
dismutase genes (sodl, sod2) gene expression in D. melanogaster
after Roundup exposure for 24 (A) and 96h (B). Data were
expressed as mean + standard error. For control, 1.0 mg/L and 2.0
mg/L groups n= 5; and for 5 mg/L group n=3.Different letters
represent significant differences between groups of the same
experimental period (p<0.05).

An induction in the gene expression of thioredoxin and both isoforms of
thioredoxin reductase was observed in animals exposed to the highest Roundup
concentration. Induction of trxt and trxrl expression was observed in both experimental
periods when compared with the other groups (p<0.05). This induction represents an
MRNA expression 3.56 and 13.98 times greater for trxt and 1.6 and 2.0 times greater for
trxrl when compared to the control group (Fig. 4A and 4B). The trxr2 gene presented

an expression 3.2 times greater following 24h exposure to Roundup 5.0 mg/L (Fig. 4A).

Gene expression of glutathione synthesis was evaluated. A significant induction
(p<0.05) of both gclc and gclm following Roundup exposure of 5.0 mg/L after 24h was
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observed. These results represent an expression 4.14 and 2.7 times greater when
compared to control group animals (Fig. 4A). The gs gene was induced in both

experimental periods in animals exposed to higher treatment concentrations (p<0.05).
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Figure 4. Gene expression of thioredoxin (trxt), thioredoxin
reductase isoforms 1 (trxrl) and 2 (trxr2), glutamate cysteine
ligase catalitic subunit (gclc) and modulatory subunit (gclm) and
glutathione synthetase (gs) in D. melanogaster exposed to
Roundup herbicide for 24h (A) e 96h (B). Data represents mean
fold induction + standard error. For control, 1.0 mg/L and 2.0 mg/L
groups n=5; and for 5 mg/L group n=3. Different letters represents
significant differences between experimental groups (p<0.05).

3.4. Acetylcholinesterase activity

No significant difference (p>0.05) in acetylcholinesterase activity was observed in both

fractions (soluble and membrane) of organisms following Roundup herbicide exposure (Fig. 5).
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Figure 5: Acetylcholinesterase activity of D.
melanogaster after Roundup exposure for 96h. Data were
expressed as means z standard error. For control,
1.0mg/L and 2.0mg/L groups n= 5; and for 5.0 mg/L
group n=3.

3.5. Fly weights

Females presented a concentration dependent reduction in weight with respect to
Roundup treatment following exposure for 96h (Fig. 6). The greatest weight loss was
observed in female flies exposed to the highest Roundup concentration. Male flies did

not present any significant difference in weight after Roundup exposure (p>0.05).
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Figure 6. Body weight (mg) of D. melanogaster
following Roundup exposure for 96h. Data represent
mean + standart error. N= 17-43 animals per sex/group.
Different letters represent significant differences between
experimental groups (p<0.05).

4. Discussion

4.1. Mortality
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Studies have demonstrated adverse effects due to glyphosate or glyphosate-
based herbicide exposure in non-target organisms, including rats (Larsen e al., 2012),
fish (Lopes et al., 2014), oysters (Mottier et al., 2015), earthworms (Contardo-Jara et al.,
2009), spiders (Benamu et al., 2010) and insects (Schneider et al., 2009). Effects varied
according to species, type of herbicide and range of herbicide concentration.
Considering this, Relyea (2005) observed a significant reduction in viability of
amphibian populations exposed to Roundup, such that mortality rates were observed as
90% in animals exposed to 3.8 mg/L. The LC50 96h to the fish Prochilodus lineatus
was 13.69mg/L (Langiano and Martinez, 2008). In this respect, the present study
demonstrated acute mortality of D. melanogaster with exposure to higher Roundup
concentrations. Animals exposed to 10.0 mg/L presented significant mortality after 96h,
reaching mortality rates of approximately 70%. This concentration is in the same range
as those observed for fish species, representing similar sensitivity. Due to the significant
mortality observed in exposure groups of 10.0 mg/L this group was discarded from the

analysis.

4.2. Oxidative Stress Markers

Alteration in ROS production after Roundup exposure has been previously
attributed to mitochondrial dysfunctions. Peixoto (2005) relates that, in general,
mitochondrial bioenergetics is affected after in vitro mitochondrial exposure to
Roundup. It is stated that the herbicide formulation leads to a 91% reduction in ATP
synthase activity, leading to impairment in ATP production. Further, the same author
describes a reduction in mitochondrial membrane potential following Roundup
incubation. Therefore, such mitochondrial dysfunctions may be related directly with
alterations to oxidative balance and ROS levels. In this sense, it is well established that

organisms may enhance antioxidant defense systems to cope with stressor situations
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such as alterations in ROS production (Halliwell and Gutteridge, 2007). An example of
this circumstance was observed in the present study, where an increase in ACAP levels
across both experimental periods was observed. Considering this, the evaluation of total
capacity against oxyradicals is advantageous, since aggregates in one parameter the
entire capacity of a system to mitigate specific ROS damage such as that incurred by
peroxyl radicals (Regoli et al., 2002). Other studies have demonstrated that when fish
species were exposed to glyphosate or glyphosate-based herbicides alterations in the
antioxidant defense system were induced (Langiano and Martinez, 2008; Sinhorin et al.;
2014; Nwani et al., 2013). It has been demonstrated that Roundup exposure elicits an
induction in antioxidant enzyme activity (Langiano and Martinez, 2008) as well as an
increase in non-enzymatic ROS scavengers such as ascorbic acid (Sinhorin et al., 2014).
With respect to ACAP analysis, only a few studies have employed this technique to
evaluate Roundup effects. Harayashiki et al. (2013) did not observe any ACAP level
differences in sperm from the fish Poecilia vivipara when exposed to Roundup. This
lack of response may have been due to the low Roundup concentrations employed (130
and 700 pg/L) or due to a detoxification system previously activated that mitigated the
situation.

A combination of previous results suggests that flies exposed to Roundup
respond via a strong induction of the antioxidant defense system. Since this
enhancement was observed in the present study, further analysis of oxidative damage in
lipids was analyzed. No significant alteration in lipid peroxidation was observed
following Roundup treatment. These findings corroborate the idea that the induction in
ACAP levels was sufficient to avoid redox state alteration due to Roundup exposure.
Such results are contrary to previous studies regarding other animal species exposed to

Roundup. An increase in lipid damage in rats concomitant to a reduction in GSH levels
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has been observed in previous literature (EI-Shenawy, 2009). Further, in the fish
surubim, an increase in damage to proteins and lipids has been observed (Sinhorin et al.,
2014). Finally, Modesto and Martinez (2010a) reported an increase in lipid peroxidation
in the fish species Prochilodus lineatus after 6h exposure. Considering this prior
information, it is clear that the present study observed an increase in ACAP capable of

preventing or repairing possible oxidative damage in D. melanogaster tissues.

4.3. Gene expression

The induction of the antioxidant defense system gene expression in a pro-
oxidant situation occurs in part by the action of the transcriptional mechanisms by the
NF-E2-related factor 2 (NRF-2). This transcription factor acts on the cis-acting element
called the antioxidant responsive element (ARE) present in the promoter regions of
cytoprotective genes. The regulation of NRF-2 action is governed by its ligation to the
repressor Kelch like-ECH-associated protein 1 (KEAP-1). Ligation to KEAP-1
maintains NRF-2 in the cytoplasm, avoiding accumulation in the nucleus (Nguyen et al.,
2004). Besides the increment of antioxidant defense system genes, the expression of nrf-
2 is self regulated. In fact, nrf-2 induction has been previously observed in biological
systems exposed to herbicides (Narasimhan et al., 2014; Osburn et al., 2006). These
previous results corroborate observations in the present study, whereby an induction of
nrf-2 expression was observed in flies exposed to a pro-oxidant situation (Roundup
exposure), which caused an initial induction of the antioxidant defense system.

Since flies exposed to Roundup presented an imbalance in ROS/ACAP levels
and nrf-2 gene expression, the gene expression of key components of the antioxidant
systems were evaluated. Interestingly, an induction of all genes analyzed in flies
exposed to the higher herbicide concentration was observed after the first 24h. This

result suggests that the antioxidant defense system is being activated in an earlier way to
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cope with the pro-oxidant situation. This induction was also observed for some genes in
D. melanogaster after 96h.

Superoxide dismutase (SOD) and catalase (CAT) (Sies, 1993) represent
important enzymes to be considered. The present study observed that Roundup exposure
caused an induction in gene expression in both CAT (cat and catir) and SOD isoforms
(sodl1 and sod2) analyzed in the first 24h and a later induction for the catir gene. These
results are in agreement with data from Contardo-Jara et al. (2009) that report an
increase of SOD and CAT activity in earthworms exposed to a glyphosate-based
herbicide, Roundup Ultra. This data suggests an earlier increase of the antioxidant
defense system in this animal to cope with the oxidative stress situation.

Another antioxidant mechanism employed to cope with ROS generation is the
protein S-glutathionylation, a reversible process in which the non-enzymatic antioxidant
glutathione (GSH) reacts with sulphidryl groups of proteins (Dalle-Donne et al., 2007).
When physiological conditions stabilize, the process of deglutathionylation occurs,
which is regulated by thioredoxin (TrxT) and thioredoxin reductase (Trxr). Such
components of this defense mechanism were induced after herbicide exposure for 24h.
These genes appear to be responsive to stressful situations in drosophilids. The use of
Trxr expression as a parameter of antioxidant defense was proposed by Abolaji et al.
(2015), in which an alteration to the pattern of this expression in D. melanogaster
exposed to organic compounds was observed. However, this study found a reduction in
trxrl gene expression associated with a disruption in the flies’ antioxidant capacity.

In addition, the expression of genes related to GSH synthesis was analyzed. The
rate-limiting step in GSH synthesis is the activity of the enzyme glutamate cysteine
ligase (GCL). GCL is comprised of both catalytic (GCLC) and modulatory (GCLM)

subunits (White et al., 2003). The last stage of GSH synthesis is catalyzed by the
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glutathione synthetase enzyme (GS). Observations indicated that expression of the three
genes were up-regulated in flies in response to Roundup exposure (5.0 mg/L) after 24h
of treatment. Previous evidence corroborates these findings, indicating that the
induction of GSH synthesis would be a first response to a pro-oxidant situation. When
fish species were exposed to Roundup for 96h, an induction of total sulphydril content
was observed (Sinhorin et al., 2014). A similar response was observed in a previous
study, when the exposure of rats to water containing Roundup lead to an induction of
GSH content associated with a reduction in oxidative damage in lipids (Larsen et al.,
2012). For this reason, it is suggested in the present study that an induction of GSH
synthesis mechanisms would represent an increase of overall GSH synthesis in order to

cope with a pro-oxidant situation caused by Roundup exposure.

4.4. Acetylcholinesterase activity

Previous literature has demonstrated that glyphosate and Roundup may cause a
reduction in acetylcholinesterase (AChE) enzyme activity in tissues from several animal
species (Glusczak et al., 2007; Sandrini et al., 2013; Braz-Mota et al., 2015). Contrary
to vertebrates, the neuromuscular junctions in insects are not stimulated by
acethylcholine, and AChE is absent from this structure (Resh and Cardé, 2009).
However, this system does play a pivotal role in neurons in other parts of the nervous
system. In the present study no differences were observed in AChE activity of flies
following exposure to Roundup. Similar results were also observed in the fish Poecilia
vivipara Roundup exposure (Harayashiki et al., 2013). Such differences in response
among organisms would suggest that AChE sensitivity is in fact species-specific. In this
sense, Sandrini et al. (2013) observed that in vitro AChE inhibition for mollusks occurs

in concentrations almost ten times lower than that for fish.
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4.5. Fly weights

Weight reduction was another variable effect observed in flies exposed to
Roundup. Such variation would occur by different mechanisms that would require
further investigation. However since only females experienced this result in
significance, a possible explanation could be related to an impact on the gonads, as
female ovarioles represent a significant mass compared to total body weight of an
individual. Ovarioles maintain a capacity to carry large amounts of eggs in different
developmental stages, and any factor that stimulates egg laying or a regression in
ovariole development would lead to a decrease in body weight. Further, previous
literature has reported that glyphosate and commercial formulations may generate an
endocrine disruption (Gasnier et al., 2009; Walsh et al., 2014). In this sense, the
production of ecdysterol hormones like ecdysone and processes regulated by these
would affect D. melanogaster metabolism. Another possibility from this is that some
factor would lead to a reduction in general food intake, leading to weight reduction. As
further evidence for this, spiders exposed to Glifoglex presented a significant reduction
in prey consumption, which in turn would be related to metabolism alterations after

exposure to the herbicide (Benamu et al., 2010).

4.6. Conclusion

In conclusion, Roundup exposure is capable of inducing an oxidative imbalance
in Drosophila melanogaster tissues, leading to a potent induction of antioxidant

systems, including the expression of genes related to this antioxidant defense system.
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Discussdo Geral da Dissertacéo

Estudos mostram efeitos danosos aos organismos devido a exposi¢do ao
glifosato ou ao herbicida Roundup em animais, ou seja, nos organismos ndo alvo,
quando diferentes faixas de concentracdo sdo aplicadas como, por exemplo, em ratos
(0.7 — 7.0 mg/L) (Larsen e al. 2012), peixes (5 e 10 mg/L) (Lopes et al. 2014), ostras
(0,1, 1 e 100ug/L) (Mottier et al. 2015), minhocas (0,05 a 5 mg/L) (Contardo-Jara et al.
2009), aranhas (192 mg/L) (Benamu et al. 2010) e insetos (192 mg/L) (Schneider et al.
2009).

A toxicidade do Roundup é bastante variavel de organismo para organismo.
Relyea (2005) visualizou uma reducdo expressiva em diferentes populac@es de anfibios
expostos a concentracao de 3,8 mg/L, onde a taxa de mortalidade atingiu cerca de 90%.
Ja para o peixe Prochilodus lineatus foi relatada uma CLs para a concentragdo de 13,69
mg/L (Langiano e Martinez, 2008). No presente estudo foi demonstrado que em
concentracfes elevadas este herbicida também pode ser letal a este grupo de
organismos. Para a exposi¢cdo ao Roundup, na concentracdo de 10 mg/L foi visto um
aumento significativo na mortalidade dos individuos expostos, onde ap6s o 4° dia de
exposi¢do houve um percentual de cerca de 70% de mortalidade. Essa concentracdo esté
dentro da faixa que foi observada para peixes, representando similar sensibilidade.

Alteracdes na producédo de espécies ativas de oxigénio (EAO) apos a exposicdo
ao Roundup tém sido atribuidas a disfungdes mitocondriais. O oxigénio molecular (O2)
¢ essencial para a sobrevivéncia de todos o0s organismos aerobicos, devido a
dependéncia da geracdo de energia através da fosforilacdo oxidativa. Esse ultimo é um
processo no qual a energia advinda dos processos de oxirreducdo de compostos
organicos é convertida em ATP através do transporte de elétrons (pela via

mitocondrial), o qual tem o oxigénio como aceptor final de elétrons. Essa e outras
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reacOes de transferéncia de elétrons podem ocasionar a formacdo de metabdlitos de
oxigeénio, os quais séo parcialmente reduzidos e altamente reativos, as EAO (Thannickal
e Fanburg, 2000). Dentro desse panorama sabe-se que a exposic¢ao a xenobidticos pode
resultar no desbalanco da geracdo de oxirradicais de forma direta pelos processos de
detoxificacdo ou indiretamente por alteracdo do metabolismo (Wells et al., 1997). Tal
efeito geral de desbalanco nos niveis de EAO foi observado no presente estudo em D.
melanogaster apds a exposicdo a diferentes concentracdes de Roundup. Observou-se
uma reducdo nos niveis dessas moléculas para 0s animais expostos a todas as
concentracdes para o tempo de 24h. Tal efeito do Roundup tem sido atribuido a sua
capacidade de causar disfuncdes mitocondriais. Peixoto (2005) relatou que, de maneira
geral, a bioenergética da mitocondria é afetada apds a exposicdo ao Roundup, onde
ressalta-se uma diminuicdo de 91% na atividade da ATP sintetase o que resulta em um
distdrbio na geracdo de energia do organismo. Adicionalmente ja foi visto que a
exposicdo ao Glifosato Il Atanor (10 mg/L) acarreta em uma reducdo da carga
energética dos adenilatos (onde se incluem as moléculas de ATP, ADP e AMP) no
peixe Odontesthes bonariensis (Menéndez-Helman et al.,, 2015). Esses dados
corroboram com a diminuicdo da atividade mitocondrial vista por Peixoto (2005) e
reforgcam essa alteracdo no balango oxidativo e niveis de EAO.

Para lidar com situacdes de estresse, 0s organismos desenvolveram um sistema
de defesa antioxidante. No presente estudo foi verificado um aumento na capacidade
antioxidante contra peroxiradicais nos animais expostos a concentracéo de 5,0 mg/L em
ambos 0s tempos experimentais. 1sso representa uma inducdo do mecanismo de defesa
do organismo frente a exposicdo ao contaminante, tendo em vista que 0s animais
expostos a esta concentracdo apresentaram um incremento na geragdo de EAO. Desta

forma, este incremento da ACAP poderia representar uma tentativa de manutencao do
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balanco oxidativo (EAO/ACAP). Levando-se em consideracao a analise da capacidade
antioxidante total, poucos trabalhos tém avaliado através desta abordagem os efeitos do
Roundup. No trabalho de, Harayashiki et al. (2013) ndo foram vistas diferencas
significativas em ACAP no esperma de peixes que foram expostos ao Roundup. Tal
auséncia de resposta pode ser devido as baixas concentracGes utilizadas de Roundup
(130 e 700 pg/L) ou ainda por um sistema de detoxificacdo que esta sendo previamente
ativado e esta conseguindo neutralizar/eliminar o contaminante.

Quando os organismos enfrentam situacdes adversas, como um desbalanco nos
niveis de EAO, muitos antioxidantes de baixo peso molecular e enzimas atuam para
neutralizar essas substancias tdxicas e seus metabolitos, e para isso precisam ter sua
quantidade elevada. A inducdo dessas substancias antioxidantes ocorre em grande parte
através da inducdo da transcricdo pelo fator nuclear eritdide-2 relacionada ao fator 2
(Nrf-2), o qual atua nos elementos de resposta antioxidante (ARE) presentes na regido
promotoras de genes citoprotetivos, desta forma controlando distarbios fisioldgicos e
patofisioldgicos causados por oxidantes (Nguyen et al., 2004). A regulacdo de Nrf-2 se
da através da ligacdo direta com a proteina repressora Keapl, a qual evita o acimulo de
Nrf-2 no nuacleo. J4 é sabido que Keapl contém residuos de cisteina, 0s quais
representam alvos para ataques de compostos eletrofilicos. Em situagdes de estresse
oxidativo a ligacdo de Keapl e Nrf-2 ¢ perdida e esse ultimo se transloca para o ndcleo
da célula, onde 4 ele se liga ao ARE para que ocorra a transcri¢cdo de genes atuantes na
defesa do organismo (Nguyen, 2004). Além do incremento da expressdo dos genes do
sistema de defesas antioxidantes, a expressao de nrf-2 ¢ auto-regulada. Desta forma, o
aumento na expressao de Nrf-2 frente a exposicdo a contaminantes ja foi bem relatada
por outros autores (Narasimhan et al., 2014; Hong et al., 2013; Wilmes et al., 2011;

Osburn et al., 2006), corroborando assim com os resultados visualizados no presente
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estudo, onde houve um aumento da expressdo génica do nrf-2 para ambos os tempos
experimentais, culminando assim numa atuacdo antioxidante do organismo frente a
exposicao ao Roundup.

Uma vez que 0s animais expostos ao Roundup apresentaram um incremento da
ACAP e de nrf-2, foi investigada a expressdo génica de algumas enzimas chave no
processo de defesa antioxidante. Um resultado bastante interessante foi que para as
primeiras horas de exposi¢do (24h) houve o aumento da expressao génica de quase
todos os genes analisados para a concentracdo de 5 mg/L de Roundup (keapl, nrf-2,
sod2, cat, catir, gclc, gclm, gs, trxt, trxrl e trxr2). 1sso nos sugere que o sistema de
defesa antioxidante esta sendo ativado de forma precoce frente a estas condicdes. Esta
inducdo de expressdo permanece para o tempo 96h em alguns dos genes analisados (nrf-
2, catir, gs e trxrl).

Foi visto que o Roundup é capaz de gerar uma situacdo pré-oxidante, a qual
acarretou em um incremento nas defesas do organismo, através da ativacdo precoce da
expressao de genes. No intuito de avaliar se o incremento na geracao de espécies ativas
de oxigénio causada pela exposicdo ao Roundup acarretou em dano oxidativo e
consequentemente em estresse oxidativo, ou se o incremento de ACAP foi suficiente
para evitar tal situacdo, foi avaliada a peroxidacdo em lipidios. Tal processo acarreta em
alteracdes na estrutura e na permeabilidade das membranas celulares, podendo ocorrer a
perda da seletividade ibnica, liberacdo do conteddo de organelas e formacéo de produtos
citotoxicos (Halliwell e Gutteridge, 1999). N&do foi observada qualquer alteracdo na
peroxidacdo lipidica apd6s o tratamento com Roundup em ambos 0s tempos
experimentais. Tais resultados sdo contrarios aos observados em outras espécies
animais, na qual ap6s a exposicdo a diferentes concentracbes do contaminante ha

aumento na lipoperoxidacéo tecidual (EI-Shenawy, 2009). Desta forma foi observado
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que, de maneira geral, 0 aumento da geracdo de EAO devido a exposi¢cdo ao Roundup
foi capaz de ativar o sistema de defesa antioxidante, e este teve a capacidade de prevenir
(ou recuperar) os possiveis danos oxidativos resultantes do processo de peroxidacao.

Além do desbalanco oxidativo, tem-se demonstrado que o Roundup é capaz de
acarretar na diminuicdo da atividade da enzima acetilcolinesterase (AchE) nos tecidos
de diversas espécies animais (Glusczak et al., 2006; Glusczak et al., 2007; Braz-Mota et
al., 2015). No presente estudo, apds 96h de exposicdo ao Roundup foi visto que para
concentracdes que foram de 1 a 5 mg/L ndo houve diferencas significativas na atividade
desta enzima. Resultados semelhantes ao do presente estudo sdo observados em peixes,
aonde concentracdes menores de Roundup (130 e 700ug/L) também ndo mostraram
diferencas na atividade da AChE (Harayashiki et al., 2013) ao mesmo tempo que para
outra espécie de peixe, concentracfes intermediarias com o estudo que foi proposto e a
literatura (0,2 e 0,4 mg/L) mostram que ha uma diminuicdo na atividade da AchE in
vivo e in vitro (Glusczak et al., 2007). Tais diferencas nas respostas entre 0s organismos
da atividade das AChE frente a exposicdo a0 Roundup podem sugerir uma sensibilidade
espécie-especifica uma vez que Sandrini et al. (2013) observaram que a inibicdo da
AChE ocorreu em uma menor concentracao de glifosato para moluscos do que para
outras duas espécies de peixes.

Outro efeito do Roundup que foi observado foi uma diminuicgéo significativa de
26% no peso das fémeas. Pode-se sugerir que tal variagdo possa estar relacionada com
uma alteracdo especifica gonadal das fémeas, tendo em vista que os ovariolos
representam uma biomassa significativa do total do animal pelo armazenamento de uma
quantidade significativa de ovos em diferentes estagios de desenvolvimento. Portanto,
qualquer fator que estimulasse a desova ou leva-se a uma regressdo do desenvolvimento

gonadal poderia levar a uma reducdo geral de peso. Outra possibilidade é que algum
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fator, hormonal ou nédo, poderia levar a uma reducdo da ingestdo de alimentos apenas

das fémeas e com isso levar a uma queda de peso.
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