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RESUMO

O Brasil apresenta uma rica biodiversidade, sendo que muitas das espécies aqui encontradas
tem servido como fonte de compostos com propriedades Unicas tanto na medicina como na
area biotecnoldgica. Muitos destes compostos sdo sintetizados a partir do metabolismo
secundario vegetal e nas plantas atuam como atrativos ou mecanismos de defesa. Pesquisas
relacionadas com os potenciais das plantas sdo necessarias para um melhor entendimento das
propriedades bioldgicas que apresentam. Senecio brasiliensis (Spreng) Less., € uma espécie
vegetal conhecida popularmente como “maria mole”, presente em pastagens da regido Sul do
pais, sendo suas folhas consumidas pelos animais e capaz de causar hepatotoxicidade. Tal
toxicidade se deve ao seu metabolismo secundario, responsavel pela sintese de metabolitos
toxicos, principalmente os alcaloides pirrolizidinicos. A espécie é utilizada popularmente para
fins medicinais, e possui demonstrada acdo toxica em insetos. Em vista de sua toxicidade e
potencial biotecnologico, um estudo mais completo de sua acdo se faz necessario. Neste
trabalho avaliou-se o efeito bioldgico da exposicdo do extrato hidroalcodlico das folhas de
Senecio brasiliensis (EHSB) no modelo experimental de Drosophila melanogaster. A anélise
do perfil fitoquimico do EHSB demonstrou a presenca de &cidos fenolicos e flavonoides, e
atividade antioxidante in vitro através dos ensaios de ABTS, DPPH, fendis totais e FRAP. Em
ensaios in vivo, EHSB ndo causou mortalidade de moscas na fase adulta, entretanto a taxa de
eclosdo foi significativamente diminuida quando as moscas desenvolveram-se em meio de
cultura contendo 1 mg/mL de EHSB. Nas larvas do terceiro instar observaram-se diminuicgao
da viabilidade celular, aumento da atividade das enzimas antioxidantes GST e SOD, EROs, e
diminuicdo da CAT e aumento da razdo GSH/GSSG. Houve aumento na expressao dos genes
Nrf2, TrxR, CAT, Drice e Dilp6, e diminuicdo da fosforilacdo de proteinas quinases JNK1/2,
ERK2 e p38M*"K e AKT, além de um aumento na clivagem de PARP, em paralelo com
aumento da atividade de caspase 3/7. Também observou-se uma diminui¢do nos niveis de
glicose, glicogénio e triglicerideos. O aumento da expressao génica de Nrf2, da atividade das
enzimas GST e SOD e razdo GSH/GSSG servem como um indicativo de um estado de
estresse oxidativo ocasionado pelo EHSB e atuacdo da defesa antioxidante das larvas. A
diminuig&o nos niveis de glicose, glicogénio e triglicerideos pode indicar uma diminui¢do na
reserva energética necessaria para fases posteriores ao desenvolvimento larval, como para a
eclosdo em individuo alado, podendo isto ser ocasionado pela inibicdo da fosforilagdo de
proteinas de transducdo de sinal envolvidas neste processo pela diminuicdo do ATP. Dessa

forma, nossos resultados demonstram a toxicidade do HESB e sua capacidade em induzir



marcadores de estresse oxidativo e apoptose celular, prejudicando o desenvolvimento de
larvas de D. melanogaster e processo de eclosdo de moscas adultas.

Palavras-Chave: Desenvolvimento; maria-mole; MAPK; apoptose; estresse oxidativo; defesa

antioxidante.



ABSTRACT

Brazil has a high biodiversity, and many species found here are source of compounds with
unique medicinal and biotechnological properties. These compounds are synthetized by plants
secondary metabolism and can act as attractive or defensive to other species. Thus, studies
with plant species are necessary to knowledge about their biologial properties. Senecio
brasiliensis (Spreng) Less., is a native species popularly known as “maria mole” and is found
in pastures of the south region of the country, its leaves serving as food to animals and are
able to cause hepatotoxicity due to its secondary metabolism, responsible for the synthesis of
toxic metabolites, such as pirrolizidinic alkaloids. In spite of its documented toxicity, this
plant is used by Brazilian folk with medicinal purposes. In this study, we have evaluated the
biological effects to hydroalcoholic extract of leaves of S. brasiliensis (HESB) exposure in
Drosophila melanogaster experimental model. The fruit fly D. melanogaster is an advanta-
geous alternative model useful for the screening of natural substances. Phytochemical consti-
tution of HESB showed the presence of phenolic acids and flavonoids but when comparing
with other species, it presented a lower in vitro antioxidant activity by ABTS, DPPH, FRAP
assays. Survival and locomotor activity of adult flies was unaltered by extract. Nevertheless,
we have observed a significant decreasing in eclosion rate of flies, since its embryonic period
at 1 mg/mL concentration of HESB. Biochemical and molecular parameters revealed signifi-
cant changes in third instar larvae of D. melanogaster exposed to 1 mg/mL of HESB such as
decreased cell viability, stimulation of the activity of antioxidant enzymes SOD and GST,
decreasing of CAT, and increasing in GSH/GSSG ratio. The mRNA expression of Nrf2,
TrxR, CAT, Drice and Dilp6 were also significantly up-regulated. Decreasing in the phos-
phorylation of JINK1/2, ERK2, p38™*"K and AKT protein kinases were verified. Apoptotic
cell death was inducted by extract. This fact was attested PARP cleavage, in parallel with in-
creasing of caspases 3/7 activity. The increased expression of Nrf2, augmented activity of
GST and SOD enzymes activities, and GSH/GSSG ratio in parallel with induction of ROS
formation, is an indicative of a state of oxidative stress caused by the HESB and the action of
the antioxidant defense of the larvae. It was also observed a decreasing in glucose, glycogen
and triglycerides levels indicating a diminution in the energetic reserve required for later stag-
es of larval development, such as for eclosion of winged individuals. Therefore, our results
demonstrated of the HESB toxicity and its capacity to induce of cell stress markers and of
apoptotic cell death impairing thus the development of D. melanogaster larvae and eclosion

process of adult flies.



Keywords: Development; maria-mole; MAPK; apoptosis; oxidative stress; antioxidant de-

fense.
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APRESENTACAO

No item INTRODUGCAO, consta uma breve revisio da literatura sobre os temas trabalhados
nesta dissertacdo. A metodologia realizada e os resultados obtidos que fazem parte desta
dissertagdo estdo apresentados sob a forma de manuscrito, que se encontra no item
MANUSCRITO. No mesmo constam as se¢Ges: Materiais e Métodos, Resultados, Discusséo
e Referéncias Bibliograficas. O item CONCLUSOES, encontrado no final desta dissertaco,
apresenta interpretacGes e comentarios gerais sobre os resultados do manuscrito presentes
neste trabalho. As REFERENCIAS referem-se somente as citagBes que aparecem nos itens
INTRODUCAO e CONCLUSOES desta dissertacao.
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1. Introducao

As espécies vegetais constituem importante fonte para pesquisas tanto farmacoldgicas,
fitoterapicas e biotecnolégicas. Levando em consideracdo sua diversidade e riqueza
fitoquimica pode-se dizer que o potencial destas espécies sdo pouco explorados. O uso
indiscriminado de plantas para fins terapéuticos sem conhecimento cientifico, e o interesse
por bioprodutos que visem um maior cuidado com o meio ambiente e diminuigdo de
resisténcia de pragas, colaboram para a extrema necessidade de estudos focados nas

propriedades das plantas nativas.

Nesse contexto, Senecio brasiliensis (Spreng) Less., uma planta nativa muito presente
na regido Sul do Brasil, que apesar de ser utilizada popularmente para fins medicinais, é
conhecida por sua toxicidade e por causar grandes perdas econdmicas. Aliando-se ao fato da
reducdo de sacrificios animais, principalmente de mamiferos em pesquisa, e crescente uso de
modelos alternativos, a mosca da fruta Drosophila melanogaster destaca-se como uma
importante ferramenta para ensaios biologicos, investigacdo e compreensao de doencas, de

toxicidade e modo de acdo de compostos variados.

Assim, investigacOes a respeito dos mecanismos de toxicidade que S. brasiliensis
apresenta, sdo de grande valia para contribuicdes acerca do seu efeito bioldgico e demais

potenciais.
1.1 Revisao da literatura
1.1.1 Biodiversidade da Flora Brasileira

O Brasil € considerado o pais com uma megadiversidade agrupando cerca de 20% do
total das espécies encontradas no planeta (BIODIVERSIDADE BRASILEIRA, 2002). Com
um extenso territorio e seis biomas com os mais variados climas, vegetacdes e relevos, o
Brasil € o detentor da flora mais rica do mundo, com aproximadamente 15 a 25% do total de

espécies, sendo grande parte destas, endémicas (JOLY et al., 2011).

O metabolismo das espécies vegetais € 0 que lhes confere esta grande diversidade,

compreendendo a sintese de aminoacidos, proteinas e nucleotideos, essenciais para a
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homeostase do organismo, e de substancias que possuem enorme variagao estrutural e que de
fato caracterizam a diversidade vegetal. Tais moléculas se distribuem de maneira restrita entre
as espécies, e podem ser classificadas em grupos, sendo estes os flavonoides, terpenoides, e
alcaloides, que conferem diferentes propriedades as plantas, como de defesa e sobrevivéncia,
além de servirem como atrativos para outras espécies (CROZIER; CLIFFORD; ASHIHARA,
2006; TAIZ; ZEIGER 2006; VICKERY; VICKERY, 1981).

A flora nacional é uma gigantesca e abundante fonte para bioprospec¢do de novos
compostos, mas mesmo apesar de tamanho potencial e diversidade biologica, pesquisas
relacionadas com as propriedades das plantas nativas sdo escassas, havendo assim, caréncia
de estudos focados nesta area no Brasil (BOLZANI, 2016). Unindo-se a isto, a diversidade de
atividades biologicas e propriedades fisico-quimicas que as plantas apresentam, lhes conferem
uma série de potenciais, como medicinais, farmacéuticos, fitoterapicos, cosmeéticos,
alimenticios, antimicrobianos quanto de aplicagdes de interesse ambiental como repelentes,
inseticidas e larvicidas, fazendo delas uma importante fonte de estudos para produtos naturais
biologicamente ativos (LU; TANG; LI, 2016; MOJZER et al., 2016; PINTO et al., 2002).

Além disso, a ampla aceitacdo popular e uso indiscriminado das plantas para fins
medicinais, unidos a falta de embasamento cientifico a respeito das suas propriedades
farmacoldgicas ou toxicoldgicas, trazem sérios riscos para a salde da populacdo. A toxicidade
que algumas espécies podem apresentar é capaz de gerar reacdes desconhecidas como
alergias, intoxicacdes (aguda ou crbnica), ou até mesmo antagonismo de tratamento
(CAMPOS et al., 2016; SILVA; HAHN, 2011). Em conjunto, estes fatos corroboram com a
necessidade de uma melhor compreensao acerca dos potenciais dos metabolitos vegetais e da

interacdo destes com o ser humano e demais organismos Vivos.
1.1.1.1 Interesse em bioprospeccdo de novos compostos de origem vegetal

As plantas séo constituintes fundamentais da trajetoria evolutiva do homem, utilizadas
desde o principio da histéria da humanidade, tanto para fins terapéuticos, quanto como
defensivos naturais contra diversas pragas, fato este que culminou para que as plantas
coevoluissem junto dos ataques patogénicos sofridos, por insetos e/ou microrganismos
(CORREA; SALGADO, 2011; FIRMO et al., 2011; KRINSKI et al., 2014; MARANGONI;
MOURA,; GARCIA, 2012; PINTO et al., 2002; THACKER, 2002).
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As propriedades apresentadas pelos metabdlitos vegetais podem ser alternativas
viaveis para o desenvolvimento de compostos como pesticidas naturais, eficazes e menos
agressivos ao meio ambiente, podendo ser utilizados na forma de 6leos essenciais, pos ou
extratos vegetais, ou associados a outras praticas ja existentes de controle de pragas, visando a
reducdo dos maleficios causados por produtos quimicos ao ambiente (BETTIOL; MORANDI,
2009; MACIEL et al., 2010).

Neste contexto, a busca por novos compostos baseados em plantas nativas se faz de
grande importancia. Bioprodutos com potenciais larvicidas e inseticidas vem ganhando cada
vez mais relevancia, tendo em vista o crescente aumento de epidemias causadas por vetores
biolégicos no Brasil (KRINSKI et al., 2014). A utilizacdo de produtos quimicos como método
convencional para o controle de vetores pode se tornar ineficaz se aplicado de maneira
inadequada e/ou indiscriminada, além de que com o tempo 0s insetos se tornam capazes de
adquirir resisténcia a estes produtos, podendo tolerar concentragcfes antes letais. Outro fato
negativo é o alto custo necessario para a sintese de novas e diferentes moléculas (MACIEL et
al., 2010). Contrapondo-se a isto, metodologias alternativas para o controle de insetos vetores,
como repelentes de origem boténica, apresentam inimeras vantagens, sendo capazes de inibir
ou prejudicar a ovoposicao, reproducdo e alimentacdo do inseto, além de poderem acarretar
uma série de mudancas em seu metabolismo, morfologia e comportamento, alterando seu
desenvolvimento normal e levando-o a mortalidade na fase imatura ou adulta (CORREA;
SALGADO, 2011; GALLO et al., 2002; ROEL, 2001). Além disso, sdo acessiveis, de facil
obtencdo, biodegradaveis possuindo baixa persisténcia ao ambiente, baixo custo para

producdo e os vetores apresentam baixa resisténcia a eles (FURTADO et al, 2005).
1.1.2 Familia Asteraceae e 0 género Senecio

A familia Asteraceae (Compositae) encontra-se amplamente distribuida pelo mundo
com aproximadamente 1.700 géneros e 25.000 espécies. O género Senecio possui em torno de
2.000 espécies sendo 60 destas encontradas principalmente nas regides Sul e Sudeste do
Brasil (FUNK et al., 2009; MATZENBACHER, 2009; OLIVEIRA et al., 2015; TELES,
2015). Este género se destaca devido as propriedades bioldgicas ja descritas para as suas
espécies: atividades antiulcerogénica e anti-inflamatoria de Senecio brasiliensis (SOUZA et
al., 2015; TOMA et al., 2004); anti-inflamatoria de Senecio salignus e Senecio flammeus
(GONZALEZ et al, 2013; XIAO et al., 2014); antibacteriana de Senecio tenuifolius
(MANUBOLU et al., 2013); antiplasmodial de Senecio smithioides (MOLLINEDO et al.,
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2015); antioxidante e citotdxica de Senecio graciliflorus (LONE et al., 2014); citotdxica de
Senecio delphinifolius (TIDJANI et al., 2013); antioxidante, hemolitica e citotoxica de
Senecio nutants (LIZARRAGA et al., 2012).

1.1.2.1 Senecio brasiliensis (Spreng) Less

Senecio brasiliensis é uma espécie vegetal nativa, ndo endémica, pertencente a familia
Asteraceae e ao género Senecio, popularmente conhecida como Maria-mole, flor das almas,
tasneirinha, cravo-do-campo, e flor-de-finados (Figura 1). E um subarbusto, perene, herbéceo,
ereto, e que pode chegar a 2 metros de altura, possui caule liso, cilindrico, cericeo, geralmente
ramificado na base e parte superior; folhas alternadas, helicoidais, pecioladas, com o limbo
profundamente recortado, inflorescéncia terminal do tipo corimbo com capitulos radiados de
coloragdo amarela, fruto do tipo aquénio, se propaga por meio de sementes (Figura 2)
(MOREIRA; BRAGANCA, 2011; OLIVEIRA et al., 2015; SANDINI et al., 2013).
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Figura 1: Senecio brasiliensis (Spreng) Less: a) arbusto em periodo de brotagéo. b) folhas. ¢) capitulo d) arbusto
em periodo de floragéo.
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Figura 2: Morfologia de Senecio brasiliensis (Spreng) Less., a) ramo florido. b) capitulo. c) flor do raio. d) flor
do disco
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E uma espécie muito frequente em éareas de vegetagio campestre ou degradada, pastagens
e terrenos baldios, de facil propagacdo, se distribuindo abundantemente em condigdes ideais
de umidade, luz, e temperatura. Durante 0os meses de maio a agosto a espécie passa pelo seu
periodo de brotacdo, florescendo entre os meses de outubro a novembro. Geralmente esta
presente nas regides Sul, Sudeste e Centro-Oeste do Brasil, além de também ocorrer no
Uruguai, Paraguai, e Argentina (BRIGHENT, 2010; SANDINI et al., 2013; TELES, 2015).

Apesar de ser conhecida por sua toxicidade e ser uma das principais causadoras de danos
econdmicos a pecuaria na regido Sul do Brasil, é utilizada popularmente para fins medicinais
em tratamentos anti-inflamatdrios, de feridas, queimaduras, alergia, Ulceras gastricas e dores
estomacais, porém seu uso indiscriminado pode causar graves danos a salde humana, e
relatos de casos de intoxicacdo por parte das folhas ja foram descritos (MAGNABOSCO et
al., 1997; SOUZA, et al., 2015; TANIGUCHI et al., 2002). Toxicidade em insetos ja foi
reportada, um estudo revelou que extrato aquoso de S. brasiliensis diminuiu a ovoposi¢édo de
Bemisia tabaci tipo B em folha de tomate (RIBEIRO et al., 2009) e causou mortalidade e
afetou o desenvolvimento de Microtheca ochroloma afetando as suas fases larval e pupal
(PONCIO, 2010).

Tal toxicidade se deve ao seu metabolismo secundario e sintese de metabolitos toxicos,
principalmente os alcaloides pirrolizidinicos (APs) conhecidos por suas propriedades tdxicas
e carcinogénicas (LANGEL,; OBER; PELSER, 2011), capazes de causar hepatotoxicidade em
bovinos, ovinos, suinos e equinos (SILVA et al., 2006).

1.1.2.2 Alcaloides pirrolizidinicos e toxicidade

Alcaloides pirrolizidinicos (APs) sdo metabolitos secundarios sintetizados por varias
espécies vegetais, encontrados principalmente dentro dos géneros Senecio, Heliotropium e
Crotalaria pertencentes as familias Asteraceae, Boraginaceae e Leguminosae
respectivamente. Porém outras espécies também sdo capazes de produzir estes metabdlitos,
estimando-se que cerca de 3% de todas as plantas do mundo sintetizem (PRAKASH et al.,
1999; SMITH; CULVENOR, 1981).

Os APs sdo capazes de apresentar toxicidade aguda ou crénica em virtude da sua
estrutura molecular. Sdo moléculas heterociclicas que contém um ndcleo basico de

aminoalcool (ndcleo pirrolizidinico), e uma porgdo de &cido alifatico (&cido nécico). Como
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aspectos fundamentais para a hepatotoxicidade destes metabolitos estdo um anel 3-pirroling;
um ou dois grupamentos hidroxilas ligado ao anel pirrolina; um ou dois grupamentos
esterificados; e uma cadeia ramificada no residuo acido, e como principal caracteristica uma
ligacdo dupla entre os C1 e C2 (Figura 3) (SANDINI et al., 2013; SILVA et al., 2006).

Figura 3: Representagdo esquematica de um AP.

Acido nécico

Niicleo pirrolizidinico

Fonte: Adaptado de Sandini et al (2013, p. 85).

Nas espécies do género Senecio, os APs sdo inicialmente sintetizados nas raizes como
N-6xidos de Senecionina e posteriormente transportados para a regido superior da planta
(folhas e flores), onde entdo sofrem reacGes quimicas originando diferentes APs (MACEL;
VRIELING; KLINKHAMER, 2004), os quais variam estruturalmente, havendo mais do que
uma forma conhecida. Estes metabolitos distribuem-se pelas flores, folhas, sementes, e caule,
havendo variagdo inter e intraespecifica de concentracdo, época do ano, e local, no entanto
sendo encontrados em maiores quantidades no periodo de floracdo (SANDINI et al., 2013;
SILVA et al, 2006).

Os APs apresentam toxicidade apds a planta ser ingerida e seus constituintes
metabolizados no figado do animal num processo de biotransformacdo que ocorre em trés
reacOes principais: a hidrolise e oxidagdo, que auxiliam na detoxificacdo do organismo e a
desidrogenacdo que é responsdvel pela formacdo de grupos pirrGis altamente toxicos e
instaveis. Essa formacdo ocorre através da acdo das enzimas monooxigenases presentes no
reticulo endoplasmatico (dos hepatécitos) do citocromo P-450 (FU et al., 2002; SANTOS, et
al., 2008). Tais derivados pirrélicos possuem capacidade alquilante e se ligam a molécula de

DNA, inibindo assim a mitose, levando a uma condi¢do de megalocitose, morte celular por
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necrose, diminuicdo do numero de hepatécitos e disfuncdo hepética (HUAN et al, 1998;
SANTOQOS, et al., 2008). Além disso, estes compostos pirrdis podem atingir a circulacdo geral
podendo provocar nefrose e pneumonia intersticial, agravando o quadro e levando o animal a
Obito (KARAM; SCHILD; BRAGA, 2011; SANDINI et al., 2013; SILVA et al., 2006).

Entre as principais manifestacGes patoldgicas apresentadas apds intoxicagcdo por
espécies do género Senecio esta a seneciose, ocorrendo principalmente em ruminantes. Esta
condicdo pode suceder apOs semanas ou meses da ingestdo da planta pelo animal, e é a
principal causadora de intoxicagcdo e danos econdmicos no Rio Grande do Sul. Entre os
sintomas estdo a perda de peso, e consequente incapacidade e encefalopatia hepaética,
comprometendo o metabolismo cerebral (KARAM; SCHILD; BRAGA, 2011; SANDINI et
al., 2013).

O fato de Senecio se alastrar com grande facilidade principalmente em areas rurais e
pastagens, e estar amplamente disponivel para consumo dos animais, principalmente no
inverno, quando estd em seu periodo de brotacdo, facilita o consumo das folhas e surgimento
de inimeros casos de intoxicagOes, tais como a seneciose (KARAM et al., 2004). Assim
sendo, as espécies do género Senecio, principalmente Senecio brasiliensis, sdo consideradas
pragas capazes de causar maleficios e grandes perdas econdmicas, sendo de suma importancia
investigacOes acerca dos potenciais de toxicidade que 0s seus constituintes possuem e uma

melhor compreensdo dos mecanismos de a¢do desta planta nos organismos vivos.

1.1.3 Mecanismos de defesa das células

Frente a toxicidade que muitos compostos apresentam e possiveis danos que podem
causar, 0s organismos vivos sofreram adaptacdes ao longo do tempo desenvolvendo
mecanismos de defesa, com o papel fundamental de manter a homeostase, através de vias que
sinalizam para respostas rapidas regulando o metabolismo, desenvolvimento, defesa, reserva
energeética, sobrevivéncia e morte celular. Esses mecanismos incluem o sistema de defesa
antioxidante bem como suas enzimas, fatores de transcricdo, proteinas quinases, proteinas
precursoras de apoptose, sistemas que trabalham de forma interligada em prol da homeostase
(RAY; HUANG; TSUJI, 2012).

1.1.3.1 Estresse oxidativo e sistema de defesa antioxidante

Radicais livres (RL) s&o moléculas oxidantes altamente reativas e instaveis, que
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possuem meia vida curtissima e um ou mais elétrons desemparelhados em sua Gltima camada
eletronica (LOBO et al., 2010). Entre estas moléculas encontram-se principalmente as
espeécies reativas de oxigénio (EROs), destacando-se os radicais superoxido (O;") e hidroxila
(OH), e o perdxido de hidrogénio (H20,); e as espécies reativas de nitrogénio (ERNS), no
qual o peroxinitrito (ONOO™) se sobressai como um dos agentes mais danosos
(BARREIROS; DAVID; DAVID, 2006; LOBO et al., 2010).

A presenca dos RL é essencial para a manutencdo de funcdes fisiologicas e
homeostaticas do organismo, podendo auxiliar na resposta imune contra infecgoes,
sinalizacdo intercelular e na apoptose (BARREIROS; DAVID; DAVID, 2006; SCHNEIDER,;
OLIVEIRA, 2004). O processo de geracdo das EROs ocorre naturalmente no organismo,
sendo que em torno de 2 a 5% do oxigénio respirado as originam (SCHNEIDER; OLIVEIRA,
2004).

No entanto, quando produzidos em excesso, estes radicais podem promover danos a
moléculas essenciais como 0 DNA, proteinas e lipideos, podendo acarretar em peroxidacéo
lipidica oxidagao proteica e alteragdes na atividade das enzimas em geral (LOBO et al., 2010;
OGA; CAMARGO; BATISTUZZO, 2008). Este desequilibrio entre a geracdo dos radicais e a
capacidade antioxidante do organismo de combaté-los e/ou elimina-los do organismo,
caracteriza um estado denominado de estresse oxidativo (LOBO et al., 2010; SCHNEIDER,;
OLIVEIRA, 2004).

Os antioxidantes sdo moléculas doadoras de elétrons, que podem inibir a oxidacdo de
outras moléculas, sendo capazes de estabilizar os radicais livres no organismo (PAM-HUY;
HE; PAM-HUY, 2008). Eles podem ser obtidos a partir de uma dieta saudavel baseada no
consumo de vegetais e frutas, capazes de auxiliar no combate a doencas relacionadas com o
acumulo de radicais livres, ou fazerem parte da capacidade enddgena do organismo de
combater os radicais (PAM-HUY; HE; PAM-HUY, 2008).

O sistema de defesa antioxidante € um mecanismo de protecdo e detoxificacdo, que
tem como objetivo impedir ou diminuir os danos causados pelos radicais livres mantendo-os a
niveis fisiologicos, através de mecanismos preventivos, varredores e de reparo, impedindo a
formacéo dos radicais, e seu ataque aos componentes celulares, auxiliando na restauracao do
organismo (BARBOSA et al., 2010; BARREIROS et al., 2006; KOURY; DONANGELDO,

2003). Destacam-se neste sistema o tripeptideo glutationa (GSH), e principalmente as enzimas
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antioxidantes glutationa S-transferase (GST), glutationa peroxidade (GPx), glutationa
redutase (GR), catalase (CAT) e superoxido dismutase (SOD) (PAM-HUY; HE; PAM-HUY,
2008).

GSH (glutationa reduzida) é o tiol de baixa massa molecular de maior abundéncia nas
células, e um 6timo agente redutor devido a seu radical sulfidrila (SH) que o capacita ser um
excelente doador de elétrons (COGO et al., 2009; HUBER; ALMEIDA, 2008). No processo
de detoxificacdo de xenobioticos, a GSH é oxidada a glutationa oxidada (GSSG) pelas
enzimas glutationa oxidase (GO) e GPx, a qual é reduzida novamente a GSH atraves da acéo
da enzima glutationa redutase (GR). Este ciclo de manutencgdo redox é muito importante para
que a atividade protetora da glutationa seja mantida, e fundamental para o equilibrio do
sistema de defesa enzimatico (BARBOSA et al., 2010; COGO et al., 2009; TEKMAN et al.,
2008). A enzima GST auxilia na detoxificacdo do organismo, catalisando a conjugacdo da
GSH a compostos enddgenos ou exdgenos como xenobioticos, e facilitando a excrecdo destes
(COGO et al., 2009; HUBER; ALMEIDA, 2008). A enzima SOD catalisa a dismutacdo do
radical superdxido (O;") em H,0,, o qual é normalmente gerado nos organismos aerébicos,
durante o processo de oxidagao (COGO et al., 2009). O H,0, formado é entdo decomposto
pela CAT em O, e H,O (COGO et al., 2009), porém pode este H,O, também ser removido
através da atividade do sistema GPx (Figura 4) (LOBO et al., 2010; PAM-HUY; HE; PAM-
HUY, 2008). No entanto, na falta deste sistema de detoxificacdo de H,O,, pode haver a
geracdo do radical OH’, através das reacdes de Fenton e de Haber-Weiss, este radical é
altamente instavel e reativo e ndo ha sistema enzimatico de defesa (BARBOSA et al., 2010).
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Figura 4: Esquema do mecanismo de ac¢do do sistema de defesa antioxidante.
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Fonte: Adaptado de Barbosa et al (2010, p. 634) e Mordn; Cartilla-Cortazar (2012, p. 90).

1.1.3.2 Nrf2 e proteinas quinase

Nrf2 (fator nuclear eritréide 2 relacionado ao fator 2) é um fator de transcricdo que
atua em funcbes importantes para homeostase, como na diferenciacdo, proliferacdo e
inflamacdo, além de ser responsavel pela regulacdo do balanco redox celular, e de respostas
de detoxificagé@o de fase Il, do qual fazem parte as enzimas GST, GPx, do sistema Trx, entre
outras envolvidas no metabolismo de xenobidticos eletrofilicos (BRYAN et al., 2013;
LOBODA et al., 2016; OSBRURN; KENSLER, 2008). A translocacdo do Nrf2 para o nucleo
é considerada um dos mecanismos de defesa celular mais importante em resposta ao estresse
oxidativo, ativando genes que codificam enzimas antioxidantes, em uma tentativa de
regulacdo homeostatica (BRYAN et al., 2013; ZHANG, 2006).

Em condicGes basais, o Nrf2 se mantém no citoplasma formando um complexo com

Keapl (ECH Kelch associando proteina 1), uma proteina rica em cisteina que regula
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negativamente o Nrf2, mantendo-o inativo (LOBODA et al., 2016). Porém em condicGes de
estresse, 0 complexo Nrf2/Keapl é dissociado, podendo ocorrer uma modificagdo no grupo
SH do keapl ou fosforilagdo do Nrf2, facilitando a sua dissociacdo de keapl, e assim Nrf2
migrar para o nacleo e exercer suas atividades. No nucleo, apos se ligar a proteinas Maf, o
Nrf2 ativa ARE (elemento de resposta antioxidante) e aumenta transcricdo de genes
envolvidos com a defesa antioxidante como glutationa peroxidase, glutationa S-transferase,
tiorredoxina redutase entre outras (Figura 5) (BRYAN et al., 2013; ZHANG et al., 2013;
ZUCKER et al., 2014).

Figura 5: Esquema do mecanismo de ativacdo do Nrf2.
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Fonte: Adaptado de Bryan et al (2013, p. 706).

O estresse oxidativo também é capaz de ativar cascatas de sinalizagdo, como € 0 caso
das proteinas quinases (SON, CAMANDOLA, MATTSON, 2008), que sdo enzimas
fundamentais para a regulagdo, transducdo de sinais e controle intracelular. Elas catalisam a
fosforilacdo de proteinas através da transferéncia de um grupo fosfato de ATP, ou de GTP,
para residuos de serina, treonina (quinase especifica para Ser/Thr) ou residuos de tirosina

(especifica para Tyr). A fosforilagcdo destes residuos exerce papel essencial no controle da
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atividade de proteinas (SILVA et al., 2009).

MAPK (proteinas quinases ativadas por mitdgenos) compreendem um grupo de
proteinas especificas de Ser/Thr que requerem fosforilacdo desses residuos para se tornarem
ativas. Elas participam de processos de proliferagdo, expressdo génica, diferenciagéo,
adaptacdo ao estresse e apoptose. Existem trés grupos principais de proteinas quinases, a
ERK1/2 (Quinase Regulada por Sinais Extracelulares) relacionada na proliferacdo e
diferenciacéo celular, e JINK1/2 (c-Jun N-terminal quinase) e a p38™"¥ mais envolvidas em
processos inflamatorios, respostas a estresse térmico, osmatico e morte celular. Em situacoes
de estresse pode haver ativacdo por fosforilacdo ou inibicdo destas proteinas através de
fosfatases (HAYAT, 2013; KENNEDY; CELLURALE; DAVIS, 2007; KIM; CHOI, 2010).

AKT ou também PKB (proteina quinase B) como é conhecida, € uma proteina quinase
de residuos Ser/Thr, que possui um dominio PH (homologia a pleckstrina) na regido N-
terminal, seguido por um dominio catalitico e uma regido regulatéria C-terminal (SONG,
OUYANG, BAO, 2005). Esta envolvida em processos de crescimento e diferenciacao celular,
progressao do ciclo celular, sobrevivéncia e inibicdo da apoptose, além de ser um dos maiores
reguladores da sinalizagdo da insulina e metabolismo da glicose (DOWNWARD , 1998).
AKT se encontra inativa em células em repouso, porém em resposta a estimulos como fatores
de crescimento e insulina é ativada pela via de sinalizacdo da PI3K (fosfatidilinositol 3-
quinase), (SONG, OUYANG, BAO, 2005). PI3K é uma proteina formada por duas
subunidades: p85 (regulatéria) e p110 (catalitica), que se associam ap6s ativacdo. O receptor
do fator de crescimento ativa a subunidade catalitica via recrutamento da subunidade
regulatéria correspondente ou via ativacdo de Ras, a qual ativa diretamente a subunidade
catalitica. A subunidade catalitica fosforila o Pl (fosfatidilinositol) na posicdo D3 do anel
inositol gerando PIP3. A unido do PIP3 com o dominio PH da proteina AKT promovem a sua
translocacdo para a membrana plasmatica, sofrendo alteracdes conformacionais que permitem
sua fosforilagdo nos residuos Treonina e Serina pelas proteinas PDK1 (proteina dependente
quinase 1) e PDK2 (proteina dependente quinase 2) respectivamente (Figura 6) (SONG,
OUYANG, BAO, 2005).

Um dos seus principais mecanismos ap0s sua ativacdo é o bloqueio da apoptose. Para
isto, AKT utiliza de diferentes mecanismos, podendo inativar a proteina Bad (membro da
familia Bcl-2), caspase-9, e membros da familia Forkhead (FKHR) através de fosforilacéo.

Além disso, ela induz ativacdo de substratos antiapoptoticos, tais como IKB kinase (IKK) e
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CREB (proteina de ligacao-elemento de resposta do CAMP) (CHANG, et al., 2003; SONG,
OUYANG, BAO, 2005). Também relaciona-se com o crescimento e proliferagdo celular,
através da regulacdo da quinase mTOR (proteina alvo da rapamicina em mamiferos), que atua
em resposta a disponibilidade nutricional e ao estimulo por fatores de crescimento
(ZAROGOULIDIS et al, 2014). A via da AKT também é regulada negativamente, podendo
ser inibida pela PTEN (fosfatase homologa a tensina) através da degradacdo de PIP3, que
remove 0 grupo fosfato na posicdo D3, levando o PIP3 a sua conformacéo original. Desta
forma, havendo uma significativa reducdo dos niveis de fosforilagdo da proteina AKT
(GEORGESCU et al 2010).

Figura 6: Esquema da via de sinalizagdo PI3K/AKT.
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Fonte: Adaptado de Marques (2010, p. 24).


https://www.ncbi.nlm.nih.gov/pubmed/?term=ZAROGOULIDIS%20P%5BAuthor%5D&cauthor=true&cauthor_uid=25360163
https://www.ncbi.nlm.nih.gov/pubmed/?term=Georgescu%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=21779440
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1.1.4 Apoptose

O controle da proliferacdo e sobrevivéncia celular € um mecanismo regulatorio
essencial para manter o equilibrio do ndmero populacional de células. Apoptose é um
processo de morte celular programada extremamente regulado, totalmente dependente de
sinalizacdo celular especifica, podendo ocorrer pelas vias intrinseca (intracelular) ou
extrinseca (extracelular) (MCILWAIN; BERGER; MAK, 2013).

A via intrinseca é a mais comum e ativada por estresse intracelular em resposta a
injurias, como espécies reativas (ELMORE, 2007). Este tipo de morte é mediada pela via
mitocondrial e regulada por proteinas anti-apoptoticas, que constantemente inibem as proé-
apoptoticas (ELMORE, 2007). Com a ativacdo desta via, a acdo das proteinas anti-apoptéticas
(Bcl2 entre outras) é neutralizada, e pré-apoptoticas (Bax, Bak entre outras) sdo ativadas
contribuindo para a permeabilizacdo da membrana mitocondrial. Moléculas pro-apoptoticas
sdo liberadas apOs consequente rompimento da membrana mitocondrial, que acarreta na
liberacdo e associacdo do citocromo C com Apaf-1 (fator de ativacdo de apoptose 1) afim de
ativar pro caspase 9 e formar o apoptossomo (complexo apoptossémico), que ativa a caspase
9, iniciando apoptose pela clivagem e ativacdo das caspases executoras (ELMORE, 2007;
CZABOTAR et al., 2014; MCILWAIN; BERGER; MAK, 2013).

J& na via extrinseca, fatores externos podem reconhecer e se ligar aos receptores de
fatores de necrose tumoral (rTNF) presentes na membrana, chamados de receptores de morte
celular, iniciando assim uma resposta de sinalizacdo celular e ativando a cascata das caspases
(ELMORE, 2007; MCILWAIN; BERGER; MAK, 2013).

Proteinas caspases (proteases aspartato-especificas dependentes de cisteina) sdo uma
familia de proteases que possuem uma cisteina em seu sitio ativo e a utilizam como grupo
nucleofilico na clivagem de substratos, e desempenham papel fundamental no processo de
morte celular programada. Sdo sintetizadas na forma de precursores inativos como pro-
caspases e sdo ativadas em caspases quando deflagrado o processo de morte celular. Sete
caspases estdo envolvidas no processo de apoptose, sendo elas iniciadoras (caspases 2,8,9 e
10) que podem ser autoclivadas e ativar caspases efetoras ou executoras (3,6 e 7) em
mamiferos (ELMORE, 2007; MCILWAIN; BERGER; MAK, 2013). Caspase 3 é capaz de
inativar proteinas que atuam para a sobrevivéncia celular, como é o caso da proteina Poli

(ADP-Ribose) Polimerase conhecida como PARP, uma familia de proteinas que exercem
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importantes fungOes para a homeostase celular, deteccdo e reparo de danos ao DNA,
expressao génica, e apoptose, auxiliando assim na manutencdo da integridade do genoma
(MORALES et al., 2014).

A isoforma PARP-1 é um dos principais membros da familia, e uma enzima nuclear
que é ativada em reposta a danos no DNA, com a capacidade de poli-ADP-ribosilagcdo, um
mecanismo que envolve a transferéncia de unidades de ADP-ribose para proteinas nucleares
utilizando NAD™ (nicotinamida acetil dinucleotideo) como substrato, o que leva a formagéo
de polimeros de ADP-ribose essenciais para manter a integridade do genoma (MORALES et
al., 2014; SCHREIBER et al., 2006). Em condigdes de homeostase, PARP-1 encontra-se em
sua forma inativa no ndcleo celular, centrossomos, e mitocéndrias. No processo de apoptose
PARP-1 é transportada para o citoplasma, onde serve de substrato para as proteinas caspases
3/7 sendo clivada e inativada por elas (Figura 7) (MORALES et al., 2014; SCHREIBER et
al., 2006).

Figura 7: Esquema da via intrinseca de apoptose, ativacdo de caspases e clivagem de PARP.
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Fonte: Adaptado de BERKI et al (2011, p. 124).
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1.1.5 Regulagéo do metabolismo energético

Além destes mecanismos de defesa, 0 metabolismo energético e a regulacdo de sua
complexidade sdo essenciais para a manutencdo da homeostase e sobrevivéncia dos
organismos. A glicose é imprescindivel para este processo, como a principal fonte de energia,
podendo ser armazenada na forma de amido e glicogénio (NELSON; COX, 2014).

Os mecanismos de sinalizagdo e regulacdo transcricional do metabolismo dos
carboidratos, proteinas, e lipideos, possui similaridade entre humanos e Drosophila
melanogaster (SHINGLETON, 2010), uma vez que Drosophila possui peptideos semelhantes
a insulina conhecidos como Dilps (peptideos similares a insulina de Drosophila) que detém
similaridades estruturais e funcionais com o fator de crescimento semelhante a insulina tipo 1
(IGF-1), insulina, e com a via de sinalizagcdo IS (insulina/IGF-1) de vertebrados. Dilps
possuem papeis essenciais na regulacdo da homeostase da glicose, atuando na manutencédo
dos seus niveis de hemolinfa na mosca, e na regulacdo de lipidios, reproducéo, crescimento,
resisténcia ao estresse e envelhecimento (BIRSE et al., 2011; HASELTON; FRIDELL, 2010).

Sete diferentes Dilps sdo encontradas no genoma de Drosophila, denominadas Dilpl,
Dilp2, Dilp3, Dilp4, Dilp5, Dilp6 e Dilp7, e encontrando-se expressas em uma variedade de
tecidos incluindo corddo nervo ventral, glandulas salivares, ovarios e intestino larvais, e
cérebro larval e adulto. As Dilps 1-5 possuem maior similaridade com a insulina de
mamiferos, enquanto a Dilp6 possui mais similaridade com IGF-1 (HASELTON; FRIDELL,
2010; SHINGLETON, 2010; ZHANG et al., 2009).

1.1.6 Drosophila melanogaster

O desenvolvimento de metodologias alternativas utilizando insetos como organismo
modelo para estudos de toxicologia vem ganhando destaque na comunidade cientifica,
principalmente devido ha grande tendéncia na reducdo do sacrificio de animais (MORALES,
2008). Além disso, o crescente aumento de pesquisas relacionadas com a utilizacdo de
produtos naturais, principalmente de origem vegetal, bem como da exposicéo a xenobioticos,
evidencia a necessidade de modelos alternativos para ensaios toxicoldgicos iniciais. Os
insetos apresentam vantagens unicas, como uma resposta semelhante a roedores em relacéo a
exposicdo a contaminantes, além de possuirem facil manuseio e observacdo, réapida

proliferacdo e crescimento, e sem necessitar de aprovacdo de comités de ética para a sua



33

utilizagio (SCULLY; BIDOCHKA, 2006).

Dentre os modelos alternativos a mosca da fruta, Drosophila melanogaster (Figura 8)
é um invertebrado pertencente a ordem Diptera e a familia Drosiphilidae, e de larga utilizacédo
em estudos de bioquimica, toxicologia, genética, biologia molecular, bem como para
screening de compostos e andlise de ac¢Bes bioldgicas de substancias naturais (STRANGE,
2016).

Figura 8: Modelo experimental Drosophila melanogaster

Fonte: <http://www.yourgenome.org/stories/fruit-flies-in-the-laboratory>

Entre as suas principais vantagens estdo o rapido ciclo de vida (Figura 9), manutencao
de baixo custo, tamanho reduzido, dimorfismo sexual aparente, facil manipulacdo, falta de
imposicdes éticas para seu uso e principalmente por possuir alta homologia com genes
envolvidos em doencas em humanos (PANDEY; NICHOLS, 2011; STRANGE, 2016).
Muitos mecanismos bioldgicos relacionados ao controle desenvolvimental e sobreviéncia, sdo
conservados entre Drosophila e humanos, contribuindo assim para 0 seu uso em pesquisas que
busquem avaliar a exposicdo de determinadas substancias durante as etapas de
desenvolvimento (JENNINGS, 2011).


http://www.yourgenome.org/stories/fruit-flies-in-the-laboratory
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Figura 9: Ciclo de vida de Drosophila melanogaster
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Fonte: Adaptado de Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or
display. < www.mhhe.com/biosci/ap/mediacentral/.../drosophilaD-4.ppt>

2. Justificativa

Estudos acerca dos potenciais que a flora brasileira apresenta se fazem cada vez mais
necessarios principalmente devido ao uso popular indiscriminado das plantas para fins
terapéuticos e auséncia de embasamentos cientificos a respeito da toxicidade e possiveis
interacbes que as mesmas podem possuir com os organismos. O conhecimento acerca dos
alvos moleculares modulados por constituintes de extratos vegetais permite que estas especies
sejam utilizadas com abordagem terapéutica em uma variedade de patologias onde tais alvos
estejam implicados bem como no surgimento de produtos venham a contribuir com o bem

estar da sociedade como agentes inseticidas. Desta forma nosso estudo contribui com a
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descricdo de alvos moleculares implicados no desenvolvimento e homeostasia da Drosophila
melanogaster, buscando contribuir com a compreensdo dos mecanismos envolvidos na

toxicidade de Senecio brasiliensis e aplicabilidade de seu extrato.
3. Objetivos
3.1 Objetivo geral

Investigar a toxicidade da exposi¢do do extrato hidroalcodlico das folhas de Senecio
brasiliensis (Spreng) Less., (EHSB) no modelo experimental de Drosophila melanogaster
durante a fase adulta e larval. Na fase larval compreender e elucidar a toxicidade e os
mecanismos bioquimicos, moleculares e de transducdo de sinais envolvidos na acdo desta

planta.
3.2 Objetivos especificos

e Realizar a caracterizacdo fitoquimica do EHSB quanto a presenca de compostos feno-
licos e flavondides;

e Avaliar a atividade antioxidante in vitro do EHSB;

e Avaliar a viabilidade e desempenho locomotor de D. melanogaster adultas expostas a
EHSB;

e Avaliar a taxa de D. melanogaster adultas eclodidas ap6s exposi¢do ao EHSB durante
0 seu periodo embrionério, larval e pupal;

e Analisar a atividade das enzimas antioxidantes catalase, glutationa S-Transferase e su-
peréxido dismutase em larvas de 3° instar de D. melanogaster expostas ao EHSB;

e Analisar a viabilidade celular e a razdo de glutationa (GSH/GSSG) em larvas de 3°
instar de D. melanogaster expostas a ao EHSB;

e Determinar a produgédo de espécies reativas de oxigénio em larvas de 3° instar de D.
melanogaster expostas ao EHSB;

e Analisar a modulacdo/fosforilacio das proteinas quinases ERK1/2, INK1/2, p3gMAPK,
AKT, e clivagem de PARP em larvas de 3° instar de D. melanogaster expostas ao
EHSB;

e Analisar a atividade de caspase 3/7 em larvas de 3° instar de D. melanogaster expostas
ao EHSB;

e Analisar a presenca ou auséncia de danos a nivel transcricional dos genes GPDH,
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CAT, SOD, Nrf2, DRICE, TrxR, Dilp2, Dilp3, Dilp5 e Dilp6 em larvas de 3° instar de
D. melanogaster expostas ao EHSB.

4. Resultados

Os resultados que fazem parte desta dissertacdo estdo apresentados sob a forma de
manuscrito. Os itens Materiais e Métodos, Resultados, Discussdo e Referéncias
Bibliogréaficas, encontram-se no manuscrito, os quais estdo dispostos na forma em que foram
submetidos para publicagio em Comparative Biochemistry and Physiology, part C
ISSN: 1532-0456.
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Abstract

Senecio brasilienis (Spreng) Less., is a species native from Brazil, popularly known as “maria
mole”, and known to induce hepatotoxicity due to its high content of Pyrrolizidine alkaloids.
Despite its toxicity, this plant is widely used in Brazilian folk medicine. Considering the
antagonizing effects described for S. brasiliensis, we describe here molecular markers
involved in the toxicity of hydroalcoholic extract from leaves of S. brasiliensis (HESB) in
Drosophila melanogaster. Phytochemical analysis of HESB revealed the presence of phenolic
acids and flavonoids. A significant antioxidant potential against ABTS®" and DPPH® radical
was found in parallel. Ingestion of extract did not alter the survival and locomotor activity of
adult flies. However when ingested along the larval developmental phase, the eclosion rate of
flies was interrupted at higher concentration of extract. To comprehend this phenomenon
several analysis were conducted in larvae. HESB stimulated activity of antioxidant enzymes
SOD and GST, and increased GSH/GSSG ratio and ROS production. Additionally, HESB
caused a significant decrease of cell viability. The mRNA expression of Nrf2, TrxR, CAT,
Drice and Dilp6 were also significantly up-regulated. HESB caused significant decrease on
the phosphorylation of MAPKs and AKT. In parallel, PARP cleavage and caspases 3/7
activity were stimulated. In addition, glucose, glycogen and triglycerides levels were
decreased. Taken together our study depicts a disruption in the eclosion of D. melanogaster
possibly attributed to the inhibition of kinases implied in developmental process, energetic

demand and induction of apoptotic cell death process.
Keywords: caspases; MAPK; maria-mole; Nrf2; oxidative stress; toxicity.
1. Introduction

Several plant species are used indiscriminately by human population in the form of
teas and infusions with therapeutic purposes. However the consumption of those species may
cause toxic effects (Sen and Samanta, 2015). The vegetal secondary metabolism comprises a
variety of metabolites that evolved in order to promote the plants survival providing
protection against general stresses, as environmental factors, insects, herbivores, predators,
pathogens and UV radiation. Some of this substances are restricted to certain species
constituting potential source of bioactive compounds useful in scientific research contributing
for the discovery of new products and medicines (Cespedes et al., 2015; Mierziak et al., 2014;
Mishra and Tiwari, 2011; Tiwari and Rana, 2015).
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Senecio brasiliensis (Spreng) Less., popularly known as “maria mole” belongs to
Senecio genus and Asteraceae family, is a native plant from Brazil, found usually in south and
southeast of the country (Toma et al., 2004). Many plants, mainly within the Senecio genus
are able to synthesize hepatototoxic metabolites known as Pyrrolizidine alkaloids (PAS)
(Sandini et al., 2015). S. brasiliensis is one of the most toxic species of the genus, and due to
presence of these alkaloids is capable to cause hepatotoxicity and poisoning in horses and
cattle and lead them to death (Karam et al., 2011). Despite this toxicity, same parts of the
plant including leaves and flowers are used in Brazilian folk medicine as an anti-
inflammatory, gastric ulcers and stomach pain treatments (Sandini et al., 2015; Toma et al.,
2004).

A variety of biological properties were described to Senecio genus, such as
antiulcerogenic and anti-inflammatory for Senecio brasiliensis (De Souza et al., 2015; Toma
et al., 2004); anti-inflammatory for Senecio salignus and Senecio flammeus (Pérez Gonzalez
et al., 2013; Xiao et al., 2014); antibacterial for Senecio tenuifolius (Manubolu et al., 2013);
antiplasmodial for Senecio smithioides (Mollinedo et al., 2015); antioxidant and cytotoxic for
Senecio graciliflorus (Lone et al., 2014); cytotoxic for Senecio delphinifolius (Tidjani et al.,
2013); antioxidant, hemolytic and cytotoxic for Senecio nutants (Lizarraga et al., 2012).

Free radicals can be classified in reactive oxygen species (ROS) and reactive nitrogen
species (RNS), and are produced by living organisms in normal cellular metabolism
contributing for physiological homeostasis (Birben et al., 2012; Pisoschi and Pop, 2015).
Oxidative stress is a condition caused by overproduction of free radicals and/or alterations in
antioxidant defense system of the organism caused by environmental stressors or pathological
conditions (Pisoschi and Pop, 2015; Birben et al., 2012). Physiological mechanisms are
responsible for protecting cells from damage caused by oxidative stress, including the
enzymatic [i.e. glutathione-S-transferase (GST), catalase (CAT), and superoxide dismutase

(SOD)] and nonenzymatic (i.e. glutathione GSH) antioxidant system (Birben et al., 2012).

The signaling pathways of the Nrf2 transcription factor (nuclear factor erythroid 2 like
2) protein kinases are also important part of this mechanism (Bryan et al., 2013). The Nrf2 is
a transcription factor that regulates expression of genes involved in antioxidant and
detoxification response, and is one of the most important defensive signaling pathways in
animals (Bryan et al., 2013; Chen et al., 2015). The protein kinases such as MAPK (mitogen-

activated protein kinase) and PI3K/AKT are implied in many cellular functions, such as
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growth, proliferation, differentiation, survival and apoptosis (Bryan et al., 2013; Kim and
Choi, 2010; Son et al., 2009), the modulation of these targets by botanical compounds is

scarcely demonstrated and its implication still unknown.

The energetic metabolism is also an essential part to maintenance of homeostasis and
survival of the living organisms, and its regulation is attributed to insulin/IGF1 signaling (11S)
pathway (Gronke et al., 2010). Those peptides are also related to growth, proliferation and
longevity processes in response to metabolic adaptation, feeding changes and environmental
stresses (Chatterjee et al., 2014). In Drosophila melanogaster, Dilps (Drosophila insulin-like
peptides) have important functions as regulation of growth, glucose homeostasis, maintenance
of hemolymph, storage lipids, reproduction, stress resistance, and aging in the fruit fly (Birse
et al., 2011; Haselton and Fridell, 2010).

Considering the antagonizing effects described to Senecio brasiliensis and the use of
this plant for therapeutic purposes by the population, it is necessary to better understand about
its chemical components, toxicity and interaction with living organisms. In this aspect
Drosophila melanogaster known as fruit fly is a powerful and advantageous model for
elucidation of embryonic development, behavior, and aging, sharing with mammals important

mechanism and pathways implied in such process (Jennings, 2011).

In this study we aimed to investigate the biological effects of the hydroalcoholic
extract of leaves of Senecio brasiliensis (HESB) exposure in adult and larval phases of
Drosophila melanogaster taking into account the modulation of oxidative stress and

antioxidant defense markers, cell death and general development.
2. Material and Methods
2.1 Materials

Sucrose (S5016); Reduced glutathione (GSH, G4251); tetramethylethylenediamine
(TEMED, T9281); Quercetin (Q4951); 5,5-dithiobis (2-nitrobenzoic acid) (DTNB, D8130);
1-Chloro,  2,4-dinitrobenzene  (CDNB, 237329);  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, M2128); 2’,7’-dichlorofluorescein diacetate (DCF-DA,
35845); Resazurin sodium salt (R7017); D- Mannitol (M9647); K,KO4P (1110216); KH,PO,
(P0662); Hepes Minimum 99,5% (Titration, H3375); Albumin from bovine serum (BSA,
A6003); Triton X-100 (T8532); Agar (A1296); B-mercaptoethanol (M6250); anti-rabbit
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immunoglobulin (HRP peroxidase-linked antibody) were obtained from Sigma-Aldrich (S&o
Paulo, SP, Brazil). Anti-phospho-p38 (Thr180/Tyr182); anti-phospho  JNK1/2
(Thr183/Tyr185); anti-phospho ERK1/2 (Thr202/Tyr204) and anti-total-ERK1/2, anti-
phospho AKT (Ser473) and p-actin antibodies were purchased from Cell Signaling
Technology (Danvers, MA). SDS, acrylamide, bis-acrylamide, hybond nitrocellulose were
obtained from GE Healthcare Life Division (Uppsala, Sweden). Poly(ADP)-ribose
polymerase (PARP) antibody were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). DNAse | Amplification Grade (18068-015) from Invitrogen by Life Technologies;
SYBR Select Master Mix (4472908) from Biosystems by Life Technologies; TRIzol
(15596026) from Ambion/RNA by Life Technologies; and iScript cDNA Synthesis kit (170-
8891) was obtained from Biorad. Caspase-Glo 3/7 (G7790) was obtained from Promega. All

other chemicals and reagents used here were of the highest analytical grade.

2.2 Plant material and extract preparation

The leaves S. brasiliensis were collected in the municipality of Sdo Gabriel, Rio
Grande do Sul, Brazil (30°19'47.5"S 54°21'49.7"W) in November 2014. The plant material
was identified at the Herbarium of the Federal University of Pampa — UNIPAMPA, where a
voucher specimen was deposited (HBEI 1437). The fresh leaves S. brasiliensis (526 g) was
washed under running water and air dried. The air dried materials were macerated with 99.9%
ethanol and water (1:1, v/v), for seven days. The mixture was filtered and the solvent was
evaporated and lyophilized to obtain 22 g of hydroalcoholic extract of leaves of S. brasiliensis
(HESB; crude extract) (Matos, 1997).

2.3 Qualitative and quantitative analyses of phenolics and flavonoids compounds by HPLC-
DAD

HESB at a concentration of 15 mg/mL was injected by means of a model SIL-20A
Shimadzu Auto sampler. Separations were carried out using Phenomenex Cig column (4.6 mm
x 250 mm x 5 mm particle size). The mobile phase was solvent A = water:acetic acid (98:2,
v/v) and solvent B = acetonitrile. The gradient program was started with 95% of A and 5% of
B until 2 min and changed to obtain 25%, 40%, 50%, 60%, 70% and 80% B at 10, 20, 30, 40,
50 and 80 min, respectively, following the method described by Boligon et al., (2015). The
sample and mobile phase were filtered through 0.45 pm membrane filter (Millipore) and then

degassed by ultrasonic bath prior to use. Stock solutions of standards references were
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prepared in the HPLC mobile phase at a concentration range of 0.025 — 0.500 mg/mL.
Quantifications were carried out by integration of the peaks using the external standard
method, at 254 nm for gallic acid; 327 nm for chlorogenic, rosmarinic and caffeic acids; and
366 for quercetin, and vitexin. The chromatography peaks were confirmed by comparing its
retention time with those of reference standards and by DAD spectra (200 to 600 nm).
Calibration curve for gallic acid: Y = 12538x + 1197.3 (r = 0.9998); chlorogenic acid: Y =
13257x + 1265.8 (r = 0.9999); caffeic acid: Y = 12584x + 1237.6 (r = 0.9996); rosmarinic
acid: Y = 11874x + 1345.7 (r = 0.9997); quercetin: Y = 11495x + 1185.7 (r = 0.9998); and
vitexin: Y = 13706x + 1278.9 (r = 0.9999). All chromatography operations were carried out at
ambient temperature and in triplicate. The limit of detection (LOD) and limit of quantification
(LOQ) were calculated based on the standard deviation of the responses and the slope using
three independent analytical curves, as defined by Brito et al., (2015). LOD and LOQ were
calculated as 3.3 and 10 o/S, respectively, where o is the standard deviation of the response

and S is the slope of the calibration curve.
2.4 In vitro antioxidant activity determination

All spectrophotometric assay of the analysis of in vitro antioxidant properties were
performed in 96-well plates using the EnSpire® multimode plate reader (PerkinElmer,
Waltham, MA).

2.4.1 ABTS radical scavenging assay

The antioxidant activity of HESB in the reaction with ABTS®"radical was determined
according to the method of Baltrusaityte et al., (2007) with some modifications. ABTS®*"
radical solution was generated by oxidation of solutions prepared of 1mL of 7mM 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt stock solution with 17.5 uL of
140mM potassium persulphate (K2S;0g). The mixture was left to stand in the dark at room
temperature for 12-16 h before use. For the evaluation of antioxidant capacity, the ABTS
solution was diluted with distilled water to obtain the absorbance of 0.700 + 0.020 at 734 nm.
Two hundred pL of ABTS solution was mixed with 10 pL of HESB (200 pg/mL) in a
microplate and the decrease in the absorbance was measured after 10 min. Ascorbic acid (1
mM) was used as a positive control. The results were expressed as mg of ascorbic acid
equivalents (AAESs) per 100 mg HESB (Piljac-Zegarac et al., 2009).
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2.4.2 DPPHRadical Scavenging Assay

The scavenging activity towards 2,2-diphenyl-1 picrylhydrazyl (DPPH®) radical was
evaluated according to the method of Baltrusaityte et al., (2007) with minor modifications. In
the presence of an antioxidant, the purple colour of DPPH fades and the change of absorbance
can be followed spectrophotometricallyv at 515 nm. In brief, 100 pL of DPPH (300 pM)
diluted in ethanol was mixed with 20 yuL of HESB (200 pg/mL) in a 96 wells microtitre plate.
The final volume of each well was adjusted to 300 puL with ethanol. Ascorbic acid (1 mM)
was used as a positive control. The absorbance was determined at 517nm after 45 min
incubation. The results were expressed as mg of ascorbic acid equivalents (AAEs) per 100 mg
HESB (Piljac-Zegarac et al., 2009).

2.4.3 Total Phenolics

Phenolic compounds from HESB samples were detected by the Folin-Ciocalteu
method with minor modifications (Cruz et al., 2014). HESB (200 pg/mL) was mixed with 35
uL IN Folin-Ciocalteu®s reagent. After 3min, 70 pL 15% Na,COj3 solution was added to the
mixture and adjusted to 284 pL with distilled water. The reaction was kept in the dark for 2h,
after which the absorbance was read at 760 nm. Gallic acid was used as standard (10-400

pg/mL). The results were expressed as g of gallic acid equivalents (GAEs) per 100 g HESB.
2.4.4 Ferric Reducing Antioxidant Power (FRAP)

The reducing capacity of HESB was assayed with the original method of Benzie and
Strain, (1996) adjusted to analysis of extract samples. 9 uL of HESB (200 pg/mL) was mixed
with of 270 pL of freshly prepared FRAP reagent. The FRAP reagent was prepared by mixing
2.5mL of 0.3 M acetate buffer pH 3.6 with 250 puL of 10mM 2,4,6-Tris(2-pyridyl)-s-triazine
(TPTZ) solution and 250 uL of FeCl3-6H,0. The mixture was shaken and left in a water bath
for 30min and the absorbance readings were taken at 595 nm. Ammonium iron (II) sulfate
hexahydrate was used to calculate the standard curve (100-2000 uM).The reducing ability of
extract was expressed as uM of Fe (I1) equivalent/100 g HESB (Cruz et al., 2014).

2.5 Fly culture maintenance

Drosophila melanogaster (Harwich strain) was obtained from the National Species

Stock Center, Bowling Green, OH, USA. The flies were maintained in incubators at 25 + 1°C,
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12h dark-light photoperiod and 60-70% relative humidity. The basic cornmeal diet was
composed of cereal flour, cornflour, water, antifungal agent (Nipagin) and supplemented with

dried yeast.

2.6 Senecio brasiliensis exposure

Effect of exposure of HESB during the development and adult life of Drosophila mel-

anogaster was observed.

2.6.1 Measure of locomotor activity of flies exposed to HESB

Twenty adult female flies (1-3 days) per group were kept in glass tubes containing
cornmeal culture medium with each treatment solution for 7 days. The experimental groups
were: Control (cornmeal culture medium only), HESB (1, 5, 10, 50, 100 and 200 mg/mL
diluted in cornmeal culture medium). After the period of 7 days, mortality and behavioral tests
were quantified. The number of live and dead flies was counted every 24 h and LCs, flies
were determined. Results were analyzed and plotted as the percentage of fly survival in

relation to control. All the experiments were repeated in triplicate.

Behavioral test was determined using the individual negative geotaxis assay. After
treatment of 7 days, 10 flies per condition were immobilized on ice for 1-2 min and were
gently tapped to the bottom of a glass column and the time that each fly reach of top (5 cm of
the column) was counted as described by Jimenez-Del-Rio et al., (2010). The procedure was
repeated three times with an interval of 30 seconds. Data represent an average of three
replicates per treatment.

2.6.2 Measurement of larval development

Fifty eggs of Drosophila melanogaster were transferred to agar medium culture
composed of 1.5% agar, 3% sucrose, 1.25% dried yeast, 0.1% Nipagin and distilled water.
The group control was agar medium only, and the treatments were HESB at concentrations of
0.01, 0.1, 0.5 and 1 mg/mL dilute in the medium. The number of hatched eggs, larvae, pupae
and ecloded flies were counted daily for a period of 20 days, to obtain the hatching curve.
Results were analyzed and plotted as ecloded flies of a total 50 eggs. All the experiments were
performed in triplicate. Biochemical analysis was performed in third instar larvae, the phase
before pupation.
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2.7 Sample preparation

Third instar larvae was treated with HESB at 1 mg/mL. For this, eggs were transferred
to agar culture medium containing 0 or 1 mg/mL of HESB and after 5 days the third instar
larvae were collected. For sample preparation, larvae were removed from the treatment and
approximately 2-3 mg/mL of protein was taken as standard (approximately 200 larvae per
group) for all assays except for gRT-PCR analysis, where 20 larvae per group were used in a

0.1 mg/mL concentration.
2.8 Protein quantification

The concentration of protein in samples was performed by the method of Bradford,
(1976) using bovine serum albumin as the standard. Protein concentration in Western Blotting

sample was measured by methodology of Peterson, (1977).
2.9 Cellular viability

Mitochondrial activity was measured by two tests: MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) reduction assay (colorimetric) and Resazurin assay
(fluorescence). For MTT assay, groups of larvae (containing 2-3 mg of protein) were
homogenized in 500 pL of isolation medium [220 mM mannitol, 68 mM sucrose, 10 mM
KCI, 10 mM HEPES, 0,1% serum albumin (BSA)] and then centrifuged at 1,000 g for 10 min
at 4°C. The obtained supernatant was isolated and incubated for 60 min (37°C) in MTT
reagent, after the sample was centrifuged and MTT was removed and the sample was
incubated in DMSO for 30 min (37°C), as previously described by Rodrigues et al., (2015)
with same modifications. When viable, mitochondria convert the MTT to a colorful formazan.
The absorbance was read in EnsPire® multimode plate reader (PerkinElmer, Waltham, MA) at
540nm.

Resazurin assay is based on the ability of viable mitochondria to convert resazurin into
a fluorescent end product (resorufin) (Rodrigues et al., 2015). No viable samples rapidly lose
metabolic capacity and thus do not generate a fluorescent signal (O’Brien et al., 2000).
Homogenate preparation followed the same methodology and the supernatant was incubated
in the Elisa plates with mitochondrial isolation buffer (without BSA) and resazurin. The
fluorescence was monitored at regular intervals of 1 h up to 3h at 544 nmg/590 nmey, using

EnsPire® multimode plate reader (PerkinElmer, Waltham, MA). The results were calculated as
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a percentage in relation to the control group and values were normalized by protein

concentration.
2.10 DCF-DA oxidation assay

2’-7’-Dichlorofluorescein diacetate (DCF-DA) oxidation was used as a general index
of ROS as described by Pérez-Severiano et al., (2004). For DCF-DA assay we utilized the
same sample for cell viability tests. The supernatant was incubated in the Elisa plates with
mitochondrial isolation buffer (without BSA) and DCF-DA reagent. The fluorescence
emission of DCF resulting from DCFDA oxidation was monitored at regular intervals at an
excitation wavelength of 485nm and an emission wavelength of 530nm in an EnsPire®
multimode plate reader (PerkinElmer, Waltham, MA). The rate of DCF formation was
calculated as a percentage of the DCF formation in relation to the control group and values

were normalized by protein concentration.
2.11 Enzyme assays

Groups of larvae were homogenized in 500 pL of 20 mM HEPES buffer, pH 7.0, and
centrifuged at 20,000 g for 30 min at 4°C. The supernatant was used for determination of
glutathione-S-transferase (GST), catalase (CAT) and superoxide dismutase (SOD) according
to methods described earlier. GST (EC 2.5.1.18) activity is based on formation of the
conjugated complex of CDNB and GSH at 340 nm. The reaction was conducted in a mix
consisting of 100 mM phosphate buffer pH 7.0, 1 mM EDTA, 1 mM GSH and 2.5 mM
CDNB according Habig and Jakoby, (1981). CAT (EC 1.11.1.6) activity was assayed
following the clearance of H,O, at 240 nm in a reaction media containing 50 mM phosphate
buffer pH 7.0, 0.5 mM EDTA, 10 mM H,0;, 0.012% Triton X100 according to the procedure
of Aebi, (1984). SOD (EC 1.15.1.1) activity consists in the inhibition of superoxide-driven
oxidation of quercetin by SOD at 406 nm. The complete reaction system consisted of 25 mM
phosphate buffer, pH 10, 0.25 mM EDTA, 0.8 mM TEMED and 0.05 puM quercetin, following
Kostyuk and Potapovich, (1989). All enzyme activities were performed at room temperature
(25+1°C) using a 18 cell holder Agilent Cary 60 UV-Vis® spectrophotometer coupled to a
peltier controlled water bath system (Santa Clara, CA).

2.12 Determination of glutathione levels

Reduced (GSH) and oxidized glutathione (GSSG) levels were determined according
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Hissin and Hilf, (1976). Groups of larvae were homogenized in 750 uL of 100 mM NaH,PO,
buffer pH 8.0 containing 5 mM EDTA, after was added 250 pL of Phosphoric acid, and the
samples were centrifuged at 100,000 g for 30 min at 4° C. For measurement of GSH levels,
aliquots (10 pL) of the supernatant were mixed with the same homogenization buffer (180
uL). Ten microliters of O-phthalaldehyde (1 mg/mL) was added and fluorescence was
measured 15 min later using an excitation wavelength of 350 nm and an emission wavelength
of 420 nm in an EnsPire® multimode plate reader (PerkinElmer, Waltham, MA). For
measurement of GSSG levels, a 25 uL of the supernatant was incubated at room temperature
with 10 pL of N-ethylmaleimide (NEM) (0.04 M) for 30 min at room temperature, and after
that, 14 uL of the mixture, were added to 176 puL of NaOH (0.1 N) buffer, following of added
10 uL OPT and incubated for 15 min, using the procedure outlined above for GSH assay.
Results were presented as the GSH/GSSG ratio.

2.13 Determination of fruit fly energetic metabolism

Energetic metabolism of Drosophila larvae was determined by colorimetric Kits.
Larvae were weighted and 0.1 g of larvae was homogenized in 500 pL of 20 mM HEPES
buffer, pH 7.0, and centrifuged at 14,000 rpm for 30 min at 4°C. The supernatant was used for
analysis of glucose, glycogen and triglycerides levels accordingly to the manufacturer’s
suggested protocol (Labtest®, MG) with minor modifications. The results were calculated as a
percentage in relation to the control group and values were normalized by weight of each

larvae group.
2.14 Western blotting

Quantification of of the phosphorylation of mitogen-activated protein kinases
(MAPKSs), AKT, PARP cleavage and B-actin was performed by Western blotting as described
by Ternes et al., (2014) with minor modifications. Groups of larvae (2-3 mg/mL) were
mechanically homogenized at 4 °C in 200 pL of buffer (pH 7.0) containing 50 mM Tris, 1
mM EDTA, 20 mM NazVO,, 100 mM sodium fluoride and protease inhibitor cocktail. The
homogenate were centrifuged at 3,000 g for 10 min at 4 °C and the supernatants collected.
Protein content of larvae was measured and the same volume of 4% SDS stop solution (4%
SDS, 50 mM Tris, 100 mM EDTA, pH 6.8) was added to the sample with 25% glycerol
sample and 8% B-mercaptoethanol. Proteins were separated using SDS-PAGE 10% gels, and

then electrotransferred to nitrocellulose membranes. Membranes were washed in Tris-
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buffered saline with Tween (100 mM Tris HCI, 0.9% NaCl and 0.1% Tween-20, pH 7.5) and
incubated overnight (4°C) with different primary antibodies, all produced in rabbit (anti-
phosphorylated and total ERK1/2, anti-phosphorylated p38, anti-phosphorylated JNK1/2 and
anti-B-actin, anti-phosphorylated AKT, and anti-PARP. Following incubation, membranes
were washed in Tris-buffered saline with Tween and incubated for 1 h at 25°C with alkaline
phosphatase-linked anti rabbit-1gG secondary specific antibodies. The immunoblottings were
visualized on the 400MM Pro Bruker Imaging System (Billerica® MA) using BCIP/NBT

Color Development Substrate. Band density was quantified using the Scion Image® Software.
2.15 Caspase assay

Groups of larvae were homogenized in 250 puL of 20 mM HEPES buffer pH 7.0, and
centrifuged at 20,000 g for 1 min at 4°C. The supernatant was used for determination of
caspases 3/7 activity accordingly to the manufacturer’s suggested protocol (Promega®, MA).
The results were calculated as a percentage in relation to the control group and values were

normalized by protein concentration.
2.16 Quantitative Real-Time gRT-PCR and Gene Expression Analysis

Expression of GPDH, CAT, SOD, TrxR, Nrf2, Drice and Dilps (2,3,5 and 6) genes of
Drosophila larvae were analyzed (Table 5). Approximately 1 ug of total RNA from 20 larvae
treated with 0.1 mg/mL of HESB was extracted using the Trizol Reagent (Invitrogen®, CA)
accordingly to the manufacturer’s suggested protocol. After quantification, total RNA was
treated with DNase | (DNAsel Amplification Grade - Invitrogen®, NY) and cDNA was
synthesized with iScript cONA Synthesis Kit and random primers again accordingly to the
manufacturer’s suggested protocol (Biorad®, CA). Quantitative real-time polymerase chain
reaction was performed in 11 pL reaction volumes containing water treated with diethyl
pyrocarbonate (DEPC), 200 ng of each primer (described in Table 3), and 0.2 x SYBR Green
I (molecular probes) using a 7500 real time PCR system (Applied Biosystems®, NY). The
gPCR protocol was the following: activation of the reaction at 50°C for 2 min, 95°C for 2
min, followed by 40 cycles of 15 s at 95°C, 60 s at 60°C, and 30 s at 72°C. All samples were
analyzed as technical and biological triplicates. Threshold and baselines were automatically
determined SYBR fluorescence was analyzed by 7500 software version 2.0.6 (Applied
Biosystems®, NY), and the CT (cycle threshold) value for each sample was calculated and
reported using the 27*““T method (Livak and Schmittgen, 2001). The GPDH gene was used as
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endogenous reference genes presenting no alteration in response to the treatment. For each
well, analyzed in triplicates, a ACT value was obtained by subtracting the GPDH CT value
from the CT value of the interest gene. The ACT mean value obtained from the control group

of each gene was used to calculate the AACT of the respective gene (2744°T).
2.17 Statistical analysis

Lifespan measurement was determined by comparing the survival curves with a log-
rank (Mantel-Cox) test. Other statistical analysis was performed using one-way ANOVA and
Tukey’s post hoc test, two-way ANOVA and Bonferroni post hoc test, and Unpaired T Test.
Differences were considered significant between groups at p<0.05 using the GraphPad Prism5
program (La Jolla®, CA). LCs, was calculated using PROBIT analysis using Statistics 8
program (Tulsa®, OK).

3. Results

3.1 Qualitative and quantitative analyses of phenolics and flavonoids compounds by HPLC-
DAD

The HPLC profile of S. brasiliensis extract leaves were acquired, and shown in Fig. 1.
The major components in the extract were caffeic acid (3.18 mg/g), gallic acid (2.57 mg/qg),
and vitexin (1.65 mg/g) (Table 1).

3.2 In vitro antioxidant activity determination

The HESB power antioxidant was assayed by ABTS®" and DPPH* radical scavenging
capacity, total phenolics content and ferric reducing antioxidant power (FRAP) tests. The
ABTS neutralizing potential of extract expressed as AAE was (57.32 uM AAE/100 mg) and
in DPPH assay (48.69 uM AAE/100 mg). The total phenolic content was 13.61 g of GAE/100
g HESB, and gallic acid was used as a positive control. The ferric reducing antioxidant power
(FRAP) of HESB was assayed, the values obtained were 300.4 uM of Fe (I1)/100 g of extract.
These results are shown in Table 2.

3.3 Effect of HESB on Survival of D. melanogaster

Adult flies were exposed for 7 days with HESB to concentrations of 1, 5, 10, 50, 100

and 200 mg/mL mixed in standard medium. It was not observed significant effect of extract
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on fly survival up to 7 days of exposure (Fig. 2). LCs found by Probit analysis was 608.60
mg/mL for adult flies. The individual locomotor activity of flies exposed to HESB was tested,
and the treatment did not change the time and tendency of the flies climb to top (Fig. 3). The
natural behavior of flies is to fly to the top of a glass tube, which is known as negative

geotaxis, and is used to measure the locomotor ability.

3.4 Effect of HESB exposure in the development of Drosophila melanogaster

Drosophila melanogaster eggs, larvae, pupae and hatched flies were exposed to HESB
at 0.01, 0.1, 0.5 and 1 mg/mL concentrations mixed in agar medium. We have observed a
significant decrease of hatched flies’ rate at 1 mg/mL. As observed in Fig. 4, at twentieth day,
28 flies were hatched from 50 eggs at control group, while that for 1 mg/mL, only 1 fly from
50 eggs were ecloded (a decreasing of 96.4 % in eclosion rate). The number of larvae and
pupae were not changed in relation to control (data not shown).

3.5 Cellular viability and DCF-DA oxidation assay

The third instar Drosophila larvae treated with HESB 1 mg/mL presented a significant
decreasing of 32% and 18% cell viability in MTT and Resazurin assays respectively (Fig. 5.
A-B), and a significant induction of 56% in fluorescence levels of DCF-DA oxidation
comparing to control (Fig. 6).

3.6 Enzyme assays and determination of glutathione levels

The activity of antioxidant enzymes and GSH/GSSG ratio in Drosophila larvae
exposed to HESB 1 mg/mL was significantly altered. We observed a stimulation of 23% in
GST and 52% in SOD activities (Fig. 7. A-B), in contrary, a decreasing of 25% in CAT
activity (Fig. 7C) was observed followed by an increase of 42% in GSH/GSSG ratio (Fig. 8.
A). GSH content was unchanged while that GSSG levels was decreased (Fig. 8. B-C).

3.7 Fruit fly energetic metabolism determination

We determined the effect of exposure to HESB 1 mg/mL in the energetic metabolism
of third instar Drosophila larvae, and we can observe a significant decrease of 53% in glucose,

59% in glycogen and of 75% in triglycerides levels (Fig. 9. A-C).

3.8 Phosphorylation of protein kinase and PARP cleavage
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The phosphorylation of the protein kinases (ERK1/2, JNK 2, p38M*"¥ AKT) and
PARP cleavage was analysed in the larvae exposed to HESB. ERK2, JNK2, p38M*"K and
AKT showed a 31%, 57%, 22% and 66% of inhibition of phosphorylation respectively (Fig.
10. B-E). It was observed a stimulation of 34% in PARP cleavage (Fig. 10. F). B-actin was the
loading control for samples (Fig. 10. A).

3.9 Caspase assay
The HESB 1 mg/mL induced caspases 3/7 activity in 79% (Fig. 11).
3.10 Gene Expression Analysis

The treatment with HESB 0.1 mg/mL was able to alter the expression of genes
involved to cellular homeostasis, oxidative stress, apoptosis, and metabolism regulation in D.
melanogaster larvae. gRT-PCR analysis revealed a significant increase in gene expression of
CAT 1.57 fold, TrxR 1.57 fold, Nrf2 1.56 fold, Drice 3.84 fold and Dilp6 1.34 fold (Table 4).
The SOD and Dilps (2,3,5) genes no demonstrated differences in the expression compared to
control (Table 4).

4. Discussion

The present study was performed to investigate the potencial toxicity of crude extract
of leaves of Senecio brasiliensis in Drosophila melanogaster in different developmental
stages and biochemical and molecular targets of the extract. Since major mechanisms of
detoxification of Drosophila melanogaster are similar to humans, Drosophila can be an
essential model to understanding role of important molecules for homeostasis and toxicity
response (Jennings, 2011; Rand et al., 2014). HESB treatment did not induce mortality or
locomotor alterations in adulthood of D. melanogaster. Nevertheless, we demonstrated for the
first time the ability of Senecio brasiliensis to influence the development and considerably
impair the eclosion process in Drosophila melanogaster. We observed a significant decrease
in eclosion flies rate in Drosophila exposed to 1 mg/mL of HESB, without changing the
number of larvae and pupae in relation to control. Thus, the process of hatching was
disrupted, although the developmental processes of larvae occured normally in the presence of

extract.

The initiation of hatching is deflagrated by a complex of hormones and signaling pro-
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teins. With the end of larval third instar starts the metamorphosis process, that culminate with
the activation of four hormones that are implicated in the ecdysis and eclosion process: ETH
(ecdysis triggering hormone), that activate the EH (eclosion hormone), CCAP (crustacean
cardioactive peptide) and Bursicon on CNS (Kruger et al., 2015). Thus, a modulation in this
array by potentially toxic compounds could impair this process decreasing the number of
adult flies. Thus in this study it was investigated genetical and biochemical alterations by ex-

tract in oxidative stress and kinases with recognized involvement in developmental process.

Several indicators of a condition of oxidative stress were present in larvae grown in
HESB supplemented medium. Oxidative stress is a condition caused by the excessive
production of free radicals in counterpoint with insufficient antioxidant defense systems of
organism. This condition causes numerous alterations in biological molecules, mainly DNA
and protein damages (Birben et al., 2012). Enzymatic and nonenzymatic cellular defense and
activation in transcriptional factors are implied in cell response to ROS. In this study was
evidenced the overproduction of ROS in relation to control in larval phase. An increased ratio
GSH/GSSG, GST and SOD activity additionally with induction of Nrf2, CAT and TrxR gene
expression could be a response to ROS induction that was potentiated by decrease in catalase
activity. CAT, SOD and GST are part of the antioxidant enzymatic system (Kabil et al.,
2007; Low et al., 2007; Park et al., 2004). GST assists in the excretion of xenobiotics, plant
allelochemicals, and ROS of the organism, converting them to less toxic and water soluble
forms, through the conjugation of these toxics with GSH (Low et al., 2007). Glutathione
participates of the non enzymatic antioxidant capacity, and in its reduced state (GSH) is one
of the most important scavengers of ROS, acting at detoxification of the organism (Aquilano
et al., 2014). The catalytic cycle of glutathione is critical for maintaining cell homeostasis,
and GSH/GSSG ratio may be used as an indicator of cell redox state (Owen and Butterfield,
2010). The significant increase of GSH/GSSG ratio, SOD and GST activities observed in
larvae treated with HESB could represent an adaptive cellular response against HESB
toxicity, acting in the detoxification of the H,O, that CAT was not capable to act. The decline
in CAT activity is related with a state of antioxidant dysfunction (Sullivan-Gunn and
Lewandowski, 2013). A study revealed that lack catalase activity in D. melanogaster is
associated with a diminution of life span after eclosion (DeJong et al., 2007), thus the
decreasing in CAT activity showed here could be in part involved in the augmented oxidative
stress and lead to shortened life span or even avoid the eclosion. Moreover, its inhibition by

extract seems to be a post transductional event, since the gene expression of this enzyme was
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augmented.

The Nrf2-ARE signaling pathway is a mechanism that regulates the expression of a
variety of defense enzymes (Pitoniak and Bohmann, 2015). In the nucleus, Nrf2 binds to the
ARE (antioxidant response element), activating the transcription of antioxidant enzymes
phase Il detoxification (thioredoxins, glutathione S-transferases, glutathione-synthesizing
enzymes and others) which maintain the redox balance (Gorrini et al., 2013; Pitoniak and
Bohmann, 2015; Zhang et al., 2013). Besides, in basal conditions, Nrf2 activity also maintains
housekeeping expression of the same antioxidant and detoxification genes (Sykiotis and
Bohmann, 2009). In this study, Nrf2, TrxR gene expression and GST activity were increased
suggesting the involvement of Nrf2pathway in the antioxidant response of cell to the insult.
In D. melanogaster, the thioredoxin system is responsible for GSSG reduction (Kanzok et al.,
2001). TrxR has a fundamental role acting against ROS and interacting with SOD and CAT
(Missirlis et al., 2001). Based in our results it may suppose that augmented TrxR gene
expression could improve the TrxR protein synthesis thus diminishing the GSSG level as seen

in this study.

According to the experiments, the larvae feeding with 1 mg/mL of HESB had de-
creased metabolic viability. In agreement with this found, it was demonstrated stimulation of
effectors caspases 3 and 7 activity and cleavage of PARP proteins suggesting induction of
apoptotic cell death in larvae. In parallel, Drice gene expression, a fly homologous of the
mammal caspases 3 and 7 was inducted. Apoptosis is a highly regulated programmed cell
death process dependent on specific cellular signaling (Mcllwain et al., 2013). Caspases pro-
teins (cysteine-dependent aspartate-specific proteases) have central role in this apoptotic
mechanism, and are activated in stress conditions (Van De Water et al., 2004). Drosophila and
mammals have many apoptotic conserved aspects. Mammals possess three effector caspases
(3, 6 and 7) (Mcllwain et al., 2013), while D. melanogaster has four effectors (Dcp-1, Drice,
Decay, and Damm) (Hay and Guo, 2006). Caspase 3 is able to cleave and inactivate Poly
(ADP-ribose) polymerase (PARP) protein that plays important functions on detection and
repair of DNA damage and helps to maintain genome integrity (Morales et al., 2014).

The MAPK (Mitogen-activated protein kinases) pathways are evolutionarily
conserved in eukaryotic cells and mediate essentials cellular process and their activity is
regulated by phosphorylation (Kim and Choi, 2010). ERK (extracellular signal-regulated

kinase) is related to survival and cell proliferation, while JNK (cJun N-terminal kinase) can
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MAPK
8

perform both proliferation and apoptosis, and p3 is able to block proliferation and

promove to apoptosis (Kennedy et al., 2007). Oxidative stress can activate or inhibit the
MAPK pathways (Son et al., 2009, 2011). The p38™*"% and JNK activation is regulated by
MAPK kinase kinase ASK1. In basal conditions ASK1 remains associate with Thioredoxin

8MAPK and JNK are activated after

MAPK
8

(Trx) in reduced form, however in stress conditions p3
oxidation and dissossiation of Trx. ROS also can inhibite the p3 and JNK pathways,
through the modulation of the phosphatases that inactive ASK1, and consequently inactive
p38 MAPK and JNK (Hayat, 2013) (Kennedy et al., 2007). It has been demonstrated that ERK
pathway is able to stimulate the expression of important pro survival proteins such as Bcl2
and Bclx (Dang et al., 2015). ERK pathway can be both activated and inhibited by ROS
(Cagnol and Chambard, 2010). MAPK cascades are implied in important aspects of D.
melanogaster development over embryos to larval stages such as the development of eye and
wing, cytoskeletal changes, wing morphogenesis and insect immunity (Shilo, 2014).
Augmented phosphorylation of these kinases by heavy metals and exposure to hydroalcoholic
extract of plants was previously demonstrated in Drosophila (Paula et al., 2012; Pinho et al.,
2014). AKT has an important role in cellular physiology, survival, growth, stress response
and glucose metabolism (Manning and Cantley, 2007). In D. melanogaster, AKT acts as a
survival protein, involved in cell growth, aging and stress responses. Growth factors and
insulin are able to activate AKT by PI3K (phosphatidylinositol-3-OH kinase) signaling
pathway (Scanga et al., 2000). Our results show that Senecio brasiliensis exposure inhibited
the MAPK and AKT signaling pathway in Drosophila melanogaster larvae which may by
disrupting the normal development of the fruit fly and its eclosion from the pupa.

The insulin signaling in D. melanogaster is required for the regulation of cell growth,
being the energetic metabolism essential for correct development of fruit fly (Haselton and
Fridell, 2010). Drosophila has insulin-like peptides known as Dilps (Drosophila insulin-like
peptides) that possess structural and functionally similarities with Insulin Growth Factor 1
(IGF-1), insulin, and insulin/IGF1 signaling (I1S) pathway (Kannan and Fridell, 2013), and
act in important functions, as regulation of developmental growth, stress resistance, regulation
of glucose metabolic process and in insulin receptor signaling pathway (Kannan and Fridell,
2013). It was observed a significant increase on Dilp6 gene expression. Dilp6 is involved in
biological processes as positive regulation of growth during development (Bai et al., 2012).
Has been reported that gene Dilp6 is expressed in fat body cells, and has its increased

expression during larval and pupal stages and in starvation conditions (Slaidina et al., 2009).
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Perhaps the extract diluted at culture medium had proportioned a malnutrition condition and
occasioning the increasing of Dilp6 gene expression as an adaptive response to feeding
pressure. Accordingly, we have analyzed the energetic metabolism of the treated larvae.
Glycogen serves as a major reserve source of glucose in D. melanogaster, and plays a key
role in muscle activity related to flight, mating, oviposition, and assists in survival in hostile
environments (Foley and Luckinbill, 2001). In holometabolous insects, as D. melanogaster,
the maximum glycogen content is reached at the end of the larval period and is used as a
source of glucose and energy, decreasing along the metamorphosis. In the pupal stage a large
quantity of nutrients stored is necessary to prolong growth and finalize the development of
adult structures (Arrese and Soulages, 2010). Our data shows a diminution of glucose,
glycogen and triglycerides levels in larvae, exposed to HESB, fact that could be associated

with lower rate of flies hatching.

Studies have reported that presence of Senecio brasiliensis extracts decreases
oviposition of Bemisia tabaci (Ribeiro et al., 2009) and causes larvicity in Aedes fluviatilis
(Macédo et al., 1997). Another species of the genus also have presented toxic effects, as insect
antifeedant activity of Senecio miser (Reina et al., 2001); insecticidal activity of Senecio
salignus in Spodoptera frugiperda (Romo-asuncién et al., 2016) and larvicidal activity of
Senecio pterophorus in Culex quinquefascitus (Lawal et al., 2016). In accordance, our data
shows the toxic effects to S. brasiliensis specifically on eclosion rate of fly model D.
melanogaster. The vegetal secondary metabolism is responsible to synthesize molecules with
different biological characteristics, as therapeutic and defensives, extremely useful in
biological research (Maag et al., 2015; War et al., 2012). The HPLC analysis revealed the
presence of different flavonoids such as vitexin, caffeic and gallic acids. Total amount of
phenolics were also detected in HESB. Studies have demonstrated that polyphenols such as
phenolic acids and flavonoids can modulate cellular functions as cell signaling and
maintaining of redox state of cells as well as to lead to inhibition of enzymatic systems
involved in the detoxification of xenobiotics and ROS (Kuete, 2014) (Sotibran et al., 2011).
Previous studies showed that a mixture of quercetin and gallic acid has strong antifungical
potential, and quercetin with ferulic acid demonstrated insecticidal activity in Drosophila
melanogaster (Céspedes et al., 2014). Additionally cytotoxic, mutagenic, and carcinogenic
effects was attributed to quercetin (Sotibran et al., 2011) and antiviral and antifungical effects
to caffeic acid (Arakawa et al., 2009; Pukkila-Worley et al., 2009). Thus, the toxicity of

HESB could be attributed to a synergistic interaction conferred by the presence of different
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polyphenols in the extract such as polyphenols and alkaloids, this last although not identified,
its presence is well described in literature for this gender (Tundis et al., 2007).

The in vitro antioxidant potential of HESB facing DPPH® and ABTS®" radicals was
checked. The average values for ABTS assay (57.3+4.01 uM of AAE/100 mg) was higher
than those observed for DPPH (48.7+7.25 uM of AAE/100 mg), which was expected since
ABTS assay reacts with both lipophilic and hydrophilic antioxidants (Re et al., 1999). The
HESB presented iron reducing power (300.4+11.36 uM of Fell/100 g). The values obtained
for both radicals was lower than for other species studied by our research group, such as
Psidium guajava (74.76+18.06 and 78.04+5.76 uM of AAE/100 mg of extract, by ABTS and
DPPH assays respectively) (Rodrigues et al., 2015).

5. Conclusions

Our study demonstrated the toxicity of the leaves of S. brasiliensis and its capacity to
affect the eclosion rate of adult D. melanogaster. Additionally it was investigated biochemical
biomarkers potentially involved in stress response and development of Drosophila. A pletora
of targets are modulated by constituents present in S. brasiliensis (Scheme). This modulation
could be related to oxidative stress resulted from toxic constituents of extract or a direct action
of this constituent on cellular molecules. The potentiality of this plant to causes apoptosis and
to inhibit survival pathway points out to a possible antiproliferative effect of S. brasiliensis.
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Table 1: Phenolics and flavonoids components of leaves of S. brasiliensis extract
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Coumpounds HESB % LOD LOQ
(mg/g) (Mg/mL) (Mg/mL)

Gallic acid 257+0.01a 0.25 0.023 0.076
Chlorogenic acid 1.63+0.01b 0.16 0.011 0.036
Caffeic acid 3.18+0.03¢c 0.31 0.028 0.094
Rosmarinic acid 1.40+0.02d 0.14 0.019 0.063
Vitexin 1.65+0.04b 0.16 0.015 0.049
Quercetin 0.42+0.01e 0.04 0.024 0.080

Results are expressed as mean * standard deviations (SD) of three determinations. Averages followed by

different letters differ by Tukey test at p < 0.05.



Table 2: Antioxidant activity of Hydroalcoholic extract of leaves of S. brasiliensis in vitro

DPPH ABTS Phenols FRAP
(UM AAE/100 mg) (UM AAE/100 mg) (g of GAE/100 g) (UM of FE(11)/1009)
48.69+7.25 57.32+4.01 13.61+4.1 300.4+11.36

Data are expressed as mean + SD of three determinations.

66



Table 3: Genes tested by quantitative real-time RT-PCR analysis and forward and reverse primers

Gene Primer Sequences
GPDH LEFT 5’—ATGGAGATGATTCGCTTCGT
RIGHT 57- GCTCCTCAATGGTTTTTCCA
SOD LEFT 5’- GGAGTCGGTGATGTTGACCT
RIGHT 5’- GTTCGGTGACAACACCAATG
CAT LEFT 5’- ACCAGGGCATCAAGAATCTG
RIGHT 5"-AACTTCTTGGCCTGCTCGTA
TrxR-1 LEFT 5’-CGTTCTATTGTGCTGCGTGG
RIGHT 5"- AGCTTGCCATCATCCTGCTT
Nrf2 LEFT 5'—-CGTGTTGTTACCCTCGGACT
RIGHT 5 - AGCGCATCTCGAACAAGTTT
Drice LEFT 5'— GTCGCAGAATCACAGCGATA
RIGHT 5' - GGCAGGCCTGTATGAAGAAC
Dilp 2 LEFT 5’—ATCCCGTGATTCCACACAAG
RIGHT 57 - GCGGTTCCGATATCGAGTTA
Dilp 3 LEFT 5’—- CCGAAACTCTCTCCAAGCTC
RIGHT 57 - GCCATCGATCTGATTGAAGTT
Dilp 5 LEFT 5’- GCCTTGATGGACATGCTGA
RIGHT 57 - CATAATCGAATAGGCCCAAGG
Dilp 6 LEFT 5’- CCCTTGGCGATGTATTTCC

RIGHT

5’- CACAAATCGGTTACGTTCTGC




Table 4: Effects of exposure to HESB on Drosophila Gene Expression

2-AACT

Gene Control HESB
CAT 1.14+0.6 2.71+0.72*
SOD 1.05+0.36 1.80+0.68
TrxR 1.02+0.30 2.59+0.36**
Nrf2 1.01+0.17 2.57+1.08**
Drice 0.84+0.43 4.68+0.72**
Dilp 2 1.00+0.12 0.93+0.13
Dilp 3 1.10+0.63 1.07+0.29
Dilp 5 1.01+0.24 1.13+0.66
Dilp 6 1.03+0.35 2.37+0.41*
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Data are expressed as mean = SD of three determinations; *p<0.05, **p<0.01. Statistics were performed by

Unpaired T test.



Table 5: Homology between Drosophila melanogaster and Homo sapiens genes
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Drosophila melanogaster

Homo sapiens

Name Symbol Name Symbol
Catalase Dmel\Cat Catalase CAT
Superoxide dismutase 1 Dmel\Sod1 Superoxide dismutase 1 SOD1
Superoxide dismutase 2 Dmel\Sod?2 Superoxide dismutase 2 SOD2
Dmel\Trxr-1 Thioredoxin reductase TRXR1
Thioredoxin reductase 1 1 TRXR2
Thioredoxin reductase
2
Dmel\Trxr-2 Thioredoxin reductase TRXR1
Thioredoxin reductase 2 1 TRXR2
Thioredoxin reductase
2
Cap-n-collar Dmel\cnc Nuclear factor NRF1
erythroid 2 like 1 NFE2
Nuclear factor NRF2
erythroid 2
Nuclear factor
erythroid 2 like 2
Drice (Death related Dmel\Drice Caspase 7 CASP7
ICE-like caspase) Caspase 3 CASP3
Dilp 2 (Insulin-like Dmel\llp2 Insulin INS
peptide 2)
Dilp 3 (Insulin-like Insulin INS
peptide 3) Dmel\llp3 insulin like growth IGF 1
factor 1 IGF 2
insulin like growth
factor 2
Dilp 5 (Insulin-like Dmel\llp5 INS-IGF2 readthrough INS-IGF2
peptide 5)
Dilp 6 (Insulin-like Dmel\llp6 Growth factor 1 IGF 1

peptide 6)

Fonte: Flybase in http://flybase.org/ , NCBI in https://www.ncbi.nlm.nih.gov/gene ,and Zhang et al (2009).
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Representative high performance liquid chromatography profile of leaves of Senecio

brasiliensis .Gallic acid (peak 1), chlorogenic acid (peak 2), caffeic acid (peak 3), rosmarinic

acid (peak 4), vitexin (peak 5), and quercetin (peak 6).
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Figure 2
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Effects of exposure to HESB on adult Drosophila survival. The survival rate was computed
after flies were exposed to HESB at 1, 5, 10, 50, 100 and 200 mg/mL concentrations for 7
days. Experiments were performed individually and expressed as percentage of survived flies
in relation to control group. Statistic was performed by comparing the survival curves with a

log-rank (Mantel-Cox) test.
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6_
o
2 T
®
o 4-
£ —
©
()
2
=
2%
Q
£
=
0 T T T
Ctl 1 5 200 mg/mL

Effects of exposure to HESB on locomotor activity in adult Drosophila melanogaster.
Individual negative geotaxis was performed after flies were treated with 0, 1, 5, 10, 50, 100
and 200 mg/mL concentrations of HESB for 7 days. Results are represented as mean *

standard error of the mean (SEM) climbing time of the flies. Statistic was performed by one-

way ANOVA and Tukey’s post hoc test.
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Figure 4
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Effects of exposure to HESB during development of Drosophila melanogaster. The ecloded
flies rate was computed after eggs, larvae, pupae and borned flies were exposed to HESB at
0.01, 0.1, 0.5 and 1 mg/mL concentrations for 20 days. Experiments were performed
individually and are expressed as percentage of survived flies in relation to control group;

*p<0.05. Statistic was performed by two-way ANOVA and Bonferroni post test.
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Figure 5
A B
150~ 150-
@
Q
c
c= 8 =
2 9 100 " G 100 ——
- s Q =
gt Gt
o -
g o é 8
Eé 50 §§ 50
1))
@
o
0 T 0

ctl 1mg ctl 1mg

Effects of exposure to HESB on cellular viability in Drosophila melanogaster larvae. The
evaluation of cellular viability was performed after larvae were treated with 0 and 1 mg/mL of
HESB for 5 days by MTT absorbance (A) and Resazurin fluorescence (B) assays. Results are
expressed as mean £ SEM and are expressed as percentage of control; **p<0.01; ***p<0.001.

Statistical analysis was performed by Unpaired T test.
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Figure 6
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Effects of exposure to HESB on ROS production in Drosophila melanogaster larvae. The
ROS generation index was measured after larvae were treated with 0 and 1 mg/mL of HESB
for 5 days, as DCF-DA fluorescence. Results are expressed as mean + SEM of raw
fluorescence emitted following DCF-DA oxidation and in percentage of control; **p<0.01.

Statistical analysis was performed by Unpaired T test.
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Figure 7
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Antioxidant enzyme activity in Drosophila melanogaster larvae exposed to HESB. Larvae
were treated with 0 and 1 mg/mL of HESB for 5 days, and glutathione s-transferase (GST)
(A), superoxide dismutase (SOD) (B) and catalase (CAT) (C) activities were determined.
Results are expressed as mean + SEM and are expressed as percentage of control; **p<0.01;

***p<0.001. Statistical analysis was performed by Unpaired T test.
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Figure 8
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Effects of exposure to HESB on glutathione levels in Drosophila melanogaster larvae. The
evaluation of GSH/GSSG ratio (A), GSH (B) and GSSG (C) levels were performed after
larvae were treated with 0 and 1 mg/mL of HESB for 5 days. Results are expressed as mean *
SEM and are expressed as percentage of control; *p<0.05. Statistical analysis was performed

by Unpaired T test.
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Figure 9
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Effects of exposure to HESB on regulation of energetic metabolism in Drosophila
melanogaster larvae. The evaluation of glucose (A), glycogen (B) and triglycerides (C) were
performed after larvae were treated with 0 and 1 mg/mL of HESB for 5 days. Results are
expressed as mean £ SEM and are expressed as percentage of control; **p<0.01; ***p<0.001.

Statistical analysis was performed by Unpaired T test.
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Effects of exposure to HESB on modulation of protein kinases and PARP cleavage in
Drosophila melanogaster larvae. Modulation and phosphorylation of protein kinases and
PARP cleavage were determined after larvae were treated with 0 and 1 mg/mL of HESB for 5
days. Representative Western blotting showing phosphorylated forms of MAPK (p38MAPX,
ERK1/2, JNK 1/2) AKT, PARP cleavage and total forms of ERK and B-actin (A). Protein
kinases phosphorylation was normalized by p-actin expression (B-E), and PARP cleavage in
relation to control (F). Results are represent as mean = SEM of the densitometric
quantification of immunoreactive bands and is expressed as the percentage of control; *p<0.5;

**p<0.01. Statistics were performed by Unpaired T test.
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Figure 11
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Effects of exposure to HESB on caspases activity in Drosophila melanogaster larvae. Caspase
3/7 activity assay was performed after larvae were treated with 0 and 1 mg/mL of HESB for 5
days. Results are expressed as mean = SEM and are expressed as percentage of control;
***p<0.001. Statistics were performed by Unpaired T test.
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promoted the dissociation of Nrf2 from inhibitory protein Keapl. Nrf2 migrates for the
nucleus and binds to the ARE, activating the transcription of detoxification metabolism
pathways that involves GST and GSH. ROS also was able to induce caspases activation,
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an inhibition of MAPK and AKT phosphorylation, due to lack of ATP, fact that also induced

apoptosis.
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5. Conclustes

Com base nos resultados obtidos pode-se verificar a toxicidade do extrato bruto das
folhas de S. brasiliensis e sua capacidade de prejudicar o desenvolvimento e diminuir consi-
deravelmente a taxa de eclosdo de moscas adultas, podendo tal fato estar associado ao estresse
oxidativo, inducdo da apoptose e inibicdo de proteinas associadas a sobrevivéncia celular.

Dentre os principais dados obtidos neste estudo, lista-se:
v Diminuicdo da taxa de eclosdo de moscas adultas;
v" Diminuigdo da viabilidade das larvas;
v" Aumento da atividade das enzimas GST e SOD e diminuicdo de CAT;
v Aumento da razdo GSH/GSSG e da geragdo de ROS;
v" Aumento da expressao dos genes Nrf2, TrxR, CAT, Drice e Dilp6;
v Diminuicdo da fosforilacdo das MAPK (ERK2, INK1/2 e P38MA"X) e AKT;
v" Aumento da clivagem de PARP;
v" Aumento da atividade das caspases 3/7;
v Diminuicdo dos niveis de glicose, glicogénio e triglicerideos.

Assim sendo, os dados apresentados neste trabalho atentam para a importancia em se co-
nhecer as propriedades que as plantas utilizadas na medicina popular possuem e suas intera-
¢cdes com o0s organismos, em vista dos danos que a sua toxicidade pode causar. S. brasiliensis
demonstrou potencial de interromper a ecloséo, levando a alteracdes fisioldgicas em larvas de
D. melanogaster que prejudicaram o seu desenvolvimento e afetaram profundamente a con-
cluséo de seu ciclo de vida. Assim sendo, a importancia deste estudo encontra-se na descober-
ta do potencial apoptotico e oxidante de S. brasiliensis em Drosophila, sendo que este fato

pode ser expandido para células de mamiferos servindo como um agente terapéutico.
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