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RESUMO

Os flavonoides sao compostos naturais presentes em diversos tipos de plantas, sdo
quimicamente classificados como polifendis e geralmente encontrados em sua forma livre ou
glicosilada. A Hesperidina (Hsd) ¢ um flavonoide citrico, encontrado principalmente em frutas
citricas como a laranja e o limao, classificado como flavanona glicosidica e possui propriedades
antioxidantes, anti-inflamatdrias, anticancerigenas, antivirais, hipolipidémica, entre outras. O
ferro (Fe) ¢ um nutriente fundamental para todas as células vivas, mas em excesso pode ser
toxico, por causar danos oxidativos através da formacao de radicais livres, como a reagdo de
fenton, os quais resultam em fendmenos de estresse oxidativo. Uma desregulacdio no
metabolismo do Fe estd associado com dano celular e também a doencas neurodegenerativas
como a doenga de Parkinson e Alzheimer. O objetivo deste estudo foi avaliar o efeito
neuroprotetor da hesperidina na exposi¢cdo aguda ao ferro na forma de sulfato ferroso em
Drosophila melanogaster adultas macho. As moscas foram divididas em quatro grupos: 1)
controle, 2) hesperidina (10 uM), 3) Fe (20 mM) na forma de sulfato ferroso, 4) hesperidina
(10 uM) + Fe (20 mM). As moscas foram concomitantemente expostas ao Fe e Hsd na dieta
em papel filtro (dissolvidos em sacarose 1 %) por 48 horas, de acordo com seus respectivos
grupos. Para as andlises in vivo foram avalizadas a sobrevivéncia e os comportamentos (testes
como geotaxia negativa, campo aberto e base/topo) e ex vivo a atividade da acetilcolinesterase
(AChE) na cabeca e no corpo, viabilidade celular e mitocondrial e determinagdo dos niveis de
dopamina na cabega das moscas. A atividade da catalase (CAT), superoxido dismutase (SOD)
e glutationa S-transferase (GST), os niveis de peroxidacao lipidica (TBARS), niveis de espécies
reativas (ER), o teor de tiois ndo protéicos (NPSH), os tiois totais e os niveis de ferro na cabeca
e no corpo de Drosophila melanogaster também foram avaliados. A exposi¢do ao Fe aumentou
significativamente a mortalidade das moscas, enquanto que as sobreviventes apresentaram
déficit locomotor significativo com atividade aumentada de AChE. No entanto, a
suplementagao dietética com Hsd causou uma diminui¢do significativa na mortalidade, melhora
da atividade locomotora e restauracdo da atividade da AChE em moscas expostas ao Fe. O
metal também causou decréscimo nos niveis de tidis totais e ndo proteicos e na atividade das
enzimas SOD, CAT e GST, acompanhadas com aumento significativo na geracdo de ER e
TBARS, assim como aumento nos niveis de Fe na cabeca e no corpo e reducdo nos niveis de
dopamina na cabega das moscas expostas ao elemento. Efeitos esses prevenidos pela
hesperidina. A hesperidina apresentou o potencial antioxidante e amenizou o efeito causado

pela exposicao aguda ao Fe em Drosophila melanogaster.



Palavras-chave: Flavonoides citricos. Ferro. Mosca da fruta. Estresse oxidativo. Dopamina.



ABSTRACT

Flavonoids are natural compounds present in many plant types, are chemically classified as
polyphenols and are generally found in their free or glycosylated form. Hesperidin (Hsd) is a
citrus flavonoid, found mainly in citrus fruits such as orange and lemon, classified as flavanone
glycosidic and has antioxidant, anti-inflammatory, anticancer, antiviral, hypolipidemic
properties, among others. Iron (Fe) is a fundamental nutrient for all living cells, but in excess it
can be toxic because it causes oxidative damage through the formation of free radicals, such as
fenton reaction, which result in phenomena of oxidative stress. Deregulation in the metabolism
of Fe is associated with cellular damage and also neurodegenerative diseases such as
Parkinson's disease and Alzheimer's. The objective of this study was to evaluate the
neuroprotective effect of hesperidin on acute exposure to iron in the form of ferrous sulfate in
adult male Drosophila melanogaster. The flies were divided into four groups: 1) control, 2)
hesperidin (10 uM), 3) Fe (20 mM) as ferrous sulfate, 4) hesperidin (10 uM) + Fe (20 mM).
Flies were concomitantly exposed to Fe and Hsd in the diet on filter paper (dissolved in 1%
sucrose) for 48 hours, according to their respective groups. Survival and behaviors (tests such
as negative geotag, open field and base / top) and ex vivo acetylcholinesterase (AChE) activity
in head and body, cell and mitochondrial viability and determination of dopamine on the head
of flies. The activity of catalase (CAT), superoxide dismutase (SOD) and glutathione S-
transferase (GST), levels of lipid peroxidation (TBARS), reactive species levels (RS), non-
protein thiol content (NPSH), total thiols and iron levels in the head and body of Drosophila
melanogaster were also evaluated. Exposure to Fe significantly increased fly mortality, while
survivors had significant locomotor deficits with increased AChE activity. However, dietary
supplementation with Hsd caused a significant decrease in mortality, improvement of
locomotor activity and restoration of AChE activity in Fe-exposed flies. The metal also caused
a decrease in the levels of total and non-protein thiols and in the activity of SOD enzymes ,
CAT and GST, accompanied with a significant increase in RS and TBARS generation, as well
as increase in Fe levels in the head and body and reduction in dopamine levels in the head of
the flies exposed to the element. These effects prevented by hesperidin. Hesperidin presented
the antioxidant potential and attenuated the effect caused by the acute exposure to Fe in

Drosophila melanogaster.

Keywords: Citric flavonoid. Iron. Fruit fly. Oxidative stress. Dopamine.
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APRESENTACAO

Nos itens INTRODUCAO E REVISAO BIOBLIOGRAFICA, consta uma revisio

de literaturas sobre os temas trabalhados nesta dissertacao.

A metodologia aplicada, os resultados e discussdes obtidos que compdem esta
dissertacao estdo escritos sob a forma de artigo, os quais sdo apresentados no item
MANUSCRITO CIENTIFICO o qual consta das seguintes secdes: Introducdo, Materiais e

Meétodos, Resultados, Discussdao, Conclusdo e Referéncias Bibliogrdficas.

Os itens CONCLUSOES E PERSPECTIVAS, encontrados no final desta dissertacio,
apresentam descri¢des, interpretagdes € comentdrios gerais sobre o manuscrito cientifico

incluido neste trabalho.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as citagdes que
aparecem nos itens INTRODUCAO E REVISAO BIBLIOGRAFICA desta dissertacdo.



1. INTRODUCAO

O acumulo de ferro (Fe) ¢ invariavelmente encontrado em pacientes com a DP. Estudos
recentes mostraram que os mutantes e a-sinucleina de tipo selvagem podem ter uma interagao
diferencial com o Fe e a toxicidade da a-sinucleina mutante poderia ser preferencialmente
exacerbada pelo metal, a sobrecarga deste poderia induzir neuropatologia e doengas distintivas
fenotipas em moscas que expressam a-sinucleina (ZHU et al., 2016). No entanto, o excesso de
Fe ¢ um potente fonte de danos oxidativos através de formagao de radicais livres (BELAIDI &
BUSH, 2016), como a reacao de Fenton e Haber-Weiss, as quais resultam em fenomenos de
estresse oxidativo (SIQUEIRA et al., 2006). A desregulagdo no metabolismo do Fe estd
associada com dano celular e estresse oxidativo, o tema tem sido relatado como um evento
comum em varias doengas neurodegenerativas, dentre elas o Alzheimer, Parkinson e doenga de
Huntington (BELAIDI & BUSH, 2016).

A doenca de Parkinson (DP) ¢ a doenga neurodegenerativa caracterizada por sintomas
motores graves, incluindo tremor incontrolavel, desequilibrio, lentiddo de movimento e rigidez.
Entre as alteragdes patologica observadas na DP ¢ a perda progressiva de neurdnios
dopaminérgicos na substincia negra compacta do mesencéfalo central, embora a
neuropatologia da doenca nao se limita a esta regido (BRAAK & DEL TREDICI, 2008). A
perda de células nos neurénios dopaminérgicos ¢ geralmente associada a presenga de inclusoes
intraneuronais conhecidas como corpos de Lewy (CL) , que sdo compostos principalmente de
a-sinucleina (OBESO et al., 2010). A homeostase cerebral do Fe é cada vez mais reconhecida
como um alvo potencial para o desenvolvimento de terapias para disturbios relacionados com
o envelhecimento, entre os quais podemos citar os flavonoides (BELAIDI & BUSH, 2016).

Os flavonoides sdo um grande grupo de compostos fendlicos que estdo amplamente
distribuidos em plantas e a eles sdo atribuidos algumas propriedades, incluindo antioxidantes,
anti-cancro e anti-inflamatdrias, entre outras (HARBORNE & WILLIAMS, 2000; PIETTA,
2000). Hesperidina (3',5,7-tri-hidroxi-4'-metoxi-flavanona-7-ramnoglucosideo) (Hsd) ¢ um
glicosidio flavanona (uma subclasse de flavonoides) que ¢ encontrado em abundancia em frutas
citricas, tais como o limdo e a laranja. Tem sido relatado que a Hsd possui atividades
farmacologicas, incluindo antioxidantes, analgésicas, anti-carcinogénicas, anti-hipertensivas,
anti-virais e anti-inflamatorias (KAMISLI et al., 2013; ROSS & KASUM, 2002). A hesperidina
(Hsd) foi isolada primeiramente a partir da casca de citrinos pelo quimico francés Lebreton
(GARG et al., 2001), devido suas vdrias atividades biologicas, Hsd também ¢ chamada de

bioflavonoide.
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Estudos com animais invertebrados, como a mosca da fruta Drosophila melanogaster,
tem produzido grandes avancos nos fundamentos de muitas doengas neurologicas e
neurodegenerativas, ndo apenas fornecendo compreensao de caminhos biologicos prejudicados
na doenca, mas também o alicerce para estratégias de intervengdes em sistemas de mamiferos
(MCGURK et al.,, 2015). A introdu¢do da mosca como modelo para as doengas
neurodegenerativas rapidamente levou a modelos adicionais; entre estes foi um modelo de
doenca de Parkinson imitado pela expressao de a-sinucleina (FEANY & BENDER, 2000). Os
modelos da doenca de Parkinson em Drosophila sao caracterizados por dois fendtipos
principais: a perda especifica de neurdnios dopaminérgicos no cérebro envelhecido e alteragdes
no comportamento motor (WHITE et al., 2010). Antunes et al., (2014) demonstrou em seu
estudo que a hesperidina atuou como agente protetor na neurotoxicidade induzida por 6-
hidroxidopamina (6-OHDA) em camundongos idosos, indicando que a hesperidina pode ser

util na terapia para o tratamento da DP.
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3. OBJETIVOS

3.1. Objetivo geral

Avaliar se as alteragdes comportamentais, bioquimicas e neuroquimicas promovidas pela
exposicao aguda ao ferro em Drosophila melanogaster serdo amenizadas pelo tratamento

concomitante com a hesperidina.

3.2. Objetivos especificos

Avaliar o efeito do tratamento com hesperidina sobre a taxa de sobrevivéncia de Drosophila
melanogaster expostas ao ferro.

Investigar o efeito da hesperidina na atividade locomotora em Drosophila melanogaster.

Analisar o efeito do tratamento com a hesperidina sobre pardmetros bioquimicos
relacionados ao estresse oxidativo de Drosophila melanogaster expostas ao ferro.

Avaliar a atividade das desidrogenases mitocondriais em Drosophila melanogaster expostas
ao ferro e submetidas ao tratamento com hesperidina.

Analisar os niveis de dopamina na cabec¢a das Drosophila melanogaster expostas ao ferro e
submetidas ao tratamento com hesperidina.

Analisar os niveis de ferro na cabega e corpo das Drosophila melanogaster expostas ao ferro

e submetidas ao tratamento com hesperidina.
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4. REVISAO BIBLIOGRAFICA

4.1. Flavonoides

Os flavonoides sao conhecidos como pigmentos de plantas por mais de um século.
Originalmente, despertam o interesse de cientistas por serem componentes fendlicos muito
distribuidos nas plantas e participarem da sua fisiologia, especialmente no seu papel relacionado
a pigmentacdo e ao sabor de frutas e vegetais. Esses compostos também estdo envolvidos com
o crescimento e reproducdo das plantas e com a protecao contra patogenos e predadores (ROSS
& KASSUM, 2002). Por possuirem largo espectro de atividades bioldgicas e farmacolégicas,
os compostos fenodlicos, incluindo os flavonoides, t€ém despertado interesse desde a década de
1990 no meio cientifico em relagdo a possiveis beneficios sobre a saude humana
(METODIEWA et al., 1997). A natureza quimica dessas substincias também esta relacionada
com a protecdo contra os radicais livres, sendo os principais agentes antioxidantes presentes na
nossa dieta auxiliam na preveng¢do de doencas (SCALBERT & WILLIAMSON, 2000;
NUNEZ-SELLES, 2005). Até agora, mais de 8.000 variedades de flavonoides foram
identificados (GROOT & RAUEN, 1998). Pelo seu potencial antioxidante, podem inibir a
oxidacdo da lipoproteina de baixa densidade (LDL), atuando como agentes redutores;
extinguindo a doagdo de moléculas como o hidrogénio e oxigénio singlete; quelando ions e
metais de transi¢do, reduzindo a capacidade de formacdao de radicais livres pelos metais

(FUHRMAN & AVIRAM, 2001).

4.1.1. Estrutura e subclasses

Diversas moléculas apresentam uma estrutura polifenolica, como por exemplo, alguns
grupamentos hidroxilas em anéis aromaticos. Essas moléculas sdo metabdlicos secundarios de
plantas que geralmente estdo envolvidas na defesa contra a radiag¢do ultravioleta ou agressao
por patogenos (ROSS & KASSUM, 2002). Esses compostos podem ser classificados em
diferentes grupos, em fun¢do do numero de anéis fenolicos e dos elementos estruturais que
ligam esses anéis fendlicos e os anéis entre si. Dessa forma, sdo encontrados quatro grupos
distintos: acidos fenolicos, flavonoides, estilbenes e ligninas (MANACH & DONOVAN,
2004).
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Os flavonoides sdo as estruturas mais comuns, consistem em dois anéis aromaticos (A
e B), que sdo ligados por trés atomos de carbonos formando um heterociclo oxigenado (C),

como descrito na figura 01.

Figura 1- Estrutura basica dos flavonoides.

Fonte: Kumar & Pandey, 2013.

A atividade antiinflamatéria de flavonoides citricos esta altamente relacionada a sua
estrutura individual (MANTHEY, GUTHRIE & GROHMANN, 2001). Os flavonoides sdo
considerados como antioxidantes devido a capacidade de eliminar radicais livres; inibir a
oxidagao de lipidios ou quelar os ions metalicos (TRIPOLI et al., 2007).

Os flavonoides podem ser subdivididos em seis classes: flavonois, flavonas, isoflavonas,
antocianinas, flavononas e flavanois (catequinas e proantocianinas), como descrito na figura 02
(MANACH et al., 2004). Normalmente estdo ligados a acucares (forma glicosilada), sendo
assim, soliveis em agua. Ocasionalmente, também podem ser encontrados como agliconas

(BRAVO, 1998).
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Figura 2 - Estruturas moleculares de flavonoides. A estrutura basica consiste no anel fundido
A e C, com o anel fenilo B ligado através da sua posi¢ao 10 para a posi¢ao 2 do anel C

(numerado a partir do oxigénio pirano).

1]

Antocianidinas Isoflavonas

Fonte: Adaptado de Tripoli et al., 2007.

4.1.2. Flavononas

Na alimentacao humana, as flavononas sao encontradas em tomates e certas plantas
aromaticas, como hortela. No entanto, estdo presentes em maior concentragdo apenas em sucos
citricos. As principais agliconas desse grupo sdo a naringenina, no grapefruit (Citrus paradisi
Macf), a hesperitina e a hesperidina, nas laranjas, e o eriodictiol, em limdes. Dentre essse
flavonoides a hesperidina possui a capacidade de atravessar a barreira hemato encefalica, dessa
forma, modulando as fungdes cerebrais em doencgas neurodegenerativas (DIMPFEL, 2006). A
quantidade de flavononas glicosiladas em um copo de suco de laranja contém cerca de 40 a 140

mg (TOMAS-BARBERAN & CLIFFORD, 2000). Todavia, a parte solida do fruto citrico
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(particularmente o albedo, que € a por¢ao branca e esponjosa) € a membrana que separa os
segmentos possuem maior concentragdo de flavononas; sendo assim, a fruta inteira contém

cinco vezes mais flavononas do que um copo do suco (DOLINSK, 2009).

4.1.3. Hesperidina

A pesquisa de novos farmacos com agdo antioxidante possibilita a identificacdo de
principios ativos que diminuam a formagao de radicais livres no organismo. Essas buscas tém
levado a descoberta de novas substancias com mecanismo de acao importantes em varias
doencas (COSTA & ROSA, 2010).

A hesperidina (3,5,7-trihidroxi-flavanona-7-ramnoglucosida) (Hsd), conforme
demonstrado na figura 3, ¢ um bioflavonoide farmacologicamente ativo encontrado em frutas
citricas (SUAREZ et al., 1998; GARG et al., 2001; PARHIZ et al., 2015), especialmente as
frutas de uva, a casca de laranja amarga e laranja doce (CROZIER et al., 2009), com boa
eliminagdo de radicais livres e propriedades de peroxidagdo anti-lipidica em membranas
biologicas (SUAREZ et al., 1998). A Hsd ¢ um subproduto abundante de citrinos e isolada da
laranja originaria Citrus aurantium e de outras espécies do género Citrus (KAKADIYA et al.,
2010). Os tipos mais comuns de flavonoides encontrados nos citrinos sdo hesperidina,

naringina, narirutina, eriocitrina e tangeritina (SUN et al., 2013).

Figura 3 - Estrutura quimica da Hesperidina; Hesperetina e Hesperidina G (Glucosil

Hesperidina).

Hcsperltma
HO —
OH
0—CHy HO—CHy
HO
Vol Glicosil-hesperidina

Hespenidina

Fonte: Adaptado de Souza et al., 2016.



24

Hesperidina ¢ uma substancia sélida com baixa solubilidade em agua. E, entretanto,
muito mais solivel na agua do que sua aglicona a hesperetina. A formula molecular de
hesperidina (figura 4) ¢ C2sH34015 € 0 seu peso molecular ¢ 610,57 Da. (KALPANA et al.,
2009). Varios estudos mostraram que a Hsd neutralizou as espécies reativas de oxigénio
(EROs), incluindo anions superoxido, radicais hidroxila, peroxinitrito e radicais de o6xido
nitrico (GARG et al.,, 2001, WILMSEN et al., 2005). Também mostrou propriedades
antioxidantes, anti-inflamatorias (PARHIZ et al., 2015), anti-cancerigenas e anti-alérgicas
(GARG et al., 2001). A atividade antioxidante e as propriedades de eliminacao de radicais da
Hsd, além do seu efeito inibitorio sobre a reagcdo de Fenton derivada de superdxido e, mais
importante, a sua capacidade de penetrar na barreira hematoencefalica (SAID et al., 2012),

fazem da hesperidina um farmaco de grande interesse cientifico.

Figura 4 - Estrutura molecular da hesperidina.
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Fonte: Kalpana, 2009.

4.2. Ferro

O ferro (Fe) ¢ um elemento quimico, que desempenha um papel fundamental nas
fungdes de manutencao fisioldgica no cérebro, participando de muitas funcdes celulares
(BELAIDI and BUSH, 2016). Este elemento existe em abundéincia na crosta terrestre, mas sua
absorcao pelo corpo humano ¢ dificultada pelo mecanismo protetor da intoxicacdo celular. O
Fe ndo ¢ excretado normalmente na urina, sendo, em grande parte, reaproveitado e por isso a

necessidade individual de Fe deve ser suficiente para repor as perdas do organismo (CUNHA
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et al., 1998). O corpo humano contém de 2 a 4 g de ferro ou 38 mg/Kg de peso corporal para
mulheres ¢ 50 mg/Kg de peso corporal para os homens. Mais de 65% de Fe do corpo ¢
encontrado na hemoglobina, até 10% encontram-se como mioglobina, cerca de 1% a 5% estao
como parte de enzimas, e o restante encontram-se no sangue ou armazenado (GROPPER,
2011).

A diversidade e a essencialidade das fungdes as quais o Fe esta relacionado tornaram
esse metal do grupo 8 da classificagdo periddica um dos micronutrientes mais estudados e de
melhor caracterizagdo quanto ao seu metabolismo. H& quatro classes de proteinas contendo
ferro: proteinas que contém heme, como hemoglobina, mioglobina e citocromos; enzimas
contendo ferro e enxofre, flavoproteinas, hemeflavoproteinas; proteinas de transporte e
armazenamento, transferrina, lactoferrina e hemossiderina, entre outros. Os ligantes mais
comuns do Fe no sistema biologico sdo oxigénio, nitrogénio e enxofre. Portanto, as fungdes
mais importantes deste metal estdo ligadas &s fungdes dessas proteinas no organismo, como o
transporte de oxigénio realizado pela hemoglobina nos eritrocitos e mioglobina nos musculos.
Na hemoglobina e na mioglobina estd presente como Fe**, quando ¢ oxidado para Fe* se
transforma em meta-hemoglobina, perdendo a sua habilidade para o transporte de oxigénio.
Essa metaemoglobina (cerca de 1% no organismo humano) pode ser novamente reduzida por
enzimas nos eritrocitos, voltando a sua forma Fe?* ativa. Nos citocromos, participa das reacdes
de oxidagdo e reducdo como um carreador de elétrons, mantendo-se entre as formas Fe** e Fe**
(COZZOLINO, 2012).

O papel das proteinas no transporte e no armazenamento do ferro ¢ importante por causa
de sua da atividade redox. A ligagdo do elemento as proteinas serve como um mecanismo de
protecao. Quando ndo ligado, a atividade redox do ferro pode levar a geragdo de radicais livres
resistentes. O ion ferroso livre (Fe?"), por exemplo, reage prontamente com o perdxido de

hidrogénio (H202) em uma reacdo conhecida como reacao Fenton:

Fe’" + H0, __» Fe*"+ OH +-OH

Essa reacdo gera um anion hidroxil e um radical hidroxil livre (‘OH), que ¢
extremamente reativo e nocivo as células. Como pré-oxidante, o ion ferroso livre pode catalisar
a reagdo ndo enzimatica Fenton. Nessa reagdo, o Fe ferroso reage com peroxido de hidrogénio
para gerar ion férrico e o radical hidroxil livre (OH). Em uma reag¢do conhecida como Haber

Weiss, radical superdxido, O;-, reage com o perdxido de hidrogénio para gerar oxigénio
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molecular e radicais hidroxis livres ((OH). Os radicais hidroxis sdo perigosos oxidantes da

membrana (GROPPER, 2011).

4.2.1. Absorcio, transporte e armazenamento

O balango do ferro ¢ controlado inicialmente pela absor¢ao intestinal, mais o mecanismo
exato ainda ndo esta claro. O processo de absorc¢ao pode ser dividido em trés fases. Na primeira
fase, inicialmente o Fe soluvel do lumen ¢ captado pela célula da mucosa, na superficie apical,
envolvendo receptores especificos, como transportador de metal bivalente DMT-1 (divalent
metal transporter — 1) para o Fe ndo heme, e receptores de Fe heme, como a recém-identificada
proteina de membrana HCP1 (heme carrier protein — proteina carreadora do heme), que
promove a absor¢ao do elemento como metaloporfirina intacta (SHAYEGHI et al., 2005). Na
segunda fase, dentro da célula da mucosa, o Fe heme sofre acdo da heme oxigenase, liberando
o Fe da porfirina e segue a incorporagdo em compartimentos funcionais ou de armazenamento,
como a ferritina. Na terceira fase, o Fe ¢é transportado para o plasma através da membrana
basolateral (serosa), possivelmente envolvendo um homoélogo da ceruloplastina ou € removido
do organismo quando a célula intestinal ¢ descamada (ROUGHEAD et al., 2002).

O Fe niio heme ser4 absorvido na forma ferrosa (Fe?"), portanto, compostos redutores
presentes no limen no momento da absor¢do terdo efeito positivo. O Fe ligado a transferrina
(Tf) da circulagdo sistémica € endocitado pelas células endoteliais cerebrais na sua forma férrica
(Fe™). No endossoma ¢ convertido a forma ferrosa (Fe™) em pH 4cido (ROUAULT &
COOPERMAN, 2006). Observou-se também que a expressao da DMT-1 ¢ regulada pela
quantidade de Fe presente na c€lula intestinal. J4 o Fe heme, apesar de haver evidéncias de sua
absor¢do por difusao ao longo de membrana por meio de receptores especificos, via transporte
saturavel, em um processo mediado por carreador. O Fe absorvido s6 se acumula na célula
intestinal até que haja apoferritina livre (COZZOLINO, 2012). Ocorrendo um excesso ou
desregulagdo na homeostase do Fe em areas cerebrais relevantes, aumenta o dano oxidativo
induzido por ferro, levando a processos neurodegenerativos com consequente morte neuronal

(BERG & YODIM, 2006).
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4.2.2. Toxicidade do ferro

Em geral, mesmo uma dieta que inclua alimentos enriquecidos, ndo representa nenhum
risco especial de toxicidade por Fe (HEATH et al., 2003). Porém, foram observadas sobrecargas
acidentais (toxicidade) de Fe em criangas apos a ingestao de pilulas de Fe ou de vitaminas e
minerais. Outras pessoas suscetiveis a uma sobrecarga de Fe possuem uma desordem genética
conhecida como hemocromatose (GROPPER, 2011), e normalmente ¢ causada por um
distarbio genético que aumenta a sua absor¢ao (FLEMING et al., 2002). Estima-se que 50 a
cada 10 mil pessoas nos Estados Unidos sejam homozigotas para essa desordem (GROPPER,
2011). Antes considerada rara, a sobrecarga de Fe surgiu como um distirbio importante de
metabolismo e regulamento. O elemento em excesso pode causar hemossiderose, uma condi¢ao
caracterizada por grandes depositos da proteina de armazenamento de Fe hemossiderina no
figado e em outros tecidos. A hemocromatose ndo tratada agrava os riscos de diabetes, cancer
hepético, doencgas cardiacas e artrite. A sobrecarga de Fe ¢ mais comum em homens que em
mulheres e ¢ duas vezes mais frequente entre homens que a sua deficiéncia (WHITNEY &
ROLFES, 2008). Nao ha mecanismo fisioldgico no organismo para a remogao do excesso de
Fe e, embora o maior problema mundial de satide publica seja a anemia por deficiéncia em Fe,
ha véarias condigdes que podem causar acumulo perigoso de reservas do metal no organismo
(COZZOLINO, 2012).

O Fe desempenha um papel fundamental em muitas fungdes fisioldgicas
(COZZOLINO, 2012) incluindo metabolismo neuronal, um componente de proteinas
envolvidas em processos celulares tais como a sintese de DNA, transporte de oxigénio e
respiracdo mitocondrial. Isto também ¢ fundamental nos processos cerebrais como a
neurotransmissdo e mielinizagdo. Por exemplo, o Fe serve como um co-fator para a enzima
tirosina hidroxilase que ¢ envolvidos na via de sintese da dopamina. A versatilidade do Fe esta
relacionada a sua capacidade de servir como um doador ou aceptor de elétrons. Nos organismos
vivos pode ocorrer quer no seu estado Fe?" reduzido quer no estado Fe** oxidado. A toxicidade
do Fe ocorre na presenga deste na célula. Isto ocorre quando as concentragdes de Fe excedem
as capacidades de ligacdo da transferrina. E, portanto, geralmente sequestrado nas células.
Assim, a sobrecarga de Fe pode provocar sintese de uma cascata de eventos celulares deletérios
(SIAN-HULSMANN et al., 2011).

O Fe ¢ transferido ao sistema nervoso central através da barreira hemato-encefalica,
existem varias formas de transferéncia, incluindo a captacdo mediada pelo receptor de

transferrina, o cation divalente transportador de metal (DCT1) e receptor de lactoferrina
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(PONKA, 2004). Estudos que utilizam transferrina de Fe radiomarcada (MOOS & MORGAN,
2004) sugerem que o transporte de Fe através da barreira hemato-encefalica ocorre
principalmente via endocitose mediada pelo receptor de transferrina. Em seguida, o endotélio
capilar cerebral das células absorvem transferrina ligada ao Fe a partir do endocitose mediada
por receptores. Isto € seguido pela liberagdo do metal do endossomo para o fluido do intersticio
cerebral pelo Fe exportador de ferroportina (WU et al., 2004). Uma vez no intersticio cerebral,
o metal pode se ligar a grandes moléculas tais como transferrina ou lactoferrina. Além disso, a
transferrina secretada dos oligodendrocitos desempenha um papel vital na ligagao e transporte
do elemento no intersticio cerebral. A presenga de receptores de transferrina em neuronios e
ndo em células, pode sugerir que a glia pode absorver o metal através de um mecanismo nao
envolvendo receptor de transferrina. Na verdade, a presenca de ferritina na glia indica que essas
células adquirem o Fe. A homeostase do Fe celular ¢ largamente mantida pela expressdo de
proteinas associadas a sua captagdo, utilizagcdo e armazenamento.

Um recente estudo in vitro relatou que o aumento de L-dopa induziu a expressdo de
DCT1 e, portanto, um aumento de sugere que o Fe ativo também pode estar associado a
neurotoxicidade relacionada a L-dopa em neurdnios corticais (FANG et al., 2009). Mais
importante ainda, uma expressdo isoforma de DCTI1 foi encontrada em SNC em DP
(SALAZAR et al., 2008). Isto pode ser atribuido ao mecanismo associado a acumulacdo de
ferro observada no transtorno. Similarmente em MPTP (1-metil 4-fenil-1,2,3,6
tetrahidropiridina), houve uma expressao aumentada de DCT1 no mesencéfalo central e
correspondente deposicdo de Fe e a perda de células dopaminérgicas. Assim, o DCT1
desempenha um papel instrumental no acimulo de Fe oxidativo mediado por células. A
administracao intranigral de ferro produz efeitos seletivos dopaminérgicos e perda neuronal e,
consequentemente, induz parkinsonismo (YOUDIM, 2003). A deposi¢cdo de Fe no nucleo
subtalamico tem sido associado com a duracdo da doenga, isso pode refletir com uma
associacao na deposicao de Fe e manifestagdo clinica da DP. Assim, o aumento do Fe nigral na
DP pode correlacionar diretamente com a gravidade dos sintomas clinicos. Existem duas
barreiras para a entrada de elemento no cérebro: 1) a barreira do cérebro-liquido
cefalorraquidiano (CSF) e 2) a barreira hemato-encefalica (MCCARTHY & KOSMAN, 2015).
Um perfeito sincronismo entre absor¢do, utilizacdo e estoque de Fe ¢ essencial para a
manutengdo do equilibrio desse metal no organismo. Alteragdes nesses processos podem levar
tanto a deficiéncia como ao seu acumulo, duas situacdes com repercussdes clinicas e

laboratoriais importantes para o paciente (GROTTO, 2008).
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Baseado no exposto acima, o Fe tem sido descrito como um elemento importante na
patogénese dos mecanismos da neurodegeneragdo. O entendimento do seu metabolismo e das
disfungdes relacionadas ao estresse oxidativo ¢ fundamental para desvendar a fisiopatologia de
doencgas neurodegenerativas, como a doenca de Parkinson (DP) e a deméncia de Alzheimer
(DA), cada vez mais prevalentes no nosso meio devido ao aumento da expectativa de vida

(FERMANDES et al., 2007).

4.3. Doenca de Parkinson

Em 1817, James Parkinson descreveu os sintomas da paralisia da agitacdo, uma doenga
que posteriormente foi definida em maior detalhe e nomeada ap6s Parkinson. Apos a publicagao
esperava-se uma rapida elucidacao do substrato anatémico da paralisia da agita¢ao; no entanto,
este processo levou quase um século. Em 1912, Fritz Heinrich Lewy identificou os agregados
de proteinas que define a doenca de Parkinson (DP) em algumas regides do cérebro fora a
substancia negra. Em 1919, Konstantin Nikolaevich Tretiakoff encontrou agregados
semelhantes na substancia negra depois de Lewy. Na década de 1990, a- synucleina foi
identificado como o principal constituinte da patologia Lewy. Em 2003, foi introduzido um
esquema de preparo para DP idiopatica, segundo a qual, patologia da a- synucleina origina-se
no nucleo motor do nervo vagal dorsal e progride de 14 para outras regides do cérebro, incluindo
a substancia negra (GOEDERT et al., 2013).

A doenca de Parkinson ¢ a doenga de transtorno do movimento comum e € caracterizada
por tremor, bradicinesia (movimento lento), com comprometimento do equilibrio e rigidez
muscular. Patologicamente, a doenca envolve a degenera¢do de neuronios dopaminérgicos na
substancia negra e ¢ acompanhado por proteinas intracelulares generalizadas e acimulos de a-
sinucleina chamados corpos de Lewy e Lewy Neurites (GOEDERT et al., 2013, IRWIN et al.
2013).

4.4. Drosophila melanogaster

D. melanogaster foi descrito pela primeira vez por Meigen em 1830. Subsequentes
taxonomistas descreveram esta espécie sob 10 nomes diferentes de 1830 a 1946. A profusado de
nomes foi provavelmente devido a rapida disseminacdo desta espécie em todo o mundo como

resultado do comércio de frutas. A pesquisa com Drosophila comegou no inicio de 1900,
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quando um numero de cientistas, mais notavelmente Thomas Hunt Morgan, comegou a usar D.
melanogaster como um organismo modelo para estudos de genética. Foi o grupo Morgans da
Universidade da Colombia, no entanto, que aproveitou plenamente esta espécie como modelo
de pesquisa. Morgan, até entdo, tinha experimentado com invertebrados marinhos em um
esfor¢o para compreender um numero de processo de desenvolvimento. Ele estava a procura de
uma espécie pequena e de rapido desenvolvimento, que produzia um grande ntimero de
progénies e que fosse facil, barato de manter e rapido de manipular no laboratério. Em 1912, o
grupo de Morgans tinha isolado cerca de duas duzias de mutantes. Morgan e seus colegas
comecaram a usar esses mutantes para fornecer provas experimentais para a teoria
cromossOomica de heranga e eles inventaram métodos para mapeamento de genes que ainda sao
usados hoje. Drosophila era um organismo modelo importante durante todo o século XX. Ed
Lewis comegou a trabalhar em mutantes homedticos na década de 1950. Seu trabalho centrou-
se no complexo do gene bithorax. O Nusslein-vollard e Wieschaus no inicio de 1980 avangou
ainda mais na utilizagdo de D. melanogaster como um sistema modelo para estudar o
desenvolvimento e o mapeamento de muitos dos genes envolvidos na forma¢do do eixo
corporal em quase todos os metazoarios. O género Drosophila, e D. melanogaster em
particular, continua a ser um sistema modelo importante na pesquisa bioldgica. O genoma da
Drosophila foi totalmente sequénciado em 2000 e atualizagdes e revisdes frequentes deste
genoma melhoraram nossa compreensao de regides heterocromadticas, elementos transponiveis
e expressdo geénica. Recentemente, 11 outras espécies de Drosophila foram sequenciadas
(Drosophila 12 Genomes Sequencing Consortium, 2007). O Bloomington Stock Centes tem
cerca de 20.000 linhas diferentes, principalmente mutantes de D. melanogaster e o Centro de
Estoque de Espécies mantém cerca de 2000 culturas de quase 300 espécies da familia

Drosophilidae (RESH, 2009).

4.4.1. Ciclo de vida da Drosophila melanogaster

A D. melanogaster originou-se na Africa ocidental tropical e se espalhou em todo o
mundo. Foi registrado pela primeira vez na costa leste da América do Norte na década de 1870
apos o fim da Guerra Civil Americana e a expansdao do comércio de frutas. Como todos os
outros membros da Familia Drosophilidae, D. melanogaster ¢ holometabolo e sofre uma
metamorfose completa. Os tempos de desenvolvimento variam, dependendo da temperatura.

Os laboratdrios tipicos da Drosophila mantém moscas entre 18 e 25 °C. Os estoques ou estirpes
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raramente usadas s3o geralmente mantidos a temperaturas mais baixas para retardar o
desenvolvimento e reduzir a quantidade de troca de estoque necessaria. O desenvolvimento
completo leva 3 semanas a 18 °C e a 25 °C, o desenvolvimento embrionario ¢ completado
aproximadamente 1 dia ap6s o ovo ser posto.

A mosca passa entdo por trés fases larvais antes da pupagao, conforme demonstrado na
figura 5. As larvas sdo dotadas de motilidade e trabalham seu caminho através dos meios
alimentares, alimentando-se de leveduras e bactérias (RESH., 2009). Essas larvas passam por
varios estagios larvais, as larvas do terceiro estadgio rastejam para cima do frasco longe do meio
de cultura. L4 elas param e sua cuticula larval endurece formando uma pupa cor marrom escuro.
A metamorfose ocorre durante a fase pupal. Os tecidos das larvas degeneram e reorganizam
para a formagdo de uma mosca adulta dentro do estdgio pupal. Quando a metamorfose ¢
completa, a mosca adulta emerge do estagio pupal. Depois que a mosca emerge, as asas se
expandem e secam, o abdémen torna-se mais rotundo e a cor do corpo escurece (MORGAN et
al., 1925). Apos 4 dias, as larvas entram em estadio estacionario pupal. A pupacdo leva
aproximadamente 4 dias, ap0s esse periodo os adultos emergem do castlo pupal. Depois que
elas eclodem, as fémeas levam cerca de 2-3 dias para desenvolver ovos maduros (RESH, 2009).
Portanto, a 25 °C ¢é necessario cerca de 10 ou 11 dias para completar um ciclo de ovo ao adulto
(MORGAN et al., 1925). Em temperaturas mais elevadas (29-30°C), ocorre a letalidade da
pupa e a esterilidade feminina tém efeito na viabilidade da cultura. Apds a eclosdo, leva entre
6 e 12 para machos e fémeas para comegar matting. Cruzamentos genéticos requerem
paternidade conhecida. As fémeas sdo coletadas antes de atingir a maturidade sexual e isoladas
dos machos, assim os cruzamentos controlados podem ser bem sucedidos. A duragdo média da
vida adulta ¢ de 40-50 dias, embora alguns individuos possam viver até 80 dias. Uma tnica
fémea pode colocar até 75 ovos no dia, e pode chegar a um total de 500 ovos em um periodo

de 10 dias (RESH, 2009).
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Figura 5 - Ciclo de vida da Drosophila melanogaster
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Fonte: Adaptado de Roote e Prokop, 2013.

Uma combinacgdo de vérios fatores chave faz com que a mosca seja um modelo animal
excepcionalmente utilizado na pesquisa de neurociéncia. Em primeiro lugar, a Drosophila tem
um ciclo de vida curto. Segundo, a manipulacdo genética em Drosophila pode ser rapida e
relativamente simples. Terceiro, para o estudo do sistema nervoso, a mosca também oferece
vantagens Unicas. Embora menos complicado do que o mamifero, o cérebro da mosca tem um
complexo sistema nervoso central com neurdnios e glia, sendo protegido por uma barreira
hematoencefalica e compartilha semelhancas organizacionais do cérebro com os vertebrados.
Em quarto lugar, o tamanho menor do genoma de Drosophila (1.2 x 10% pares de bases) em
comparagdo com o genoma humano (3.3 x 10° pares de base). Em Drosophila, a complexidade
reduzida do genoma permite uma interpretacdo mais facil dos estudos de perda de funcdo.
Tomado em conjunto, estas vantagens exemplificam as razdes pelas quais a Drosophila tem
gerado contribuigdes primordiais para a pesquisa bioldgica em geral e a pesquisa em

neurociéncia em particular (MCGURK et al., 2015).

4.4.2. Parkisonismo em Drosophila melanogaster

A mosca da fruta Drosophila melanogaster foi introduzida na pesquisa bioldgica a mais
de 100 anos e rapidamente se tornou uma ferramenta valiosa que tem auxiliado na compreensao

de genes, cromossomos e hereditariedade da informagao génica (BELLEN et al., 2010).



33

A sintese do neurotransmissor dopamina ¢ conservada entre Drosophila € humanos e
clusters distintos de neurdnios dopaminérgicos sdo detectavel no cerébro de mosca em
desenvolvimento e adulta (MONASTIRIOTI, 1999). Comparavel com a condi¢do humana, o
sistema dopaminérgico em Drosophila também estd envolvido no controle locomotor
(YELLMAN et al., 1997; LIMA & MIESENBOCK, 2005), embora os detalhes dos circuitos
neurais subjacentes sdo desconhecidos. A perda de neuronios dopaminérgicos pode afetar a
locomogao em Drosophila comparavel a situagao em DP. De fato, a perda de subconjuntos de
neurdnios dopaminérgicos no cérebro, bem como defeitos de locomogao sdao os dois principais
fenotipos de tipo parkinsoniano utilizados que caracterizam modelos de moscas com DP
(FEANY & BENDER, 2000; SEUGNET et al., 2009).

E amplamente aceito que os sintomas motores na DP sio causados principalmente pela
perda seletiva dos neuronios dopaminérgicos (BARZILAI & MELAMED, 2003;
KATZENSCHLAGER & LEES, 2002). Existem 13 tipos bem definidos de aglomerados de
neurdnios em Drosophila (WANG et al., 2006; WHITE et al., 2010). Entre todos os Clusters
dopaminérgicos (figura 6), os neurdnios dopaminérgicos na regido dorsomedial, que incluem
os agregados da PPM1/2 e PPM3, sdo frequentemente relatados como sendo mais sensiveis a

toxicidade da a-sinucleina ¢ a perda de neurdnios dopaminérgicos em PPL1 também foram

relatados (BARONE & BOHMANN, 2013; THINH et al., 2008).

Figura 6 - Diagrama esquematico de clusters neuronais dopaminérgicos em Drosophila

melanogaster.

Fonte: Zhu et al., 2016.
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4.4.3. Parkisonismo em Drosophila melanogaster induzido por ferro

De acordo com estudos clinicos, existem diferencas significativas entre modelos
animais transgé€nicos super-expressando diferentes formas de a-sinucleina. Por exemplo,
Drosophila expressando A30P a-sinucleina perdem significativamente a capacidade de escalar
mais cedo do que moscas que expressam AS5S3T ou a-sinucleina de tipo selvagem (WT)
(FEANY & BENDER, 2000).

Os biometais como o ferro (Fe), manganés (Mn) e o cobre (Cu) foram associados a
doenca de Parkinson (DP) e Parkinsonismo (BONILLA-RAMIREZ et al., 2011) e na génese
de doengas neurodegenerativas (DEL-RIO & VELEZ-PARDO, 2004). O actimulo de ferro tem
sido constantemente encontrado na substancia negra de pacientes com DP (QIAN & WANG,
1998; KE & QIAN, 2003). A sobrecarga de ferro ¢ conhecida por ser toxica devido a formagao
de radicais livres via reagdo de Fenton dependente de Fe. Foi relatado que o tratamento com Fe
pode levar a perda de neurénios dopaminérgicos e sintomas motores parkinsonianos em
roedores e Drosophila, indicando o potencial papel patogénico da sobrecarga de Fe em DP
(JIMENEZ-DEL-RIO et al., 2010; BONILLA-RAMIREZ et al., 2011). Experimentos in vitro
sugeriram que o Fe também se liga a a-sinucleina, facilitando a sua agregacdo e aumentando a
toxicidade, numa ordem similar a poténcia de agregacao intrinseca (OSTREROVA-GOLTS et
al., 2000). Curiosamente, recentemente foi descoberto que formas mutadas de a-sinucleina
podem aumentar a atividade da ferriredutase, que converte o ions Fe*" a fons Fe** mais toxicos
que participam da reacdo de Fenton (DAVIES et al., 2011; BROWN, 2013). Entretanto,
permanece desconhecido se a interacdo diferencial de Fe com diferentes variantes de a-
sinucleina poderia induzir neuropatologia distintiva e, portanto, fenotipos diferenciais da
doenca em portadores mutantes de a-sinucleina (ZHU et al., 2016).

A sobrecarga de Fe leva a perda seletiva de neurdnios dopaminérgicos e esté relacionado
com o declinio motor. O acumulo de Fe ¢ encontrado na substancia negra de pacientes com
DP e pode ser um fator diferencial crucial que contribue para a neuropatologia clinica (ZHU et
al., 2016). O actimulo de metal na cabeca das moscas estd associada a neurodegeneracao de
varios aglomerados neuronais minérgicos. Os metais como o ferro, 0 manganés e cobre sao
capazes de destruir neuronios dopaminérgicos no cérebro da mosca, prejudicando assim sua
capacidade de movimento. Metal como o Fe induz sintomas como Parkinson em D.
melanogaster (BONILLA-RAMIREZ et al., 2011; 2013) e metais pesados sdo causadores de
DP (DICK et al., 2007; JONES & MILLER et al., 2008).
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Neurdnios dopaminérgicos de D. melanogaster sdo vulneraveis de forma semelhante
aos neurdnios dopaminérgicos humanos, para estresse oxidativo e morte celular induzida por
compostos xenobidticos em modelos in vivo como o paraquat (CHAUDHURI et al., 2007),
rotenona (COULOM & BIRMAN, 2004) e ferro (BEN-SHACHAR & YOUDIM, 1991;
SENGSTOCK et al., 1994). Uma possivel explicacdo para essa sensibilidade poderia estar
relacionada ao fato de que o Fe acelera a oxidagdo da dopamina, produzindo assim espécies
reativas de oxigénio, tais como H.O2 que, por sua vez, com ions Fe** que geram radicais
hidroxila (OH), uma molécula reativa em direg¢ao a proteinas, RNA ¢ DNA (HATTORI et al.,
2009).

O Fe pode ser um fator potencial causador ambiental de DP esporadica. No entanto,
ainda ¢ desconhecido se o Fe pode ser um fator causal ou secundario na doenga de Parkinson
(JIMENEZ-DEL-RIO et al., 2010). A desregula¢cdo no metabolismo do Fe est4 associada com
dano celular e estresse oxidativo, e tem sido relatado como um evento comum em varias
doengas neurodegenerativas, dentre elas o Alzheimer, Parkinson ¢ doenga de Huntington. No
entanto, o excesso de Fe ¢ uma potente fonte de danos oxidativos através de formagdo de
radicais livres (BELAIDI et al., 2016), como a reacao de Fenton e de Haber-Weiss, as quais
resultam em fenomenos de estresse oxidativo (SIQUEIRA et al., 2006). A homeostase cerebral
de Fe ¢ cada vez mais reconhecida como um alvo potencial para o desenvolvimento de terapias
com drogas para disturbios relacionados com o envelhecimento (BELAIDI et al., 2016).

O actimulo de Fe tem sido constantemente encontrado na substancia negra de pacientes
com DP (KE & QIAN, 2003). A sobrecarga deste elemento ¢ conhecida por ser toxica devido
a sintese de radicais livres oxidativos, via reacao de Fenton dependente de Fe. O tratamento
com Fe ou a perda induzida de neur6nios dopaminérgicos e sintomas motores parkinsonianos
em roedores e Drosophila, indicam o papel patogénico da sobrecarga do Fe em DP (JIMENEZ-
DEL-RIO et al., 2010; BONILLA-RAMIREZ et al., 2011).

Este trabalho visa aumentar o entendimento sobre os efeitos da hesperidina e um possivel
mecanismo protetor sobre a neurotoxicidade induzido pelo ferro utilizando um modelo de

estudo alternativo com Drosophila melanogaster.
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5. Manuscrito Cientifico

Os resultados que fazem parte desta dissertagdo estdo apresentados sob a forma de
manuscrito. Os itens Materiais e Métodos, Resultados, Discussdo e Referéncias Bibliograficas,
encontram-se no proprio manuscrito. O manuscrito esta disposto na forma que serd submetido

a revista “Neurotoxicology”.
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Abstract

Hesperidin (Hsd) is a flavonoid mainly found in citrus fruits like orange and lemon, these
flavonoids are well described in the literature because they have antioxidant activity, anti-
inflammatory, anticancer, antiviral, hypolipidemic, among others. This study evaluated the
effect of flavonoid hesperidin on the toxic effects caused by the intake of ferrous sulfate (Fe) in
Drosophila melanogaster. Male adult flies, aged 1 to 3 days, were divided into four groups of
50 each: (1) control, (2) Hsd 10 uM, (3) Fe 20 mM 4) Hsd 10 uM + Fe 20 mM. During the
exposure protocol, flies were exposed to a diet containing Hsd and or Fe for 48 hours. Survival
and behavior analyses were carried out in vivo, and ex vivo analyses involved
acetylcholinesterase activity (AChE), iron levels, determination of dopaminergic levels,
cellular and mitochondrial viability, activities of superoxide dismutase (SOD), catalase (CAT),
glutathione-S-transferase (GST), reactive species levels (RS), lipid peroxidation (TBARS) and
contents of total thiols and non-proteic thiols (NPSH). Our results show for the first time that
Hsd reduced the toxic effects caused by iron exposure, by ameliorates iron induced mortality,
oxidative stress and mitochondrial dysfunction. Hsp treatment also promotes decrease in iron
concentration, restores dopamine levels and cholinergic activity in brain of flies and improves
motor function caused by iron. The results together demonstrate the neuroprotective effect of
Hsp and suggest that this flavonoid acts in different ways to protect against the iron damage,
such as the direct scavenging of reactive oxygen species, iron chelating activity and activation

of antioxidant enzymes.

Keywords: Citric Flavonoid, Iron, Fruit fly, Oxidative stress, Dopamine.
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1. Introduction

Flavonoids are a group of naturally occurring, low molecular weight polyphenolic
compounds, distributed as secondary plant metabolites and to which some properties are
attributed, including antioxidants (PIETA, 2000; HARBONE and WILLIANS, 2000; GARG et
al., 2001). Hesperidin (3,5,7-trihydroxy flavanone-7-rhamnoglucoside) (Hsd) is a
pharmacologically active bioflavonoid found in citrus fruits, which acts on the elimination of
free radicals (SUAREZ et al., 1998). The Hsd has been reported to have pharmacological
activities, including antioxidants (GARG et al., 2001; ANTUNES et al., 2014; PARHIZ et al.,
2015; ROOHBAKHSH et al., 2015), anti-carcinogenic (GARG et al., 2001; KAMARAJ et al.,
2010), antidepressive (SOUZA et al., 2013; FILHO et al., 2013; DONATO et al., 2014), anti-
hypertensive, anti-viral, anti-inflammatory (GARG et al., 2001; KAMISLI et al., 2013; ROSS
and KASUM, 2002), antimicrobial, analgesic, immunomodulatory (GARG et al., 2001) and
hepatoprotective (NATHIYA et al., 2016). The Hsd has great power to reduction, and chelating
activity on Fe?", hydrogen radical scavenging and hydrogen peroxide scavenging activities
when compared with natural and synthetic antioxidants (HUSSEIN et al., 2011). Dimpfel
(2006) demonstrated in his study the neuroprotective potential of Hsd where he used his
metabolite hesperetin (Hst) that has the capacity to cross the blood brain barrier making it ideal
natural candidate for the treatment of different disorders of the central nervous system. In this
perspective, several studies confirm the neuroprotective effects of hesperidin (GARG et al.,
2001).

Parkinson's disease (PD) is a progressive neurodegenerative disease, causing the
degeneration of dopaminergic neurons in the mesencephalon of the substantia nigra (LEV et
al., 2013; WEST et al., 2015), presents a slow progression that leads to failure, voice changes
during speech and swallowing (LUCCHESI et al., 2015). It is characterized by the death of
neurons that produce dopamine, a substance that controls and regulates the movements of the
human body. The main symptoms are involved in the pathology rigidity, bradykinesia, tremor
and changes in balance and posture (SHUMAN et al., 2011). Mitochondrial dysfunction is one
of the main culprits in neurodegeneration; neurons with impaired mitochondrial function
inevitably suffer from oxidative stress and eventually cell death (LEE, 2016), oxidative stress
is believed to be an important factor for the onset of PD (JAROHMI et al., 2015).

Neurodegenerative diseases such as Parkinson's disease, Alzheimer's, and Huntington's are
associated with cellular damage and oxidative stress where iron metabolism dysregulation is

reported as a common event present in the development of these (BELAIDI and BUSH, 2016).
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The iron is one of the most important elements and at the same time can be toxic if excess
in the human body. Uncontrolled increase in forms catalytically active iron in the blood and
parenchymal organs drives the oxidative damage and disease (PIETRANGELO, 2016). The
iron to ferrous iron transition through the Fenton reaction, generation of reactive species
production, which can damage cell membranes. This mechanism is known as the main cause of
cell damage and organ in Fe overload (JOMOVA and VALKO, 2011). In a study by
BONILLA-RAMIREZ et al. (2013), where flies may observe an accumulation of Fe in the head
of flies and this is associated with dopaminergic neurodegeneration in several neural clusters
and neurodegeneration disease induced by metals (BONILLA-RAMIREZ et al., 2011). Rising
metal levels in the brain are associated with high oxidative stress mediated by the ability of
metals to catalyze redox reactions, resulting in abnormal neurobehavioral function and
progression of neurodegenerative diseases (MENON et al., 2016).

The iron accumulation affects especially dopaminergic system of the flies this possible
explanation for this sensitivity may be related to the fact that Fe accelerate the oxidation of
dopamine by the Fenton reaction, by producing reactive oxygen species such as hydrogen
peroxide, which in turn react with Fe*" radical generating hydroxyl (OH) molecule which
strongly reacts with proteins, such as ribonucleic acid and deoxyribonucleic acid (JIMENEZ
DEL RIO et al., 2010). The fruit fly Drosophila melanogaster has been used as an efficient
study model to evaluate the concentration of biometais. According to JIMENEZ DEL-RIO et
al., (2010), BONILLA-RAMIREZ et al., (2011), BONILLA-RAMIREZ et al., (2013) it can
be observed that the supply of metal acutely or chronically to the flies causes the levels of these
biometais to be increased in the brains of these flies being associated with neurodegeneration
of various dopaminergic neuronal groups.

Based on expose above, the aim of this study is to evaluate the effect of the flavonoid
hesperidin on the neurotoxic effects caused by acute ingestion of Fe in Drosophila
melanogaster. Our working hypothesis is that hesperidin can attenuate mortality, locomotor

deficits, and oxidative stress induced by acute Fe exposure in flies.

2. Materials and Methods

2.1 Materials
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Hesperidin (Hsd), ferrous sulphate (Fe), 4-(2-hydroxyethyl) piperazine-1- thanesulfonic
acid (HEPES), 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB), Thiobarbituric acid (TBA),
mannitol, 2°,7’- dichlorofluorescein diacetate (DCFDA), acetylthiocholine iodide,
ethylenediaminetetraacetic acid (EDTA), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT), 7-hydroxy-3H-phenoxazin-3-one 10-oxide (Resazurin), quercetin
and N,N,N’,N’-tetramethylethylenediamine (TEMED), were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Drosophila melanogaster stock and culture

Drosophila melanogaster (strain Harwich) was obtained from the National Center (Bowling
Green, Ohio, USA). The flies were kept in incubator (BOD) temperature-controlled at 25 ° C
(= 2 °) and 60% humidity with 12 hours light/dark cycle and fed a standard diet (80.82% corn
flour, 8.98% wheat germ, 9.0% sugar, 0.67% milk powder, 0.53% salt and 0.08% nipagim).

2.3. Experimental Protocol

2.3.1. Exposure treatment with ferrous sulphate and hesperidin

Drosophila melanogaster (male) with up to 3 days of age were divided into four groups of 50
flies each: (1) control, (2) Hsd 10 uM (3) Fe 20 mM, (4) Hsd 10 uM + Fe 20 mM. The flies
were exposed to a diet containing Fe in the form of ferrous sulfate and Hsd on filter paper are
added to the final concentration of 20 mM and 10 pM, respectively, and both were given 1% sucrose
for 48 hours according to the respective groups. The Fe (20 mM) was diluited in sucrose 1%,
the concentration was similar to the dose used for (Bonilla-Ramirez et al., 2011; Jimenez-Del-
Rio et al., 2010). The Hsd concentration was chosen based on the pilot study: flies were exposed
to different concentrations of Hsd, such as 1 uM, 10 puM, 25 pM, 50 uM and 100 pM to
determine the effect of Hsd alone and with iron on survival of the flies during the experimental
period. However, only the concentration of 10 uM was used in experiments, since it was

effective and did not show toxicity to flies.

2.4. In vivo assays
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2.4.1. Survival

The survival rate of the flies exposed to treatments were evaluated daily by counting the
amount of the number of live flies in relation in the number of dead flies at end of the
experimental period (48 h). Approximately 200 flies per group are included in the survival data

and the total number of flies represent the sum of four independent experiments (50 flies per

group).

2.4.2 Negative geotaxis - climbing test

The flies were exposed to Fe, and after the experimental protocol were transferred to a
falcon tube (15 cm length and 1.5 cm in diameter). After 10 minutes of recovery to exposure to
ice. The negative geotaxis assay of the flies was determined according to Jimenez Del-Rio et
al., (2010), by recording the time spent by each fly to achieve an 8 cm, measured from the
bottom of a glass test tube with a diameter of 1.5 cm. The test was repeated five times for each
fly and 10 flies are separated from each group to be evaluated. The data were analyzed
according to the average time of each fly. The scaling test was performed at 48 hours of

treatment, four independent experiments were performed (40 flies per group).

2.4.3. Negative geotaxis - Test Base Top

The flies were exposed to Fe, and after the experimental protocol were transferred to a
falcon tube (15 cm length and 1.5 cm in diameter). After 10 minutes of recovery to exposure to
ice, 10 flies were subjected to the tube bottom and the number of flies that rise mark column of
6 cm in 5 secs, and those that remained below the mark will be recorded (COULOM and
BIRMAN, 2004). The procedure was repeated three times for each treatment group at 1 min

intervals. Four independent experiments were performed (40 flies per group).

2.4.4. Test open field

To evaluate the behavior and exploratory activity of each fly, a total of ten flies were
used in each group, were assessed every fly individually after submeted into a Petri dish

divided with squares measuring one centimeter by one as described by Hirth (2010). Fly activity
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and movement were recorded and evaluated and the resulting trajectory for the time (60 s). The
total number of flies was calculated according to the number of crossed / square exploited. Four

independent experiments were performed (40 flies per group).

2.5. Exvivo assays

2.5.1. Homogenized preparation

Twenty male flies per group were separated and immobilized by freezing in ice for approximately
1 min, then the flies were manually homogenized in HEPES buffer (20 mM, pH 7.0) with or without
head according to each protocol analysis. After centrifugation the supernatant was removed and used

for biochemical assays. All experiments were performed in duplicate.

2.5.2. Determination of the Fe levels

For the determination of Fe levels in head and body of flies it was used colorimetric
method of orthophenanthroline (ABNT, 1997), with adaptations according SALAZAR et al.
(2008). The flies are first weighed (50 mg) and for the occurrence of an acidic aperture 250 pLL
of nitric acid (PA) was subsequently added, then the samples are kept in a water bath (+ 95 °©
C) for 1 hour. The samples were spectrophotometric reading at 510 nm. Fe levels are expressed

relative to the flies weight (metal ng/g body weight).

2.5.3. Analysis of dopamine concentrations by high-performance liquid chromatography
(HPLC)

The analysis of the concentrations of dopamine were performed by HPLC as described
(DALPIAZ et al., 2007). Twenty flies per treatment group had their heads homogenized in 100
puL of sodium phosphate buffer (0.1 M, pH 7. 4) containing 1 mM EDTA, followed by
centrifugation at 25000 x g for 10 min at 4 °C. The supernatant is used to estimate the levels of

dopamine by HPLC. Four independent experiments were performed (50 flies per group).

2.5.4. Dehydrogenases activity of Drosophila melanogaster
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Dehydrogenases activity of analisys was based on Franco et al. (2009). The method is
based in the ability of viable cells to reduce resazurin to resorufin, a fluorescent molecule.
About twenty flies per group were homogenized in 1 mL of 10 mM Tris buffer (pH 7.0) and
centrifuged at 3570 rpm for 10 min at 4 °C. Subsequently, 20 uL of sample was incubated in
ELISA plates with 180 pL 10 mM Tris buffer (pH 7.0) and 10 pL of resazurin for 1 hour. The
fluorescence is recorded using a plate reader EnsPireR (Perkin Elmer, USA), excitation at 579

nm and emission at 584 nm, respectly. Four independent experiments were performed (50 flies

per group).

2.5.5. Metabolic activity of fractions enriched with mitochondria

The flies are weighed (60 mg) and kept on ice, following were homogenized in 1000 uL
of Tris buffer (0.25 M, pH 7.4) and subsequently centrifuged at 1000 x g for five minutes (4
°C). Mitochondria were obtained by centrifuging the post nuclear supernatant at 10,000 x g for
10 minutes (4 °C). After the pellet, will be washed in HEPES-mannitol-sucrose buffer and
resuspended in 200 pL of suspension buffer. The mitochondrial fraction (200 pL) is obtained
from 3- [4,5-dimethylthiazol-2-yl] -2,5-diphenyltetrazolium bromide) MTT (x% solution) for
30 minutes at 37 °C. Subsequently, the samples are centrifuged at 10,000 x g for five minutes.
The pellet was dissolved in dimethyl sulfoxide (DMSO), then the samples were incubated for
30 minutes at 37 °C and the absorbance measured at 540 nm. Assessment of mitochondrial
viability will be isolated from the whole body of the flies by the modified differential
centrifugation method (HOSAMANI and MURALIDHARA, 2013). The results are expressed

as a percentage of control. Four independent experiments were performed.

2.5.6. Evaluation of cell viability

Cellular viability was measured using MTT 3- [4,5-dimethylthiazol-2-yl] -2,5-
diphenyltetrazolium bromide) reduction assay as described by HOSAMANI and
MURALIDHARA, (2013). The flies were incubated in MTT for 60 min (37 °C), after the MTT
removal, the sample was incubated in DMSO for 30 min (37 °C). The absorbance from
formazan dissolution by the addition of DMSO was monitored in an EnsPireR multimode plate

reader (Perkin Elmer, USA) at 540 nm.
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2.5.7. Thiol Determination

Ten flies of each group were manually homogenized, after added of 0.5 M PCA and
subsequently was centrifuged at 10.000 rpm for 5 min at 4 °C. For non-protein thiol measures, the
supernatant was used (the sediment should be reserved for later use) and after was added 5,5'-dithiobis-
2-nitrobenzoic acid (DTNB) 5 mM, waiting 15 min at room temperature, protected from light and
the reading will be a spectrophotometer at 412 nm. For non-protein thiols measures of previous samples
the pellet is resuspended in Tris/HC1 0.5 M (pH 8.0), the supernatant was removed and adding 5 mM
DTNB, mointained 15 minutes at room temperature protected from light and reading it was carried out
by spectrophotometry at 412 nm. The determination thiol protein and non-protein were estimated

based on spectrophotometry using Ellmann reagent (1959).

2.5.8. Determination of DCF-DA oxidation: Reactive species levels (RS)

Twenty flies per group are used. They were subsequently homogenized in 1 mL of 10 mM
Tris-buffer, pH 7 and centrifuged at 1000 x g for 5 minutes at 4 °C. The assay quantification of
2',7'-dichloro fluorescein diacetate (DCF-DA) oxidation will be monitored, as a general index
of oxidative stress according to the protocol proposed by Perez-Severiano et al. (2004). After
one hour the resulting fluorescence emission of DCF-DA oxidation is monitored, reading will
take place in excitation at 485 nm and emission at 530 nm in the espectrophotometer using a
microplate reader multimode EnsPireR (Perkin Elmer, USA). The rate of DCF formation was
calculated as a percentage of the fluorescence of the treatments in relation to the control group.

Four independent experiments were performed (50 flies per treatment group).

2.5.9. Determination of Lipid Peroxidation

Lipid peroxidation (LPO) was measured by the test substances reactive to thiobarbituric
acid - TBARS test (OHKAWA et al., 1979), with minor modifications. Ten flies in each group
are homogenized in 500 pL of HEPES buffer 20 mM, pH 7.0 and centrifuged at 1000 rpm for
10 min at 4 °C. The supernatant was removed and is added after the thiobarbituric acid (TBA
0.8%, pH 3.2), acetic acid/HCL (20%, pH 3.5) and sodium sulphate (SDS 8,1%). After the
samples are incubated for two hours at 95 °C and after measuring the absorbance at 532 nm.

Results represent the mean of four independent experiments were performed (50 flies per
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group). The TBARS values were normalized by protein concentration and are expressed as a

percentage of TBARS production in relation to the control groups.

2.6. Activities of Antioxidant Enzymes

2.6.1. Determination of catalase (CAT) activity

Catalase activity is measured following the method proposed by AEBI, (1984) with
minor modifications according to Paula et al. (2014). Ten flies from each group are
homogenized in 500 pL HEPES buffer 20 mM (pH 7.0) and centrifuged at 14000 rpm for 30
min at 4 °C. Subsequently, a potassium phosphate buffer solution (0.25 M / EDTA (2.5 mM,
pH 7.0) was prepared, 30% hydrogen peroxide (H202) and Triton X-100. This solution was
added to the supernatant and samples were monitored at 240 nm for 1 min. Four independent

experiments (50 flies per group) were performed.

2.6.2. Determination of superoxide dismutase (SOD) activity

Ten flies from each group are homogenized in 500 uL. 20 mM HEPES pH 7.0 buffer
and centrifuged at 14000 rpm for 30 min at 4 °C. The reaction mixture contained sodium
phosphate buffer (0.025 M/EDTA 0.1 mM, pH 10), N,N,N,N-tetramethylethylenediamine
(TEMED), and 10 uL sample and it was started by adding 0.15% quercetin dissolved in
dimethyl formamide. The time of samples reading is added quercetin and monitored for 2 min
at 406 nm. The SOD activity is measured by monitoring the inhibition of autoxidation of
quercetin, second KOSTYUK and POTAPOVICH, (1989) with minor modifications according
to Franco et al., (2010). The results are expressed in terms of the amount of protein required for
50% inhibition of oxidation of quercetin. Four independent experiments were performed (50

flies per group).

2.6.3. Determination of Glutathione-S-transferase (GST) activity

Ten flies from each group are homogenized in 500 uL HEPES buffer 20 mM (pH 7.0)
and centrifuged at 14000 rpm for 30 min at 4 °C. After removing the supernatant, the samples
will be prepared containing buffer 0.25M/EDTA (2.5 mM, pH 7.0), distilled water and 100 mM
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GSH, after 1-chloro-2- 4-dinitrobenzene (CDNB 50 mM) is added as substrate and monitored
at 340 nm for 2 min. Assay of GST activity is performed according to the procedure of HABIG

et al. (1974). Four independent experiments were performed (50 flies per group).

2.6.4. Activity of acetylcholinesterase (AChE)

Ten flies from each group are homogenized in 500 uL. HEPES buffer 20 mM (pH 7.0)
and centrifuged at 1000 rpm for 5 min at 4 °C. Subsequently be prepared containing solution
phosphate buffer 0.25M (pH 8.0) and DTNB 5 mM and after a supernatant aliquot 50 uL was
added in 25 pL acetylthiocholine iodide of (7.25 Mm) immediately after the reading was
performed for 2 minutes at 412 nm. The enzymatic activity is expressed as nmol of protein /
mg / min. The activity of AChE is determined according to the method of Ellmann (1961). Four

independent experiments were performed (50 flies per group).

2.7. Protein determination

Protein concentration was measured by the method of Bradford (1976) using bovine

serum albumin as standard.

2.8. Statistical analysis

All experimental results are expressed as mean + standard deviation (SD). Statistical
analysis was performed using two-way ANOVA followed by Newman-Keuls post hoc test
where appropriate. Differences were considered significant between groups at p <0.05, and the

GraphPad Prism 5 program was used.

3. Results

3.1. Hsd improves the survival rate in Drosophila melanogaster

Flies exposed to iron showed a decrease in survival after 24 hours and more intensely after
48 hours of exposure. Hesperidin had a protective effect on flies after 24 hours of exposure to

Fe and partially protected after 48 hours of exposure (Fig 1).
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3.2. Locomotor performance and activity of acetylcholinesterase

Adult male flies exposed to Fe have deleterious impact on locomotor behavior, with
reductions in climbing rate compared to the control group. This effect was attenuated by
treatment with Hsd since it flies in this group had better results in climbing (Fig. 2 A and B).
Regarding the open field test (Fig. 2 C), the group exposed to Fe had lower exploration activity
compared to the control group and Hsd, indicating locomotor deficit. However, protective effect
of Hsd was effective in open field test partly (Fig. 2C).

There was a significant increase in AChE in head and body of flies exposed to Fe, the
treatment with Hsd resulted in a significant decrease in AchE activity when compared with flies

exposed to Fe (Fig. 3A head and 3B body), restoring the control levels.

3.3. Effect of Hsd on the depletion of the levels of dopamine induced by Fe

The flies of the Fe group showed a depletion of 50 % in the levels of dopamine in the head
compared to the control group and Hsd. Treatment with Hsd protected against the reduction of

dopamine levels in the head caused by Fe in flies (Fig. 4,).

3.4. Metabolic activity of celullar and enriched fraction mitochondria in iron exposed to flies

Dehydrogenases activity was assessed by metabolic activity (Fig. 5 A) and by MTT assay
(Fig. 5 B) by resazurin reduction test. In both tests showed a significant reduction in metabolic
activity of dehydrogenases and in the group exposed to Fe. The Hsd was effective protect in
reduction in metabolic activity of dehydrogenases and resazurin reduction test (Fig. 5 A and 5

B).

3.5. Effect of Hsd on resazurin reduction assay in homogenate of flies exposed to Fe

Cell viability measured by the rezaruzin reduction test showed a significant drop in cell
viability for the group exposed to Fe compared to the control group, confirming the toxicity in

cell levels by Fe. This effect can be reversed by a treatment with Hsd (Fig. 6).
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3.6. Biomarkers of Oxidative Stress

In our study to quantify the oxidation DCFDA was evaluated as a general indicator of
oxidative stress and reactive substances to thiobarbituric acid (TBARS) as an indicator of lipid
peroxidation (LPO) (Fig. 7 A and B, respectively). The Fe significantly increased DCFDA
oxidation (Fig. 7 A) and lipid peroxidation (Fig. 7 B). The administration of Hsd was effective

in reducing the increase on DCFDA oxidation and lipid peroxidation.

3.7. Antioxidant Enzymes Activities

The activities of the antioxidant enzymes catalase (CAT), superoxide dismutase (SOD) and
glutathione S-transferase (GST) were determined in flies exposed to the respective
experimental treatments for 48 hours. Group exposed to Fe result in an inhibition of GST, SOD
and CAT activities when compared to the control group and Hsd. The treatment with Hsd was

effective in reducing the inhibition of GST, SOD and CAT (Fig. 8 A, B and C, respectively).

3.8. Thiols level

The content of protein and non-protein thiols (Fig. 9 A and B, respectively). The group
exposed to Fe showed a reduction in levels of thiols, which reversed this damage by Hsd

compound.

3.9. Iron levels in head and body of flies

The Fe administration for flies resulted in a significant increase in Fe concentrations in
head and body. However, Hsd prevented Fe levels increased when compared to their respective

control, only in head, but not in body. (Fig.10 A and B).

4. Discussion

The iron plays a key role in physiological maintenance functions in the brain by
participating in many cellular functions, however, the excess is a potent source of oxidative

damage through the formation of free radicals (BELAIDI and BUSH, 2016) as Fenton and
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Haber-Weiss reaction, resulting in a phenomenon that oxidative stress (SIQUEIRA et al., 2006).
Iron is a well-known inducer of reactive species (RS) (PARI et al., 2015) and the increase of
reactive species may also facilitate metal accumulation when neurons are under oxidative stress
(LAN et al., 2016). Based on the above, the objective of the present study was to evaluate the
protective role of hesperidin against iron-induced neuronal damage in Drosophila melanogaster
males. Our results demonstrated that Hsd improved the locomotor performace and survival of
flies exposed to Fe. It also improved dopamine level and the acetylcholinesterase activity in the
heads of flies. In addiction, hesperidin enhanced antioxidant defenses, prevented mitochondrial
dysfunction, oxidative stress and mortality of the flies exposed to iron. Also, showed a
beneficial effect on the head of flies, reducing iron levels.

Jimenez Del-Rio et al. (2010) demonstrated in their study that high Fe concentrations
were able to induce Parkinsonism-like effects in Drosophila. The acute and chronic Fe exposure
in Drosophila reduced survival and locomotor activity (BONILLA-RAMIREZ et al., 2011;
JIMENEZ-DEL-RIO et al., 2010; ORTEGA-ARELLANO et al., 2011). Fagundes et al. (2015)
noted in their study that Caenorhabditis elegans exposed to Fe had a decrease in locomotor
activity and mechanical sensitivity, suggesting a dysfunction in the nervous system and changes
in the dopaminergic system. Our results showed that flies exposed to the Fe presented increased
in mortality, survivors had significant, locomotor deficits with increased on AChE activity,
corroborating with the above studies. Treatment with Hsd was effective in reducing the
neuromotor deficits, negative geotaxis test (climbing) and in the open field test (classification
of exploratory capacity).

Additionally, in our study, flies exposed to Fe, had an increase on the activity of AChE,
similar data were found by acute exposure of newly flies hatched to manganese, it presented
significant decrease in climbing activity with concomitant increase in the activity of AChE
(ADEDARA et al., 2016). In the present study, there was an increase in AChE activity in the
group exposed to Fe, which may lead to reduced levels of acetylcholine in the synaptic cleft,
and because of that, lead to a reduction in the cholinergic neurotransmitter efficiency leading
to deficiency in the activity of climbing in flies, however, hesperidin attenuated this damage by
preventing the increase of AChE.

Iron, at least in experimental conditions may be able to achieve the dopaminergic
neurons in the fly, where Fe has been shown to be extremely toxic to Drosophila melanogaster
(JIMENEZ-DEL-RIO et al., 2010). In our study, there was a decrease in dopamine levels in the
head of flies exposed to Fe. In fact, dopamine is a very reactive molecule and when in high

extracellular levels can self-oxidize and induce the formation of superoxide and peroxide. In
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addition, one possible cause dopaminergic neurodegeneration can be derived from these
oxidative insults. Dopamine depletion in Parkinson's disease has traditionally been consider as
one of the underlying mechanisms that contribute to the motor symptoms, such as rigidity,
tremor and bradykinesia (CHONG et al, 2015). The metabolism of monoamine oxidase (MAQO)
produces H>O> that can participate in the Fenton reaction, which Fe (II) generate reactive
species involved in neuronal death in the nigra substance. It can be attributed to the compound
hesperidin antioxidant and chelating ability, which was able to significantly reduce oxidative
damage, restoraring of normal physiological functions (PARI et al., 2015). In the study by
Aratjo et al. (2015) the flies exposed to rotenone presented a significant reduction of dopamine
levels in comparison with the control flies. An important result of our study is that cotratment
with hesperidin was able to prevent the depletion of dopamine, proving to be a potential
neuroprotective agent. In this view, several studies demonstrate the neuropharmacological
properties of the citrus flavonoids Hsd and its metabolit Hst. These studies showed that Hsd
and Hst enhanced learning and memory through various mechanisms such as elevating brain-
derived neurotrophic factor (BDNF) and reversing the disruptive effect of global cerebral on
memory (GAUR and KUMAR, 2010; OZTANIR et al., 2014). Hsd and Hst showed
antidepressant activities via mechanisms that, some of them, differ from those of conventional
antidepressant drugs (DONATO et al., 2014), and these two flavonoids protect against the
neurotoxicity induced by 6-hidroxidopamine (6-OHDA) in aged mice (ANTUNES et al., 2014).

The present study demonstrated a state of oxidative stress in the iron treated flies, as
evidenced by a significant increase in RS and TBARS production with concomitant decrease
in thiols levels, as well as in CAT, SOD and GST activities. Iron is a well-known inducer of
reactive oxygen species (PARI et al., 2015). Iron (II) ion is oxidized too ferric (Fe III) in the
presence of peroxide stimulates the Fenton reaction to form the hydroxyl radical (OH")
(WINTERBOURN, 1995). Oxidative stress, in turn, can trigger pathological changes in the
central nervous system. In this study, treatment with hesperidin restored antioxidant defenses
and prevented the oxidative damage. In this view, hesperidin present a good scavenger to iron
ions (SHACKELFORD et al., 2004) as well as anti-lipid peroxidation properties in biological
membranes (SUAREZ et al., 1998). It also possesses highest reducing power, chelating activity
on Fe?’, hydrogen radical scavenging and hydrogen peroxide scavenging activities when
compared with natural and synthetic antioxidants such as a-tocopherol, ascorbic acid, butylated
hydroxytoluene (BHT), butylatedhydroxyanisole (BHA) and trolox (HUSSEIN and
OTHMAN, 2011). Pari et al. (2015) demonstrated that Hsd had protective role in reducing

toxic effects of oxidative damage induced by Fe in the liver and kidney in rats, which could be
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a duo its antioxidant potential by scanning free radicals, adictionally Kang and Parvez (2015)
showed that depletion of cellular levels of antioxidants was reduced by treatment with Hsd,
leading to a reduction in oxidative markers, which clearly indicates antioxidant capacity of Hsd
in brain of Wistar rats.

Flies exposed to Fe, in our study, showed a decrease in metabolic activity of
dehydrogenases compared to the control group and Hsd, indicating that activity of
dehydrogenases was compromised, resulting in high mortality of exposed flies to Fe over a
period of 48 hours exposure. It is well established that free radicals and intermediate
peroxidation products are capable of damaging the integrity of the membrane by changing its
function and may lead to the development of several pathological processes. Other metals can
lead to decrease on cell viability, Ternes et al. (2014) in their study showed decreased cell
viability in flies exposed to manganese. An important result is that treatment with Hsd resulted
in higher activity of dehydrogenases, a lower incidence of mortality of flies treated with Hsd,
indicating the antioxidant capacity of Hsd compound, suggesting that suppression of free
radicals lead a up-regulation of antioxidant status. Chen et al. (2010) demonstrated that
hesperidin increases cellular antioxidant defense capacity through induction of HO-I1
(hemoxygenase-1) through ERK/Nrf2 signaling. This induction can also increase the level of
antioxidant enzymes such as CAT, SOD and GST.

An important result of this study is that hesperidin was effective in reduces iron level in
the head of flies. It is well knowing that accumulation of Fe in tissues is the basis for cell
damage. Fe preferentially binds to the membrane and disturb the redox state of the cells. Thus,
the Fe retention time in tissues and increased oxidative state promoted by Fe may lead to a
breakdown in the integrity of the membrane, and other pathological alterations (PARI et al.,
2015). Several studies demonstrated the hability of hesperidin to chelate Fe and its antioxidant
proprieties. Colpo et al. (2016) in their study demonstrated that the polyphenols present in the
yerba mate showed metal chelating activity. In our study, we believe that the polyphenol
components present in hesperidin may be acting as a metal chelator. Furthermore, the hydroxyl
groups of hesperidin or its active metabolites can bind with Fe and increasing the excretion of
Fe, which consequently reduces the Fe accumulation in the head of flies and reducing the toxic
effects of Fe (PARI et al., 2015). The Fe levels on the body of flies was partially reduced by
hesperidin treatment, this was probably due to the large amount of Fe (20 mM) present in the
diet of flies.

In conclusion, hesperidin protects against induced toxicity by Fe, reducing of mortality,

increasing activity locomotor, inhibition of lipid peroxidation, restoring the levels of dopamine
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and acetylcholinesterase activity and increasing antioxidant status in Drosophila melanogaster .
The protective action of hesperidin was partially associated with its actions to eliminate free

radicals and its antioxidant potential.
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Legends:

Fig. 1. Effect of Hesperidin (Hsd) on survival of the flies exposed to ferrous sulphate (Fe). Data
were collected every 24 hours from each group were submitted to 48 hours of exposure (n =50
flies per experiment, four different experiments were performed). Significance determined by
two-way analysis of variance (ANOVA) followed by Newman—Keuls test. *Significant
difference in relation to the control group; # Significant difference between Fe and Fe + Hsd (p

<0.05).

Fig. 2. Effect of Hsd in response to geotaxis (climbing) and exploratory activity in flies exposed
to Fe in 48 hours. Graphic A) assay negative geotaxis, B) negative geotaxis test base/top and
C) open field test (n = 20 flies per experiment, four different experiments were performed).
Values are mean =+ standard deviation. It was used in the statistical analysis of variance
(ANOVA) followed by two-way Newman-Keuls test. * Significant difference compared to the
control group; # Significant difference between Fe and Hsd + Fe (p< 0.05).

Fig. 3. Effect of hesperidin (Hsd) in alterations induced for Fe in activity of acetylcholinesterase
(AChE) in adult Drosophila melanogaster. The AChE activity was determined in two structure:
head (A) and body (B) Effect of Hsd in alterations induced for Fe in the graphic (A) protein
thiols and graphic (B) content of nonprotein thiols homogenate. The results were expressed as
a percentage (%) of the control group (mean + standard deviation and p<0.05). The significance
was determined by two-way analysis of variance (ANOVA) followed by Newman-Keuls test.
* Significant difference compared to the control group; # significant difference between the

groups Fe and Hsd + Fe (p< 0.05).

Fig. 4. Effect of Hsd in alterations induced for Fe in activity of dopamine levels in the head of
adult Drosophila melanogaster. Values are mean + SE (n = 20 flies per replicate, four replicates
used). Significance determined by two-way analysis of variance (ANOVA) followed by
Newman—Keuls test. *Significant difference in relation to the control group; #Significant

difference between Fe and Fe+ Hsd (p < 0.05).

Fig. 5. Effect of Hsd exposure to Fe flies for 48 hours, cell viability by MTT. The graph (A)
mitochondrial cell viability and graph (B) cell viability. Values are mean + standard deviation

(n = 50 flies per replicate, four replications were used). *Significant difference in the control
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group; # significant difference between Fe and Hsd + Fe groups. The results were displayed as

a percentage (%) of the control group (mean + standard deviation and p> 0.05).

Fig. 6. Effect of Hsd homogenate flies treated with Fe on assay cell viability performed by
reduction with resazurin. Values are mean + standard deviation (n = 50 flies per replicate, four
treatments were performed). Significance was determined by two-way analysis of variance
(ANOVA) followed by Newman-Keuls test. * Significant difference compared to the control
group; # significant difference between Fe and Hsd + Fe groups. The results were expressed as

a percentage (%) of the control group (mean + standard deviation and p< 0.05).

Fig. 7. Effect Hsd for 48 hours in alterations induced for Fe, in endogenous markers of oxidative
stress. The graphic (A) reactive species levels (RS), and (B) levels of lipid peroxidation (LPO).
Values are mean + standard deviation (n = 50 flies per replicate, four treatments were
performed). The significance was determined by two-way analysis of variance (ANOVA)
followed by Newman-Keuls test. * Significant difference compared to the control group; #

significant difference between the groups Fe and Hsd + Fe (p< 0.05).

Fig. 8. Effect Hsd for 48 hours Fe induced changes in antioxidant enzyme activities in the entire
body homogenate Drosophila melanogaster adult male. The graphic (A) glutathione S-
transferase (GST), (B) superoxide dismutase (SOD) and (C) catalase (CAT). Values are mean
+ standard deviation (n = 50 flies per replicate four treatment were performed). The significance
was determined by two-way analysis of variance (ANOVA) followed by Newman-Keuls test.
* Significant difference compared to the control group; # significant difference between the

groups Fe and Hsd + Fe (p<0.05).

Fig. 9. Effect of Hsd in alterations induced for Fe, in the graphic (A) protein thiols and graphic
(B) content of nonprotein thiols homogenate. The results were expressed as a percentage (%)
of the control group (mean + standard deviation and p<0.05). The significance was determined
by two-way analysis of variance (ANOVA) followed by Newman-Keuls test. * Significant
difference compared to the control group; # significant difference between the groups Fe and

Hsd + Fe (p< 0.05).



63

Fig. 10. Quantification of Fe in body (A) and head (B) the flies in both of groups: Hsd + Fe and
Fe. The values were expressed (ng metal/g wet mass). * Significant difference compared to the

control group; # significant difference between the groups Fe and Hsd + Fe (p< 0.05).
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Fig. 1. Effect of Hesperidin (Hsd) on survival of the flies exposed to Fe. Data were collected
every 24 hours from each group were submitted to 48 hours of exposure (n = 50 flies per
experiment, three experiments were performed for group). The survival measure was
determined by comparing the survival curve. * Significant difference from the control group, #

difference between Fe and Hsd + Fe.
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Fig. 2. Effect of Hsd in response to geotaxis (climbing) and exploratory activity in flies exposed

to Fe in 48 hours. Graphic A) assay negative geotaxis, B) negative geotaxis test base/top and

C) open field test (n = 20 flies per experiment, four different experiments were performed).

Values are mean =+ standard deviation. It was used in the statistical analysis of variance



66

(ANOVA) followed by two-way Newman-Keuls test. * Significant difference compared to the
control group; # Significant difference between Fe and Hsd + Fe (p< 0.05).
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Fig. 3. Effect of hesperidin (Hsd) in alterations induced for Fe in activity of acetylcholinesterase
(AChE) in adult Drosophila melanogaster. The AChE activity was determined in two structure:
head (A) and body (B). Values are mean + SE (n = 20 flies per sample, used four replicates).
Significance determined by two-way analysis of variance (ANOVA) followed by Newman—
Keuls test. * Significant difference in relation to the control group; # Significant difference

between Fe and Hsd + Fe (p < 0.05).
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Fig. 4. Effect of Hsd in alterations induced for Fe in activity of dopamine levels in the head of
adult Drosophila melanogaster. Values are mean + SE (n = 20 flies per replicate, four replicates
used). Significance determined by two-way analysis of variance (ANOVA) followed by
Newman—Keuls test. *Significant difference in relation to the control group; # Significant

difference between Fe and Hsd + Fe (p < 0.05).
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Fig. 5. Effect of Hsd exposure to Fe flies for 48 hours, on the metabolic activity and
dehydrogenase activity in total homogenate of flies. The graph (A) metabolic activity by MTT
assay and graph (B) activity cell. Values are mean + standard deviation (n = 50 flies per
replicate, four replications were used). *Significant difference in the control group; # significant
difference between Fe and Hsd + Fe groups. The results were displayed as a percentage (%) of

the control group (mean =+ standard deviation and p< 0.05).
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Fig. 6. Effect of Hsd homogenate flies treated with Fe on assay cell viability performed by
reduction with resazurin. Values are mean =+ standard deviation (n = 50 flies per replicate, four
treatments were performed). Significance was determined by two-way analysis of variance
(ANOVA) followed by Newman-Keuls test. * Significant difference compared to the control
group; # significant difference between Fe and Hsd + Fe groups. The results were expressed as

a percentage (%) of the control group (mean + standard deviation and p< 0.05).
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Fig. 7. Effect Hsd for 48 hours in alterations induced for Fe, in endogenous markers of oxidative
stress. The graphic (A) reactive species levels (RS), and (B) levels of lipid peroxidation (LPO).
Values are mean + standard deviation (n = 50 flies per replicate, four treatments were
performed). The significance was determined by two-way analysis of variance (ANOVA)
followed by Newman-Keuls test. * Significant difference compared to the control group; #

significant difference between the groups Fe and Hsd + Fe (p< 0.05).
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Fig. 8. Effect Hsd for 48 hours Fe induced changes in antioxidant enzyme activities in the entire
body homogenate Drosophila melanogaster adult male. The graphic (A) glutathione S-
transferase (GST), (B) superoxide dismutase (SOD) and (C) catalase (CAT). Values are mean
+ standard deviation (n = 50 flies per replicate four treatment were performed). The significance
was determined by two-way analysis of variance (ANOVA) followed by Newman-Keuls test.
* Significant difference compared to the control group; # significant difference between the

groups Fe and Hsd + Fe (p<0.05).
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Fig. 9. Effect of Hsd in alterations induced for Fe, in the graphic (A) protein thiols and graphic
(B) content of nonprotein thiols homogenate. The results were expressed as a percentage (%)

of the control group (mean + standard deviation and p<0.05). The significance was determined
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by two-way analysis of variance (ANOVA) followed by Newman-Keuls test. * Significant
difference compared to the control group; # significant difference between the groups Fe and

Hsd + Fe (p< 0.05).
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Fig. 10. Quantification of iron in body (graph A) and head (graph B) the flies in both of groups:
Hsd + Fe and Fe. The values were expressed (ng metal/g wet mass). * Significant difference

compared to the control group; # significant difference between the groups Fe and Hsd + Fe

(p<0.05).
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6. CONCLUSOES

Em nosso estudo observamos que a hesperidina protegeu contra a toxicidade induzida
pelo ferro, reduzindo a mortalidade, aumentando a atividade locomotora e os niveis de
dopamina, restaurando a atividade da acetilcolinesterase, inibindo a peroxidacao lipidica e
aumentando o status antioxidante em Drosophila melanogaster. A agdo protetora da
hesperidina foi associada com suas agdes de eliminacdo de radicais livres, quelante do metal

ferro e antioxidante.
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7. PERSPECTIVAS

A fim de obter um melhor entendimento a respeito dos mecanismos de agdo da
hesperidina e da hesperitina em Drosophila melanogaster, este trabalho terd continuidade no

doutorado.

Avaliar os efeitos pré e pos-tratamento com hesperidina e hesperitina sobre parametros
comportamentais, bioquimicos e neuroquimicos em Drosophila melanogaster expostas ao
ferro.

Avaliar outros metais como o manganés e o cobre submetido a um tratamento agudo e

cronico nos modelos experimentais de Drosophila melanogaster ¢ camundongos.
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