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RESUMO

O ferro (Fe) € um nutriente fundamental para todas as células vivas, mas em
excesso pode ser toxico por catalisar a formacao de radicais livres. A exposicao a
uma sobrecarga de Fe durante o periodo embrionario também €& preocupante,
podendo afetar a construcéo de circuitos cerebrais, comprometendo principalmente
os sistemas de aminas biogénicas, sendo capaz de alterar a fisiologia, sintese e
sinalizagao destes neurotransmissores. A hesperidina (Hsd) € um flavonoide citrico,
que possui propriedades farmacoldgicas como antioxidante e principalmente
neuroprotetor, ja o L-dopa foi utilizado neste estudo como controle positivo. O
objetivo do estudo foi avaliar se a exposig¢ao a sobrecarga de Fe durante os periodos
adulto e embrionario de Drosophila melanogaster esta relacionada a alteragdes
neurodegenerativas em adultos e neurodesenvolvimentais na geragao filial (F1),
bem como, os efeitos terapéuticos da Hsd frente as possiveis alteracdes
neurodegenerativas. Para avaliar o efeito da sobrecarga de Fe, as moscas adultas
foram expostas a dietas contendo tratamento por 10 dias. Para isso as moscas
foram divididas em seis grupos: Controle, Hsd (10 uM), L-dopa (1 mM), Fe (1 mM),
Fe + Hsd e Fe + L-dopa. As alteracbes motoras foram avaliadas pelos
comportamentos motor (groooming, agressividade e equilibrio) e teste de memoria
nao motora por meio de fototaxia aversiva e testes que caracterizam
comportamentos de ansiedade em moscas, como limpeza e agressao, além dos
niveis das aminas biogénicas dopamina (DA) e octopamina (OA). Para avaliar o
efeito da sobrecarga de Fe durante o periodo embrionario, as moscas foram
expostas ao Fe (0,5, 1 e 5 mM) por 10 dias de tratamento, posteriormente foram
retirados os progenitores e esperado a eclosdao das moscas F1 para posteriores
analises comportamentais e bioquimicas. Outra avaliagao abordada neste estudo foi
os niveis de Fe nas dietas, na cabeca e no corpo das moscas (progenitores e na
prole), separadas por sexo. Como resultados, no manuscrito 1 observamos que a
Hsd atenuou as alteracbes ndo motoras, como déficits de memoria e ansiedade,
melhorou os déficits monoaminérgicos e reduziu os niveis de Fe na cabeca das
moscas adultas. Como resultados do artigo 1, observamos que os niveis de Fe das
moscas F1 foi diretamente proporcional ao que é incorporado durante o periodo de

desenvolvimento embrionario; também observamos um atraso na ecloséo (5 mM),



fato que pode estar relacionado a reducao da viabilidade celular do tecido ovariano
de moscas progenitoras. As moscas F1 que foram expostas ao Fe (1 e 5 mM)
mostraram aumento na atividade locomotora (hiperatividade) e um aumento
significativo com maior numero de movimentos repetitivos e agressivos. Também
foi possivel observar um aumento nos niveis de aminas biogénicas DA e 5-HT e um
aumento na atividade da tirosina hidroxilase (TH) no Fe (1 e 5 mM). Esses resultados
demonstraram que o dano comportamental induzido pela exposicdo ao Fe pode
estar associado ao aumento nos niveis monoaminérgicos. Coletivamente os nossos
dados sugerem que a Hsd atenuou as complicagdes causadas pela exposigdo ao

Fe, diminuindo os déficits locomotores e neuroquimicos em moscas adultas.

Palavras-chave: comportamento; ansiedade; memoria; hiperatividade;

periodo embrionario; aminas biogénicas.



ABSTRACT

Iron (Fe) is a fundamental nutrient for all living cells, but in excess it can be toxic as it
catalyzes the formation of free radicals. Exposure to Fe overload during the embryonic
period is also a concern, as it can affect the construction of brain circuits, mainly
compromising the biogenic amine systems, being able to alter the physiology,
synthesis and signaling of these neurotransmitters. Hesperidin (Hsd) is a citrus
flavonoid that has pharmacological properties as an antioxidant and mainly
neuroprotective, whereas L-dopa was used in this study as a positive control. The aim
of the study was to evaluate whether exposure to Fe overload during the adult and
embryonic periods of Drosophila melanogaster is related to neurodegenerative
changes in adults and neurodevelopmental changes in the filial generation (F1), as
well as the therapeutic effects of Hsd against possible changes neurodegenerative to
assess the effect of Fe overload, adult flies were exposed to diets containing treatment
for 10 days. The flies were divided into six groups: Control, Hsd (10 uM), L-dopa (1
mM), Fe (1 mM), Fe + Hsd and Fe + L-dopa. Motor changes were evaluated by motor
behavior (grooming, aggressiveness and balance) and non-motor memory test through
aversive phototaxy and tests that characterize anxiety behaviors in flies, such as
cleaning and aggression, in addition to the levels of biogenic amines dopamine (DA)
and octopamine (OA). To evaluate the effect of Fe overload during the embryonic
period, the flies were exposed to Fe (0.5, 1 and 5 mM) for 10 days of treatment, then
the parents were removed and the F1 flies were expected to hatch for further analysis.
behavioral and biochemical. Another evaluation addressed in this study was the Fe
levels in the diets, head and body of flies (parents and offspring), separated by sex. As
a result, in manuscript 1 we observed that Hsd attenuated non-motor alterations, such
as memory and anxiety deficits, improved monoaminergic deficits and reduced Fe
levels in the head of adult flies. As a result of article 1, we observed that the Fe levels
of F1 flies was directly proportional to what is incorporated during the period of
embryonic development; we also observed a delay in hatching (5 mM), which may be
related to the reduction in cell viability of the ovarian tissue of progenitor flies. F1 flies
that were exposed to Fe (1 and 5 mM) showed an increase in locomotor activity
(hyperactivity) and a significant increase with a greater number of repetitive and

aggressive movements. It was also possible to observe an increase in the levels of



biogenic amines DA and 5-HT and an increase in the activity of Tyrosine Hydroxylase
(TH) in Fe (1 and 5 mM). These results demonstrated that the behavioral damage
induced by exposure to Fe may be associated with an increase in monoaminergic
levels. Collectively, our data suggest that Hsd attenuated complications caused by

exposure to Fe, decreasing locomotor and neurochemical deficits in adult flies.

Keywords: behavior; anxiety; memory; hyperactivity; embryonic period; biogenic

amines.
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1. Introdugao

O Ferro (Fe) é necessario para o funcionamento basal de todas as células,
sendo essencial na sobrevivéncia de quase todos os organismos, porque
desempenha um papel crucial em muitos processos bioldgicos como transporte de
oxigénio, respiragao celular, regulagao génica e biossintese de DNA. O Fe participa
de tais processos por meio dos grupos protéticos heme e Fe-enxofre, nos quais o
Fe mostra sua capacidade de trocar elétrons com diferentes substratos (CALAP-
QUINTANA et al., 2017). No entanto, o excesso de Fe promove a formagao de
espécies reativas de oxigénio (EROs), levando a danos celulares (CALAP -
QUINTANA et al., 2017). O Fe se acumula progressivamente no cérebro com a
idadee esse acumulo pode ser devido a uma alteragao no metabolismo do Fe no
sistema nervoso central (SNC), envolvendo fatores genéticos e ambientais (LU et
al., 2017; IANG et al., 2017). Essa sobrecarga de Fe danifica os neurdcitos, e induz
ao desenvolvimento a doengas neurodegenerativas como a sindrome de Parkinson
(Llet al., 2020). Uma desregulagao no metabolismo do Fe, que inclui sua absorgao,
armazenamento e transporte, desempenha um papel fundamental nas doencas
neurodegenerativas em humanos (JIANG et al., 2017).

O excesso de Fe em érgéos vitais, mesmo em casos leves de sobrecarga de
Fe, aumenta o risco de doenga hepatica (cirrose, cancer), insuficiéncia cardiaca,
diabetes mellitus, osteoartrite, osteoporose, sindrome metabdlica, hipotireoidismo,
hipogonadismo, varios sintomas e em alguns casos, a morte prematura (FRAGA e
OTEIZA, 2002; FLEMING e PONKA, 2012). O excesso de Fe pode acelerar doengas
neurodegenerativas como Alzheimer, Parkinson de inicio precoce, Huntington
epilepsia e esclerose multipla (JOHNSON et al., 1999; POWERS et al., 2003). A
sobrecarga de Fe pode ser hereditaria (genética) ou adquirida ao receber varias
transfusdes de sangue, receber inje¢cdes ou injecdes de Fe ou consumir altos niveis
de Fe suplementar (PIETRANGELO, 2010).

Este metal € um micronutriente indispensavel para o desenvolvimento de
Drosophila melanogaster (MANDILARAS et al., 2013). Além disso, o Fe mitocondrial
também é essencial para o crescimento normal das larvas (LIU et al., 2020). No

entanto, uma desregulagcédo nutricional de oligoelemento como o Fe nos ovos
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fertilizados pode ser uma das razdes para o atraso no desenvolvimento da prole
incluindo o ovo-pupa e na transicdo pupa-adulto (CHEN et al., 2014). Assim como,
afeta a embriogénese normal de Drosophila melanogaster e interrompe o
crescimento larval e a metamorfose (MANDILARAS et al., 2013).

Animais invertebrados como a Drosophila melanogaster tém sido um modelo
de estudo eficiente e amplamente explorado como uma ferramenta genética para a
compreensao de problemas bioldgicos complexos, como a toxicidade por metais. A
exposicao crénica ao Fe afeta a sobrevivéncia e causa um déficit locomotor em
Drosophila melanogaster (ORTEGA-ARELLANO et al., 2017; BONILLA- RAMIREZ
et al., 2011). Além disso, a concentragdo de Fe aumenta cronicamente na cabeca
de Drosophila melanogaster expostas a este metal e 0 acumulo de metal na cabecga
da mosca esta associado a uma neurodegeneragdo de varios aglomerados
dopaminérgicos neuronais (ORTEGA-ARELLANO et al., 2017). A mosca da
fruta Drosophila melanogaster representa um modelo relevante para estudos
toxicolégicos de curto e longo prazo. Este modelo apresenta muitas vantagens,
incluindo alta fecundidade, curto ciclo de vida, facilidade de manejo e criagao,
ferramentas genéticas e bancos de dados disponiveis, aliados a um bom
conhecimento da biologia, fisiologia, desenvolvimento e comportamento desta
espécie (PANDEY e NICHOLS, 2011). A Drosophila melanogaster € um modelo
animal alternativo, que possui um amplo leque possibilidades experimentais e tem
demonstrado eficiéncia em estudos relacionados a processos bioldgicos e
patoldgicos humanos (MASAMITSU e HIDEKI, 2018).

Varios estudos buscam avaliar os efeitos terapéuticos de antioxidantes
naturais frente a exposicdo a metais em altas concentragbes (KHAN e PARVEZ, 2015;
JIMENEZ- DEL-RIO et al.,, 2010; BONILLA-RAMIREZ; JIMENEZ-DEL-RIO e
VELEZ-PARDO, 2013). Nestes antioxidantes naturais temos a Hesperidina (Hsd)
(3,5,7-trihidroxitravanona-7-ramnoglucosideo), uma flavonona encontrada em frutas
citricas. A Hsd apresentou efeitos na quimioprevengao e na eliminagcao de radicais
livres, bem como propriedades anti peroxidacao lipidica em membranas biologicas
(GARG et al., 2001; HAJIALYANI et al., 2019). A Hsd é um composto fendlico natural
comuma ampla gama de efeitos bioldgicos, entre os quais a sua agao neuroprotetora
tem sido investigada (HAJIALYANI et al., 2019; POETINI et al., 2018) e a habilidade
de compostos naturais de atravessar a barreira hematoencefalica (BHE) séao

importantes em sua agao neuroprotetora, demonstrando um efeito inibitério contra
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o desenvolvimento de doengas neurodegenerativas (HAJIALYANI et al., 2019; PARI
et al., 2015). Nesse contexto, nosso objetivo foi avaliar se a exposi¢ao a sobrecarga
de Fe durante os periodos adulto e embrionario de Drosophila melanogaster esta
relacionada a alteragdes neurodegenerativas em adultos e neurodesenvolvimentais
da geracéo filial (F1), bem como os efeitos terapéuticos da Hsd frente as possiveis

altera¢des neurodegenerativas.
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2. Revisao de literatura

2.1. Fe: Essencialidade

O Fe pertence ao grupo VIl da tabela periddica e é um dos elementos mais
abundantes na crosta terrestre (WEBER et al., 2006), sendo o mais abundante dos
metais de transicdo (WACHTERSHAUSER, 2007). Em vista de sua ampla
distribuicdo, estamos constantemente expostos ao Fe principalmente por meio da
ingestédo de alimentos. Este metal € um elemento essencial para os seres humanos
(IWAI, 2019; TANJA GRUBIC KEZELE, 2018; CHEN et al., 2019), sua importancia
se deve ao fato do Fe ser um constituinte da hemoglobina, mioglobina e atua como
co-fator para uma variedade de enzimas, sendo que até 30% do Fe no corpo é
encontrado em formas de armazenamento, como ferritina e hemossiderina, no baco,
figado e medula 6ssea e uma pequena quantidade € associado a transferrina
(GOLDHABER, 2003).

O Fe dietético enconta-se na forma heme ou ndo-heme, onde o Fe ndo heme
€ encontrado em alimentos de origem animal e o Fe ndo-heme € encontrado em
vegetais . A maioria do Fe heme na dieta € de mioglobina e hemoglobina e é derivado
de animais (CARPENTER e MAHONEY, 1992). No entanto, acidos organicos como
acido citrico e acido ascorbico, também ajudam a manter o Fe nado-heme em uma
forma reduzida e soluvel, e podem potencializar a sua absorg¢do. No entanto outros
componentes dietéticos como fitatos, taninos e polifendis, podem ligar-se ao Fe e
impedir sua absorgédo. O Fe heme tende a ser absorvido de forma mais eficiente e sua
absorcao € menos dependente da composi¢cao da dieta (ANDERSON e FRAZER,
2017).

No sistema nervoso central (SNC), o Fe esta envolvido em diversas atividades
neurolégicas, onde uma disfuncdo na homeostase deste metal pode interferir nas
atividades enzimaticas, alterando o status neurofisiolégico e resultando em doencas
neurolégicas (CHEN et al., 2019). Este metal é considerado “Oligoelemento” (OE)
devido a sua essencialidade, precisa estar presente na dieta humana para manter as
fungdes fisiolégicas normais (GOLDHABER, 2003; FRAGA, 2005). A atividade
bioldgica do Fe esta fortemente associada a presenca de elétrons nao pareados que

permitem sua participagdo em reacgdes redox. Nos sistemas biologicos, este metal
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esta principalmente ligado a proteinas, formando metaloproteinas. Muitos dos metais
em metaloproteinas fazem parte de sistemas enzimaticos, tém fungdes estruturais e
de armazenamento ou usam a proteina para serem transportados para o seu local
alvo no organismo (FRAGA, 2005).

A maioria dos metais fazem parte de sistemas enzimaticos. Em enzimas, os
metais participam de processos cataliticos como os constituintes de sitios ativos de
enzimas, estabilizadores da estrutura terciaria ou quaternaria, auxiliares na
formagao de complexos de ligagao fraca com o substrato que pode contribuir para
orientar o substrato para reagbes ou estabilizar estados de transicdo (FRAGA,
2005).

2.2. Transporte, metabolismo e excre¢ao do Fe

O Fe pode ser absorvido no enterdécito através de mecanismos distintos: 1)
sistema transportador de metal divalente 1 (DMT1) e Fe duodenal do citocromo b
(Dcytb), que esta envolvido na absorgéo de Fe divalente livre (Fe?*), 2) proteina heme
transportadora 1 (HCP1) que é um transportador de folato acoplado a prétons, que
esta envolvido na absor¢cdo de Fe-heme e folato e 3) um sistema dependente de
receptor dependente de clatrina, que esta envolvido na absor¢do do Fe ligado a
ferritina vegetal via endocitose. Apds a absorcao, 4) todas as formas de Fe sdo
transformadas em Fe catibnico que pode ser exportado dos enterécitos pela
ferroportina (FPN), como podemos perceber na figura 1. No plasma, o Fe?* é oxidado
pela ceruloplasmina ou hefaestatina e liga-se a transferrina. A tranferrina (TF) pode
distribuir Fe para todos os tecidos do corpo, incluindo o cérebro onde a sobrecarga

de Fe contribui para a neurodegeneragao (FARINA et al., 2013).

Figura 1. Mecanismos de absorgao intestinal de Fe
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A Drosophila melanogaster compartilha muitos genes-chave envolvidos no
metabolismo do Fe com mamiferos, onde o Malvolio (Mvl) conforme
demonstrado na figura 2, ortélogo de Drosophila melanogaster do transportador
de metal divalente (DMT1) é expresso no intestino médio da mosca e foi proposto
para funcionar como um importador de Fe dietético de forma semelhante ao seu
homologo mamifero. A TF também € uma proteina de ligagdo ao Fe abundante na
hemolinfa, para a qual varias fungbes foram sugeridas em insetos (CALAP-
QUINTANA et al., 2017).

Figura 2. Principais vias de captagdo, armazenamento e exportagdo do Fe em

Drosophila melanogaster
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2.3. Toxicidade do Fe

Nos seres humanos a toxicidade induzida por Fe €& caracterizada por
sintomas como vémitos e diarreia, com efeitos subsequentes nos sistemas
cardiovascular e nervoso central, rim, figado e no sangue (ANDERSON, 1994). Uma
doenca genética conhecida como hemocromatose hereditaria € caracterizada pelo
acumulo longo e lento de Fe nos tecidos (BACON et al., 1999). A sobrecarga de Fe
também foi relatada em pessoas com certos tipos de anemia, especialmente quando
ha anormalidades na sintese de hemoglobina (GREEN et al., 1968). Varios dos
efeitos bioldgicos, principalmente téxicos, onde o Fe pode promover a producao
exacerbada de espécies reativas (FRAGA e OTEIZA, 2002). Além disso, o Fe exerce
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seu efeito toxico na mitocdndria desviando os elétrons da cadeia de transporte de
elétrons, desacoplando a fosforilacdo oxidativa, levando assim ao metabolismo
anaerobico (BARANWAL e SINGHI, 2003).

Uma das causas da toxicidade que o Fe, se deve a capacidade de se acumular
em muitos 6rgaos, principalmente no figado, coragdo e pancreas. Além disso, as
consequéncias clinicas desse acumulo incluem fibrose hepatica e cirrose, aumento do
risco de carcinoma hepatocelular, cardiomiopatia, artrite e diabetes (FLEMING e
PONKA, 2012).

Altas concentracdes de Fe tecidual tém sido associadas ao desenvolvimento e
progressdo de varias condi¢gdes patoldgicas, incluindo certos canceres, doengas
hepaticas e cardiacas, diabetes, anormalidades hormonais e disfun¢des do sistema
imunolégico (FRAGA e OTEIZA, 2002). Niveis mais elevados de Fe sérico aumentam
o risco de desenvolver DP (JOHNSON et al., 1999; POWERS et al., 2003).

Estudos recentes mostraram que Fe?" aumenta a oxidagdo de monoaminas
como 5-HT, DA e toxinas relacionadas e que os produtos de oxidacdo formados
podem sofrer uma ligagao covalente em grupos sulfetrilas livres de proteinas como
actina e "proteinas de ligacdo de 5-HT" que estdo presentes em extratos cerebrais
soluveis (PAUNOVIE et al. 2020). E provavel que o Fe acelere a oxidacdo da DA sem
a intervencao da enzima monoamina oxidase B, onde o Fe aumentando a taxa de
oxidacdo da DA pode produzir quinonas, compostos que se ligam covalentemente a
proteinas e induzem agregados de proteinas moleculares de alta molecularidade
(VELEZ-PARDO et al., 2009). Estas consideragdes sdo importantes, pois sugere uma
possivel compreensdo do mecanismo pelo qual os neurbnios dopaminérgicos sao
destruidos em algumas doengas neurodegenerativas (VELEZ-PARDO et al., 2009).

Recentemente, foi identificada uma forma dependente de Fe de morte celular
nao apoptotica conhecida como ferroptose, caracterizado por acumulo de ROS lipidico
induzido por Fe, o que leva ao estresse oxidativo intracelular (WAN, REN e WANG,
2019). A ferroptose é uma forma regulamentada de morte celular impulsionada pela
perda de atividade da enzima de reparacao lipidica a glutationa peroxidase 4 (GPX4)
e posterior acumulo de EROs (YANG e STOCKWELL, 2016; CAO e DIXON, 2016).

A ferroptose é depende de Fe intracelular, mas nao de outros metais, onde é
distinguivel de outras formas de morte celular regulamentada porque nao requer
caspases (mediadores de apoptose), esgotamento ATP ou geracdo de EROs
mitocondrial (mediadores da necroptose), Bax/Bak (mediadores essenciais da
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permeabilizagdo da membrana externa mitocondrial), ou elevagdes em ca?*

intracelular (DIXON et al., 2012). Embora identificada pela primeira vez em células
cancerosas, a ferroptose tem mostrado ter implicacdes significativas em varias
doencas neurolégicas, como derrame isquémico e hemorragico, doenga de Alzheimer
e DP (WEILAND et al., 2019). No entanto, esses efeitos causados pela ferroptose
podem ser atenuados por quelacao de Fe, ndo sé previne a ferroptose, mas também
a morte celular induzida por H202 (DIXON et al., 2012). A ferroptose pode
desencadear um processo de inflamacéo crénica que pode estimular mais morte e
inflamacéao, gerando um ciclo vicioso, que pode estar envolvido em algumas doengas
(XIE et al., 2016). Além disso, a ferroptose pode ndo atuar em insetos, mas sim uma
caracteristica inesperada das células mamiferas (DIXON, 2017).

O envolvimento da ferroptose na DP ainda n&o esta totalmente esclarecido, no
entanto, a inibigdo da ferroptose pode apresentar um efeito neuroprotetor (DIXON et
al., 2012). A ferroptose é uma forma oxidativa de morte celular necrosada altamente
relevante para muitas doengas degenerativas e cancer. Estratégias de tratamento de
doencas em que o envolvimento da ferroptose esta inserida, € importante a
descoberta de novos inibidores e indutores de ferroptose pode ser um grande
potencial no desenvolvimento de medicamentos inovadores para o tratamento de
doencas ainda incuraveis (LORENZ e CONRAD, 2019; DO VAN et al., 2016).

A ferroptose pode desempenhar um papel critico na supressao do tumor e tem
sido proposta como um alvo potencial para a terapia do cancer. No entanto, a
regulagao da ferroptose in vivo permanece dificil devido a falta de compostos que
possam efetivamente ativar ou reprimir a ferroptose (YUAN, PRATTE e GIARDINA,
2021).

2.4. Estresse oxidativo e Fe

Estresse oxidativo € um disturbio metabdlico no quais moléculas instaveis,
também denominadas espécies reativas (ERs), ocasionam injurias celulares devido
areacdes de Oxido-reducdo com moléculas organicas, tais como fosfolipideos,
proteinas e DNA. Essas injurias podem acarretar perda da funcao celular e,
consequentemente, disfungdes importantes nos sistemas organicos. Tais espécies
sdo formadas constantemente na fisiologia celular normal, seja através do

metabolismo do oxigénio, gerando, respectivamente, as espécies reativas do
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oxigénio (ERO) e espécies reativas do nitrogénio (ERN). Devido ao potencial toxico
dessas moléculas, mecanismos de protecdo enddgenos, representados pelos
agentes antioxidantes, entram em ag¢ao para neutralizar esses compostos e impedir
a injuria celular. Quando a produgdo dessas espécies excede a capacidade
antioxidante do organismo, o metabolismo celular entra em estresse oxidativo
(CAMPOS e LEME, 2018).

O estresse oxidativo, particularmente nas mitocdndrias, € uma caracteristica
comum da toxicidade de metais como o Fe e manganés (Mn). Cations de Fe e Mn
tém elétrons desemparelhados que permitem a sua participacdo em reagdes redox
envolvendo principalmente uma perda de elétrons (oxidagdo) ou ganho (redugao).
Os elétrons desemparelhados também permitem a classificagdo quimica da maioria
dos metais como radicais livres (HALLIWELL e GUTTERIDGE, 2015). O Fe livre
(Fe?* ou Fe®* ) é um pro-oxidante potente e pode iniciar um conjunto de reagdes que
formam produtos extremamente reativos, como o radical hidroxil (OHe). Metais
como o Fe e Mn podem oxidar a DA, gerando ER e também afeta a funcéo
mitocondrial, levando ao acumulo de metabdlitos, culminando com o estresse
oxidativo (FARINA et al., 2013). Devido a sua capacidade de assumir dois estados
de oxidagao em sistemas bioldgicos [férrico (3%) e ferroso (27)], o Fe é um produtor
intrinseco de espécies reativas de oxigénio (EROs), levando ao estresse oxidativo
neuronal e neurodegeneracdo (NUNEZ et al., 2012). Uma desregulacdo na
homeostase do Fe, ou seja, uma sobrecarga de Fe tem sido relatada como um
importante evento mediador da fisiopatogenia da doenga de Parkinson (DP) e DA
(BARTZOKIS et al., 2000; JAISER e WINSTON, 2010; BOWMAN et al.,
2011; BREWER, 2012).

Os metais essenciais como o Fe e 0 Mn e 0s ndo essenciais como o mercurio
(Hg) tém recebido consideravel ateng¢ao devido a sua capacidade de induzir dano
oxidativo e neurodegeneragcdo. Notavelmente, as etiologias de doengas
neurodegenerativas, como a DP e a doenca de Alzheimer, parecem ser muito
dependentes de fatores ambientais ou de interacbes ambientais e genéticas
(MARRAS e GOLDMAN, 2011).

Figura 3. O estresse oxidativo do Fe na mitocondria: reacao de Fenton e formagao de
radical hidroxila.
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Alteracdes no estado oxidativo também tiveram associadas a reducido do
potencial transmembrana mitocondrial e ao aumento da produgdo de oxido nitrico
(PAUNOVIE et al. 2020).

A desregulagdo do Fe na mitocéndria pode levar ao aumento do estresse
oxidativo, gerando espécies altamente nocivas como a formacéao de radical hidroxila
via reagao de Fenton. O aumento de Fe pode iniciar o estresse oxidativo mitocondrial
via interacao com diferentes EROs, onde 1) o Fe livre pode ser liberado a partir de
aglomerados de Fe-Enxofre (Fe-S) mitocondrial nos complexos | e Il nainteragcdo com
EROs, ocorrendo oxidagao no aglomerado de Fe-S por oxigénio molecular podendo
aumentar o Fe livre na matriz mitocondrial. 2) O par redox Fe ?* — Fe 3* também pode
estimular diretamente a peroxidacéo lipidica, que pode aumentar o estresse oxidativo
e contribuir para a morte celular e mitocondrial através da formacado de poro de
transicdo de permeabilidade mitocondrial (mPTP). O Fe pode elemento critico para a
neurotoxicidade, podendo ser tamponado pela ferritina intramitocondrial (FtMt), que

atua como uma proteina antioxidante na matriz mitocondrial, conforme demonstrado
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na figura 3, o aumento do estresse oxidativo mitocondrial pode ser uma das possiveis

causas de neurodegeneracao (FARINA et al., 2013).

A disfungdo mitocondrial induzida por diferentes agentes toxicos ambientais
ou endodgenos pode iniciar ou propagar libertagdo de Fe de sitios ndo toxicos ( isto
€, proteinas de ligacéo do Fe), que podem desencadear ou aceler a progressao de
doencas degenerativas (KUMAR et al., 2012; MESQUITA et al., 2012; SEBASTIANI
e PANTOPOULOS, 2011; ZECCA et al., 2004 ). Na mitocdndria, os aglomerados de
Fe-S encontrados nos complexos | e lll da cadeia de transporte de elétrons (CTE),
podem ser atacados por EROs, liberando Fe livre para participar da reacédo de
Fenton onde essa reagdo gera um anion hidroxil e um radical hidroxil livre, que é
extremamente reativo e nocivo as células e outros processos oxidativos (figura 3).
Assim, o Fe é um importante agente na toxicidade celular e pode iniciar por si s6 um
conjunto de reagdestoxicas extremamente oxidativas ou nutrir o estresse oxidativo
provocado por xenobidticos ou metabdlitos enddgenos. De particular importancia, o
estresse oxidativo mediado pelo Fe tem sido classicamente ligado a morte celular
apoptética (OTT et al., 2007) e a ferropoptose, que representa uma forma de morte

celular ndo apoptoética dependente de Fe (DIXON et al., 2012).

2.5. Fe e alteragoes neurodegenerativas

Conforme mencionado anteriormente, o Fe catidnico livre pode ser
extremamente téxico através do rompimento da fungdo mitocondrial e,
teoricamente, as alteragbes redox de Fe 2?* <> Fe 3* podem ser acopladas a formagéo
de espécies extremamente reativas, como o radical hidroxila (OHe). Esta molécula
é altamente reativa e sua existéncia livre é limitada ao seu coeficiente de difuséo
(GUTTERIDGE e HALLIWELL, 2018). A formagao de OHe+- pode danificar diferentes
biomoléculas e iniciar um ciclo vicioso de dano celular (figura 4). Além disso, o par
redox Fe 2*/ Fe 3* serve como um produto in vivo iniciador de reagdes citotoxicas,

particularmente, peroxidacao lipidica (WELCH et al., 2002).

Embora os dados existentes mostrem claramente uma relagdo entre o
metabolismo do Fe, o envelhecimento e a neurodegeneracdo, sao necessarios
estudos mais aprofundados para entender completamente o papel desse metal de
transicao no inicio e na progressdo de doengas neurodegenerativas e disturbios
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neurolégicos relacionados a idade (HOGARTH, 2015; NDAYISABA,
KAINDLSTORFER, WENNING, 2019; CAROCCI et al., 2018; LIU, LIANG, SOONG,
2019; THOMAS et al., 2021; IANKOVA et al., 2021; ZHANG et al., 2021). O papel
desse metal de transicdo no inicio e na progressdao dos disturbios
neurodegenerativos (figura 4), ainda se faz necessario mais pesquisas sobre o
assunto, sendo que o avango neste campo sera fundamental para o
estabelecimento de novas terapias destinadas a protecdo neuronal durante

condi¢des de ma administragdo do Fe.

Figura 4. Relacéo entre o comprometimento do metabolismo do Fe e as doengas

neurodegenerativas
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O metabolismo desregulado do Fe & um marco em varias doencgas
neurodegenerativas, como a DP e Alzheimer, esclerose multipla (EM), esclerose
lateral amiotrofica (ELA) e neuroferritopatias. No caso da DP e doenga de Alzheimer,



o Fe tem mostrado um papel fundamental no destino neuronal: dependendo da
extensao e intensidade do estresse oxidativo causado pelo aumento do pool de Fe
labil, afeta a atividade transcricional e as cascatas de sinalizagdo que poderiam
participar na sobrevivéncia ou morte neuronal (figura 4). Embora um papel para o
Fe também tenha sido observado na EM, ELA e neuroferritopatias, os eventos
moleculares que levam & morte neuronal ndo sao totalmente compreendidos
(SALVADOR et al., 2011).
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As vias de sinalizagao central que regulam uma grande variedade de processos

celulares, incluindo proliferacao, diferenciagdo, apoptose e resposta ao estresse sao

as cascatas MAPK, que séao proteinas quinases ativadas por mitdgenos. No entanto,

uma desregulagdo ou um funcionamento inadequado destas cascatas, pode estar

envolvida na indugcédo e progressao de doengas como o diabetes, doencgas

autoimunes, anormalidades no desenvolvimento (PLOTNIKOV, 2011). Assim como, a
doenca de Alzheimer (DA), DP, ELA e varios tipos de canceres (KIM e CHOI, 2010).

Outra importante via € a MAPK/ERK que sao reguladas por um sinal extracelular e

estd associada a proliferacdo celular, diferenciagdo, migracéo, senescéncia e

apoptose (SUN et al., 2015).

2.6. Alteracgoes fisiopatologicas na Doenga de Parkinson e Fe

Entre as doengas neurodegenerativas temos a DP, que € o segundo disturbio
neurodegenerativo mais comum que afeta 2-3% da populagéo =65 anosde idade.
A perda neuronal na substantia nigra, que causa deficiéncia de DA no estriado e
inclusdes intracelulares contendo agregados de a-sinucleina sdo as marcas
neuropatolégicas da DP. Varios outros tipos de células em todo o SNC auténomo e
periférico também estdo envolvidos, provavelmente a partir da doencga inicial
(COOKSON, 2017).

A DP é um disturbio neurodegenerativo que da origem a sintomas motores
como tremor, bradicinesia, rigidez e instabilidade postural e sintomas nao motores,
incluindo anosmia, constipagao, apatia, insnia e depressao, entre outras (BADIN
et al., 2018; COOKSON, 2017). Embora o diagnéstico clinico dependa da presenca
de bradicinesia e outras caracteristicas motoras cardinais, a DP esta associada a
muitos sintomas ndo motores que aumentam a incapacidade geral. A patogénese

molecular subjacente envolve multiplas vias e mecanismos: proteostase da o-
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sinucleina, fungdo mitocondrial, estresse oxidativo, homeostase do calcio,
transporte axonal e neuroinflamagao (COOKSON, 2017; POEWE, 2017).

A causa da maioria dos casos de DP é desconhecida e pode seratribuida a
uma combinacéo de fatores, como fatores genéticos e ambientais (LESAGE e
BRICE, 2009). N&o ha cura para a DP, mas ha varios tratamentos sintomaticos
disponiveis. O tratamento dos sintomas motores da DP com o precursor DA a L-
3,4-di-hidroxifenilalanina (L-dopa), introduzida ha 50 anos, continua sendo o
tratamento padréo-ouro para tratar a DP (MERCURI e BERNARDI, 2005, p. 341;
POEWE e ANTONINI, 2015). No entanto, varias complicagbes motoras, incluindo
discinesias induzidas por L-dopa, limitam a qualidade de vida em pacientes com DP
e podem ser muito dificeis de manejar (FABBRINI et al., 2007).

Terapia de reposicao dopaminérgica atenuam os sintomas da DP, no entanto,
mais terapias sdo necessarias, visando outras vias farmacoldgicos, que néao
desenvolvam efeitos colaterais . A terapia com L-dopa em exposicdo crdnica esta
associada ao desenvolvimento de complicagcbes motoras em mais de 30% dos
pacientes com DP apd6s 2-3 anos de exposi¢cdo e maior de 50% apds os 5 anos
(POEWE et al., 2017).

2.7. Alteragoes neurodesenvolvimentais e Fe

Os transtornos do neurodesenvolvimento (TND) mais comuns s&o: o
Transtorno de Déficit de Atencao e Hiperatividade (TDAH), Transtornos do Espectro
do Autismo (TEA) e Epilepsia que ocorre na idade da infancia e no adulto, esses
transtornos sao resultantes do desenvolvimento deficiente ou maturagdo do SNC.
Ospacientes com transtornos do neurodesenvolvimento sao afetados em muitas
caracteristicas das fungdes biolégicas controladas pelo cérebro; em particular,
alteragdes nas fungdes executivas sensoriais, motoras aprendizagem, memoria,
emocao, ansiedade e habilidade social (THAPAR; COPPER e RUTTER, 2017).

Os TNDs podem ser hereditarios, no entanto, os determinantes genéticos
criticos ainda nao foram esclarecidos e a interagao de fatores hereditarios com estilo
de vida nao certificado e fatores ambientais parecem desempenhar um papel
consideravel em sua etiologia. Mais detalhadamente, o uso materno de tabaco,

alcool ou drogas ilicitas durante a gravidez, parto prematuro, baixo peso ao nascer,
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baixo nivel socioeconémico, ambiente fisico e a exposi¢cado pré-natal ou infantil a
certos contaminantes ambientais representam uma ampla gama de fatores de risco
ambientais que pode influenciar o neurodesenvolvimento (TRAN e MIYAKE, 2017),
entre os fatores ambientais estdo a exposicdo demasiada a metais como o Fe
(POETINI et al., 2021).

O papel dos ions metalicos no cérebro estd diretamente ligado ao
desenvolvimento e manutencio de atividades enzimaticas, aprendizado e memoria,
funcdes mitocondriais, mielinizacao, sinaptogénese e plasticidade,
neurotransmissao e inflamacao. A interrupgcao de qualquer um desses mecanismos
ou a absorg¢ao de metais toxicos gera um desequilibrio da homeostase do metal no
cérebro. Essa desregulacdo da homeostase dos metais representa mais um fator de
risco que determina uma cascata de eventos, levando ao desenvolvimento anormal
do SNC e resultando em um estado de doenca, particularmente sensivel ao dano
oxidativo (SUSSULINI e HAUSER-DAVIS, 2018). Essa condi¢ao resulta da redugéo
incompleta do oxigénio, levando a formagdo de EROs e / ou a diminuigéo e
degradacdo dos agentes antioxidantes enddgenos oxidativos (SUSSULINI e
HAUSER-DAVIS, 2018). Assim, muitoscompostos antioxidantes e enzimas sao de
interesse no estudo dessas doencas.

Devido ao Fe desempenhar um papel essencial no crescimento normal do
cérebro, sintese de neurotransmissores, catabolismo, processo metabdlico celular,
entre outros (KONOFAL et al., 2004), portanto niveis alterados deste metal pode
levar a um desequilibrio e disfungdode neurotransmissores, incluindo o sistema
dopaminérgico. Ainda falando na essencialidade do Fe, este metal € um cofator da
tirosina hidroxilase (TH), enzima responsavel pela sintese de DA. A TH é enzima
limitadora da taxa de conversao da hidroxilagdo da tirosina em L-DOPA e a enzima
triptofano hidroxilase que é responsavel pela sintese da 5-HT. Portanto, os niveis
de Fe regulam a producéo de sintese das monoaminas DA e noradrenalina (EARLY
et al., 2014; KIM; WESSLING-RESNICK, 2014). Um desequilibrio dos sistemas
dopaminérgico e noradrenérgico € um possivel mecanismo do TDAH
(BIERDERMAN, 2005). No estudo de Yang e colaboradores investigaram a
associacao entre o metabolismo de oligoelementos como o Fe e o TDAH em
criangas, onde os pesquisadores ndo acharam associagao entre os niveis de Fe e
o TDAH (YANG et al., 2019).

A hipotese da deficiéncia de Fe no TDAH é baseada em algumas evidéncias
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aqui descutidas. Em primeiro lugar, o Fe € um cofator de enzimas necessarias para a
sintesee catabolismo dos neurotransmissores monoaminérgicos (YOUDIM, 2000),
que estado implicados na fisiopatologia do TDAH. Em segundo lugar, a deficiéncia
de Fe esta associada a diminui¢do da expressao do transportador de DA (BEARD,
CONNOR e JONES, 1993). Terceiro, a deficiéncia de Fe pode levar a disfun¢do nos
ganglios da base, que se acredita desempenhar um papel significativo na
fisiopatologia do TDAH (BIEDERMAN, 2005).

Estudos recentes relatam que um dos metais mais investigados no TDAH é
o Fe (YANG et al., 2019), no entanto € a ferritina sérica mais baixa, em vez de Fe
sérico, estd associada ao TDAH em criangas (WANG et al, 2017). Essa
desregulagéo dos neurdnios dopaminérgicos pode ainda resultar em multiplas
disfungdes que mimetizam os sintomas do TDAH (GHORAYEB et al., 2019).

A prematuridade coloca o cérebro em desenvolvimento em risco de
deficiéncia e sobrecarga de Fe. O feto acrescenta Fe principalmente durante o
ultimo trimestre da gravidez. Bebés nascidos prematuramente apresentam redugao
dos niveis de Fe corporal total, em relagéo a nascidos a termo (GEORGIEFF, 2005).
No entanto, o cérebro do bebé prematuro pode estar sob alto risco de sobrecarga
de Fe devido a capacidade de ligacéo do Fe sérico, sistemas antioxidantes imaturos,
tecidos em rapido crescimento, exposi¢cao a Fe e transfusdes multiplas de glébulos
vermelhos (POLLAK et al., 2001).

2.8. Drosophila melanogaster como modelo de estudo do Fe em adultos e na
prole

A Drosophila melanogaster € uma das espécies eucaridticas mais estudadas
emdiferentes areas da biologia. A mosca também ganhou apreciagdo como um
organismo modelo util para estudos de doencas humanas. Estudos gendmicos
comparativos estimam que Drosophila melanogaster conserva genes homologos a
75% dos genes humanos implicados em doengas (CALAP-QUINTANA et al., 2017;
ADANS et al., 2000). Devido ao seu pequeno tamanho (2-3 mm) no qual o confere
praticidade de manupulagao, além do curto tempo para a geragao da prole fez com
gue amosca se tornasse um dos principais modelos de animais alternativos utilizados
para educacao e pesquisas biomédicas (ALLOCA, ZOLA e BELLOSTA, 2018).
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O ciclo de vida da Drosophila melanogaster dura aproximadamente 10 dias a
25 °C conforme demonstrado na figura 5. Uma unica fémea fértil pode depositar
centenas de ovos, e a embriogénise ocorre em aproximadamente 24 horas. As larvas
se alimentam e crescem, passando por trés estagios até atingir o periodo de ecdise,

virando pupa para sofrer metamorfose e desenvolver as estruturas caracteristicas das
moscas adultas (ALLOCA, ZOLA e BELLOSTA, 2018).

Figura 5. Ciclo de desenvolvimento da Drosophila melanogaster (do embrido até o
adulto)

v

1° Estagio larval

r

3° Estagio larval 2° Estagio larval

Fonte: Adaptado de Allocca, Zola e Bellosta, 2018.

A Drosofila melanogaster € de facil manuseio, de baixo custo para de

manutencdo, alta reproducdo e o crescimento ddo uma grande quantidade de
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progénies, e sua sequéncia gendmica e informacdes genéticas estdo bem
documentadas. (BEGUM etal., 2018). Embora a Drosophila melanogaster, seja uma
otima opgdo como orgnismo modelo utilizado em pesquisas toxicologicas, ainda
existe escassez de dados sobre a toxicidade do Fe em moscas (TANG e ZHOU,
2013; CALAP-QUINTANA et al., 2017; ORTEGA-ARELLANO et al., 2017; POETINI
et al., 2018).

Nesse sentido, uso de Drosophila melanogaster como organismo modelo
mimetico a DP é vantajoso em relagdo a outros por varios motivos. Primeiro, com
excecgao das células nas gbnadas e de algumas células do intestino, n&do ha mitose
celular na mosca adulta. Assim, a Drosophila melanogaster pode ser considerada
um organismo de células que envelhecem sincronicamente. Esta caracteristica
garante o tempo preciso em que a molécula antioxidante putativa impacta a taxa de
sobrevivéncia e/ou atividade locomotora em moscas (NICHOLS, 2006). Em segundo
lugar, a Drosophila melanogaster representa um organismomodelo utilizado nao
apenas para a compreensao dos processos neurofarmacolégicos fundamentais,
mas também para a pesquisa experimental comparativa. De fato, a similaridade
entre a rede dopaminérgica, modo de agao da droga, comportamento e resposta
génica em Drosophila melanogaster e sistemas de mamiferos, tornou a mosca um
modelo muito atraente para a descoberta de drogas anti-parkinsonismo (NICHOLS,
2006). A mosca possibilita a realizagado de analise rapida de triagem de drogas, o
que ainda nao € possivel em modelos de mamiferos (MANEV; DIMITRIJEVIC;
DZITOYEVA, 2003). E, finalmente, dado o alto grau de conservacgao evolutiva dos
genes humanos e de moscas envolvidos em disturbios do movimento, a Drosophila
melanogaster € um sistema eficiente para avaliar moléculas com potencial de
melhorar a coordenacgao motora (JIMENEZ-DEL-RIO; DAZA- RESTREPO; VELEZ-
PARDO, 2008).

Os organismos evoluiram para adquirir metais da nutricdo e manter niveis
adequados de cada metal para evitar efeitos danosos associados a sua deficiéncia,
excesso ou extravio. Curiosamente, os principais componentes das vias
homeostaticas do metal sdo conservados, com muitos ortdlogos dos genes
relacionados ao metal humano sendo identificados e caracterizados em Drosophila
melanogaster. Nesse sentido, sabendo que as moscas possuem importantes

ferramentas genéticas capazes de elucidar questdes ainda nao resolvidas a respeito
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da patologia de varias doengas, o modelo pode contribuir para comprendernos
melhor o metabolismo e homeostase deste metal (CALAP- QUINTANA et al., 2017).

Os organismos modelos n&do mamiferos, como a Drosophila melanogaster,
sdo apropriados para a investigagao de patologias relacionadas a idade, sendo que
a ferritina (uma proteina de armazenamento de Fe) € expressa no cérebro de
Drosophila melanogaster adulta e que o Fe e a holoferritina se acumulam com o
envelhecimento (JACOMIN, 2019). O Fe € um microelemento essencial para o
crescimento e desenvolvimento, mas em altas doses podem alterar
significativamente os padrées de desenvolvimento, reprodugéo, envelhecimento e
até mesmo promover a morte. Em busca de um modelo que possa ser
geneticamente semelhante ao humano para estudar os efeitos do Fe, surge a
Drosophila melanogaster (BEGUM et al., 2018).

A Drosophila melanogaster compartilha muitos genes-chave envolvidos no
metabolismo do Fe com mamiferos, sendo que o Malvolio (Mvl), € um ortélogo
transportador de metal divalente em Drosophila melanogaster, semelhate ao de
mamiferos o DMT1. O Mvl (figura 2) é expresso no intestino médio da mosca e tem
sido proposto para funcionar como importador de Fe dietético de forma semelhante
ao seu homélogo dos mamiferos (FOLWELL, BARTON e SHEPHERD, 2006).
Mamiferos e insetos armazenam o Fe absorvido em forma de Fe disponivel no
interior da ferritina, uma proteina formada por subunidades da cadeia pesada e leve
(codificado pelos genes FerlHCH e Fer2LCH respectivamente em Drosophila
melanogaster).

Enquanto a ferritina é principalmente proteina citosdlica em mamiferos,
presente no sistema secretor (reticulo endoplasmatico, complexo de Golgi e
vesiculas secretoras) na maioria dos insetos, incluindo a Drosophila melanogaster,
ela é secretada na hemolinfa em grandes quantidades (TANG e ZHOU, 2013). A
transferrina 1 € também uma proteina de ligagao de Fe abundante na hemolinfa
para a qual multiplas fungdes foram sugeridas em insetos. No entanto, ainda é nao
esta resolvido se esta proteina serve como um transportador de Fe entre as células
de uma forma semelhante ao transporte em mamiferos (TANG e ZHOU, 2013). Dois
genes IRP (proteina reguladora de Fe) (Irp-1A e Irp-1B) foram descritos em
Drosophila melanogaster e ambos mostraram atividade aconitase, mas apenas Irp-
1A funciona como uma proteina reguladora de Fe (LIND et al., 2006).

Estudos com o Fe em Drosophila melanogaster demonstraram que a
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exposicao a este metal afeta a sobrevivéncia e a atividade locomotora (POETINI et
al., 2018; BONILLA-RAMIREZ et al., 2011; JIMENEZ-DEL-RIO et al., 2010). A
concentracdo desses biometalicos aumenta drasticamente no cérebro de
Drosophila melanogaster, aguda ou cronicamente expostas ao Fe e o acumulo de
metal na cabega da mosca esta associado a neurodegeneragdo de varios
aglomerados neuronais dopaminérgicos (BONILLA-RAMIREZ et al., 2011). O Fe
pode desencadear em lesdo nos neurénios dopaminérgicos (BONILLA-RAMIREZ
et al.,, 2011; JIMENEZ-DEL-RIO; GUZMAN- MARTINEZ e VELEZ-PARDO, 2010),
onde o mecanismo neurodegenerativo do Fe pode envolver H,O, e OHe
(HOSAMANI e MURALIDHARA, 2013), geragao de radicais livres via reagdo de
Fenton e / ou Haber-Weiss e também a ativacido de moléculas proapoptoticas p53,
JNK e caspase-3 (ORTEGA-ARELLANO et al., 2013; ORTEGA- ARELLANO et al.,
2017).

2.9 Alteragdes monoaminérgicas em Drosophila melanogaster

A DA é uma amina biogénica biossintetizada a partir da tirosina, € um
neuromodulador essencial no SNC dos mamiferos que esta envolvido na atencéo,
controle do movimento, motivacdo e cogni¢do. Estudos em Drosophila
melanogaster indicam que DA também desempenha papeéis regulatorios centrais
em insetos, especificamente nas redes neurais que controlam a atividade
locomotora e comportamentos estereotipados (FRIGGI-GRELIN et al., 2003;
YELLMAN et al., 1997; SESCOUSSE et al., 2018), sono e excitagao (KUME et al.,
2005; LEBESTKY et al., 2009), registro de estimulos salientes ( KUME et al., 2005;
YE et al., 2004; ZHANG et al.,, 2007) e aprendizagem olfativa associativa
(CLARIDGE-CHUNG et al., 2009; SEUGNET et al., 2008).

Em particular, o cérebro adulto da Drosophila melanogaster contém seis grupos
pareados de neurbnios dopaminérgicos, alguns dos quais se projetam
especificamente para centros cerebrais superiores, como o complexo central e os
corpos dos cogumelos (FRIGGI-GRELIN et al., 2003; CLARIDGE-CHANG et al.,
2009; RIEMENSPERGER et al., 2005; TANAKA et al., 2008). A tirosina hidroxilase
(TH) catalisa a primeira etapada biossintese de DA. A TH é a enzima limitante da taxa

de biossintese de catecolaminas, onde utiliza tetraidrobiopterina e O, para converter
a tirosina em DA (DAUBNER, LE e WANG, 2011). As catecolaminas DA, epinefrina e
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norepinefrina  sdo os produtos da via, importantes como hormbnios e
neurotransmissores no SNC e periférico.

As pessoas com DP sofrem de niveis baixos de DA (figura 6) devido a
deterioragdo da substantia nigra, uma regido do cérebro onde TH é mais abundante.
A funcgéao de alfa-sinucleina (a-syn) é incerto, mas foi mostrado para ligar-se a TH e
diminui a fosforilagdo de TH e a produgédo de DA (DAUBNER, LE e WANG, 2011).

Um dos medicamentos padrao ouro no tratamento da DP ¢é a levodopa ou de
forma abreviada (L-dopa) (acido (S)-2-amino-3-(3,4-diidroxifenil) propanoico), L-
DOPA é um precursor da DA, sendo carboxilada a estes neurotransmissores
quando entra nas células nervosas, estudos comprovam que a administragao de L-
DOPA produz um acentuado aumento na concentragao de DA no cérebro, o que
foi um grande avango no tratamento do DP (MISHIHARA et al., 2004).

Figura 6. Niveis de dopamina na DP
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Fonte: Google imagens com adaptacoes
Disponivel em:
<https://www.saudebemestar.pt/pt/medicina/neurologia/doenca de parkinson/>.

A serotonina, também conhecida como 5-hidroxitriptamina (5-HT) é uma

amina biogénica mais conhecida por seu papel como neurotransmissor. A
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manipulagdo da 5-HT em modelos animais foi usada como uma ferramenta para
estudar seu papel em humanos (MOHAMMAD-ZADEH; MOSES e GWALTNEY-
BRANT, 2008).

A 5-HT € uma monoamina biogénica, semelhante a epinefrina, noradrenalina,
DA e histamina. A sinalizacdo da 5-HT desempenha um papel fundamental na
regulagdo do desenvolvimento, humor e no comportamento. A Drosophila
melanogaster € adequada para o estudo dos mecanismos basicos da sinalizagéo
serotonérgica, mas o tamanho pequeno de seu sistema nervoso (SN) impedia
anteriormente as medicdes diretas de neurotransmissores. BORUE et al. (2009) em
seu estudo demonstrou que a dindmica de liberagao e recaptacao de 5-HT em
Drosophila melanogaster sao analogos aos dos mamiferos, tornando este
organismo simples mais util para o estudo dos mecanismos fisioldgicos basicos da
sinalizagao serotoninérgica.

A octopamina (OA) pertence a um grupo de compostos conhecidos como
aminas biogénicas, € um analogo mono-hidroxilico da norepinefrina, onde é
encontrado nos sistemas nervosos de vertebrados e invertebrados. No entanto, esta
presente em concentracdes relativamente altas nos tecidos neuronais e nao
neuronais da maioria das espécies de invertebrados estudadas, atuando como um
neurotransmissor, neuromodulador e neuro-horménio no sistema nervoso de
insetos, onde influéncia de forma proeminente varios eventos fisiolégicos. No
sistema nervoso periférico, a OA modula a atividade dos musculos de véo, 6rgaos
periféricos e a maioria dos 6rgaos dos sentidos. Em virtude disso, no SNC a OA é
essencial para a regulagdo da motivagdo, dessensibilizagdo das entradas
sensoriais, excitagcao, iniciagdo e manutengao de varios comportamentos ritmicos,
comportamentos de higiene e comportamentos sociais complexos, incluindo o
estabelecimento do trabalho, bem como a aprendizagem e a meméria (FAROOQUI,
2012).

A OA (eminvertebrados) pode ser distinguida da norepinefrina (noradrenalina,
um analogo estrutural de OA em vertebrados) pela auséncia de um grupo hidroxila
na posigao 3 do anel fenol. Ambas as fenolaminas tém significado funcional nos SNC
e periférico de invertebrados e vertebrados. Com base nas semelhancas em sua
acao, foi sugerido que o sistema noradrenérgico em vertebrados é funcionalmente
substituido pelo sistema octopaminérgico eminvertebrados (ROEDER, 1999). A OA

esta presente em alta concentragdo no sistema nervoso periférico, SNC e varios
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outros tecidos de insetos (AXELROD e SAAVEDRA, 1977). No SNC a OA modula a
atividade dos musculos de vbo, érgéos periféricos (como corpo adiposo, oviduto e
hemacitos) e quase todos os 6rgaos dos sentidos, sendo essencial para a regulagao
da motivacao, dessensibilizagdo das entradas sensoriais, iniciagcdo e manutencao
devarios comportamentos ritmicos e complexos, incluindo aprendizagem e memoria
(ROEDER, 1999; FAROOQUI, 2007).

A OA funciona como um neurotransmissor ligando-se a receptores acoplados
a proteina G na superficie dos neurdnios e outras células, afetando diversos
comportamentos, como excitagao, agressao e postura de ovos. Além da modulagao
direta das atividades no sistema nervoso, essas respostas podem ser orquestradas
por meio de alteragbes no metabolismo, glicogendlise, metabolismo da gordura,
frequéncia cardiaca, respiragdo e desempenho muscular (ROEDER, 2005). A OA é
principalmente liberada das terminagdes neurosecretoras e absorvida pela
circulagdo da hemolinfa (neuro-horménio) (FAROOQUI, 2007).

2.10. Abordagens terapéuticas

As estratégias terapéuticas para tratar a neurodegeneracdo associada a
sobrecarga de Fe sao limitadas e envolvem o uso de agentes quelantes de metais
(HELI et al., 2011; JOMOVA e VALKO, 2011; MOLINA-HOLGADO et al., 2007;
SELIM et al., 2011). No entanto, o tratamento com esses agentes (incluindo a
desferoxamina) pode causar toxicidade (HELI et al., 2011). Produtos naturais, como
a catequina e outros polifendis, tém sido indicados como potenciais agentes
terapéuticos contra a toxicidade do Fe, devido as suas propriedades simultaneas
antioxidante e quelante de Fe (MANDEL e YOUDIM, 2004; REZNICHENKO et al.,
2006).

Diversas estratégias farmacoldgicas estdo atualmente disponiveis para
tratar a sobrecarga de Fe, embora algumas questbes importantes precisem ser
levantadas, tais como altos custos de terapia, toxicidade e qualidade de vida do
paciente. A este respeito, o uso de antioxidantes comercialmente disponiveis que
possuam propriedades de quelacédo de Fe podem representar uma alternativa
viavel. Além disso, tal abordagem tem a vantagem de afetar os dois principais
momentos fisiopatoldgicos que levam a toxicidade do Fe (isto é, acumulo de Fe e
formacao de EROs) (CAMIOLO et al., 2019).
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2.11. Produtos naturais e a neuroprotecao

A neuroprotecao é a preservacao da funcéo e redes de tecidos neurais de
danos causados por varios agentes, bem como doengas neurodegenerativas como
Parkinson, Alzheimer, doengas de Huntington e esclerose multipla (HAJIALYANI et
al., 2019). Terapias comuns ndo sido potentes no tratamento e prevencédo da
progressdo sintomatica da neurodegeneracdo, causando apenas melhora dos
sintomas. Portanto, estd se tornando necessario desenvolver medicamentos
alternativos para a prevencgao e protecdo dessas doencgas relacionadas a idade
(GIRDHAR et al., 2015). Compostos naturais sao escolhas alternativas, que ajudam
a controlar a progressao dessas doencgas, sendo que as plantas aromaticas
apresentam um grande grupo de compostos, que sdo usados ha muito tempo como
agentes neuroprotetores. Os polifendis naturais (incluindo flavonoides, acidos
fendlicos, vitaminas, entre outros, tém sido relatados por apresentar varios
beneficios a saude para os seres humanos (HAJIALYANI et al., 2019).

De acordo com as razbes acima mencionadas, plantas medicinais e seus
fitoquimicos sao fortemente recomendados como alternativas terapéuticas e
complementares para doengas neurodegenerativas. Especificamente, os
flavonoides e suas subclasses, apresentam efeitos benéficos em doencas
relacionadas a idade (HAJIALYANI et al., 2019).

Uma das alternativas da sobrecarga de Fe é através de flebotomia, uma terapia
altamente eficaz e relativamente barata (FLEMING e PONKA, 2012), com a remogao
de ~0,5 g sangue de Fe/L.

Terapias para tratar o excesso de Fe no organismo sao o uso de quelantes
como o deferroxamina é capaz de quelatar "ferro livre" mesmo dentro da célula, esses
qguelantes ligam ao Fe formando complexo, sendo o Fe excretado na urina ou fezes
(ANDERSON e FRAZER, 2017).

A deferiprona € um medicamento atualmente comercializado para terapias de
excesso de Fe no organismo, este quelante de Fe apresentou um potencial
neuroprotetor em pacientes com DP em estagio inicial (DEVOS et al., 2014).

Uma das estratégias para controlar os danos radicais livres mediados por Fe podem
ser: (a) prevenir condicdes que possam levar a sobrecarga de Fe; (b) fazer uso de
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substancias que sequestrem o excesso de Fe; (c) proteger moléculas funcionais
(lipidios, proteinas, DNA) da oxidagdo com o uso de antioxidantes dietéticos como o
uso de (vitaminas, flavonoides, zinco, entre outros) (FRAGA e OTEIZA, 2002).

2.12. Hesperidina

A hesperidina (4'-metoxi-7-O-rutinosil-3',5-di-hidroxiflavanona) (Hsd) € um
glicosideo flavanona natural distribuido principalmente em frutas citricas (LIU et al.,
2017), como a laranja e o limao (GARG et al., 2001; ROOHBAKHSH et al. 2014;
HAJIALYANI et al., 2019), a Hsd também esta presente nos vegetais, cha verde e
no vinho (CROZIER, JAGANATH, CLIFFORD, 2009), conforme demonstrado na
figura 7.

Figura 7. Estrutura quimica da hesperidina (a) e hesperitina (b)

(a) Ho ©OH
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OH ©

Fonte: Adaptado de Hajialyani et al., 2019.

O composto Hsd (figura 7) foi isolado pela primeira vez em 1828 pelo quimico
francés Lebreton. A concentracdo de Hsd parece ser alta no Citrus sinensis (15,25
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18,21 mg / 100g de peso de frutas frescas) e Citrus reticulate (19,26 + 11,56 mg /
100gde peso de frutas frescas) (PETERSON et al., 2006). As frutas citricas s@o
importantes fontes de flavonoides, principalmente flavanonas, que estao presentes tanto
no suco e nos tecidos das frutas (GARG et al., 2001). Aproximadamente, 90% dos
flavonoides glicosideos encontrados no suco de laranja sé&o representados pela
Hsd, sendo encontrada principalmente nas partes solidas e nas membranas,
separando os segmentos de polpa das frutas citricas (TOMAS-BARBERAN e
CLIFFORD, 2000). A Hsd tem varios efeitos biologicos, tais como propriedades
anticancerigenas, neuroprotetoras, antioxidantes e anti-inflamatorias
(ROOHBAKHSH et al., 2014; ADEFEGHA et al.,, 2017; POETINI et al., 2018;
HAJIALYANI et al., 2019).

Apos a ingestdo de Hsd, no intestino delgado esta flavanona é pouco
absorvida pela via paracelular e é altamente dependente da conversao para
hesperitina (WILLIAMSON, 2017). A Hsd atinge o intestino grosso, onde a
microbiota intestinal cliva a porcao de rutinose, formando hesperitina para posterior
absorcgao colonica (GARG et al., 2001). A relagao estrutura-atividade da Hsd com a
sua propriedade antioxidante mostrou que os efeitos da atividade antioxidante da
Hsd dependem do numero e da ordem dos grupos OH e da presenca da ligagao
dupla C4'-C8 conjugada ao grupo 4-ceto na estrutura dos flavondides
(SOMASUNDARAM, et al., 2018).

Em um estudo atual demonstrou-se que a toxicidade aguda letal oral de Hsd
foi superior a 5000 mg / kg com uma dose letal mediano (DLso) de 4837,5 mg / kg.
Assim, Hsd isolada de frutas citricas mostraram um bom perfil de segurangca em
estudos com animais e podem ser considerados como um agente importante para o
tratamento clinico de doencgas croénicas (LI et al., 2017).

Antunes et al. (2014) em seu estudo in vivo, demonstrou que o tratamento
com Hsd (50 mg/Kg) melhorou o comprometimento da memoria e comportamento
semelhante a depressdo em camundongos. A Hsd também atenuou 0 aumento dos
niveis de EROs no estriado e na atividade da glutationa redutase e reduziu as
atividades de glutationa peroxidase e catalase no estriado (ANTUNES et al., 2014).
Estudos demonstram que a Hsd (ANTUNES et al., 2014) apresenta um efeito
neuroprotetor nos modelos in vivo na DP, principalmente por meio de uma via
neuroprotetora antioxidativa. Outro estudo relatou que a Hsd (10 mg/Kg) tem o
potencial de modular as fungbes cerebrais, como a plasticidade sinaptica, que estao
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relacionadas a aprendizagem e memoria (MATIAS et al., 2017). A Hsd apresentou
uma variedade de efeitos farmacoldgicos, como promover a memoria, aumentar a
neurogénese e inibir a inflamacéo (YANG et al., 2011). A Hsd melhora a memoria e
aumenta a atividade antioxidante, o que ¢é eficaz na melhora dos déficits causados
por varias doengas neurodegenerativas (HONG e AN, 2018).

Investigagdes anteriores mostraram que a Hsd protegeu significativamente
contra a nefrotoxicidade induzida pela cisplatina (KALTALIOGLU e COSKUN-
CEVHER, 2016; KUMAR et al. 2017), arsenito de sodio (TURK et al., 2018),
acrilamida (HAMDY et al., 2017), tricloroetileno (SIDDIQI et al., 2015) e Fe (PARI et
al.,, 2014) em ratos e na exposigdo aguda ao Fe em Drosophila melanogaster
(POETINI et al., 2018), e também apresentou efeitos neuroprotetores (WANG et
al., 2014; JUSTIN THENMOZHI et al., 2015; LI et al., 2015). A Hsd pode atravessar
a BHE facilmente (RAZA et al., 2011; HWANG et al., 2012). Os potenciais efeitos
de protecao vascular da Hsd (500 pg/dia) podem ser atribuidos a sua atividade de
eliminagao direta de anions e reprimir enzimas geradoras de EROs ou estimular
enzimas antioxidantes endégenas (HOMAYOUNI et al., 2018). No entanto, se a Hsd
tem efeitos neuroprotetores contra o uso crénico de Fe e o0s mecanismos
subjacentes nao sao totalmente compreendidos.

A Hsd é um sequestrador de radicais livres que demonstrou ter um efeito
protetor contra insultos oxidativos. Um composto como a Hsd pode neutralizar o
radical livre aceitando ou doando um elétron para eliminar a condi¢ao nao pareada
(SOMASUNDARAM et al., 2018). O mecanismo exato da Hsd ainda ndo ¢é
conhecido. No entanto, evidéncias sugerem que o efeito protetor da Hsd pode ser
atribuido a uma combinacdo de diminuicdo dos radicais livres com alteragdes
enzimaticas mitocondriais (WANG et al., 2014). O mecanismo antioxidante de Hsd
inclui aumento dos niveis de antioxidantes enddgenos, a eliminacdo de radicais
livres e repressao de EROs (POETINI et al., 2018).

Hsd apresentou efeitos antidepressivos na dose de 0,1 mg/kg em
camundongos (DONATO et al., 2014; 2015). Assim como, em doses maiores como
25-100 mg/kg em ratos diabéticos (EL-MARASY et al., 2014). Hsd pode exercer agao
antidepressiva aumentando a expressdao de BDNF de forma dependente da ERK
(DONATO et al., 2014).

ANTUNES (2020) relatou em seu estudo que a Hsd pode aumentar os niveis
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de 5-HT e noradrenalina, que por sua vez ativam receptores serotonérgicos e
noradrenérgicos. Além disso, a Hsd ativou os receptores monoaminérgicos ativando
e regulando a fosforilagdo ERK e, finalmente, promovendo a expresséo de BDNF.

Parhiz (2015) em seu estudo demonstrou que a Hsd pode, além da atividade
radical de limpeza, um aumento das defesas celulares antioxidantes através de uma
via de sinalizagdo ERK/Nrf2.

O uso de Hsd também pode ser eficaz em modelos de DP através da regulagao
do nivel de citocinas pro inflamatérias como TNF-q, IL-1B, IL-6, IL-4 e IL-10, além de
afetar os niveis de proteina acida fibrilar glial (GFAP), INOS e COX-2 (TAMILSELVAM
et al., 2013).

A Hsd (20 pg) previne a perda do potencial de membrana, aumenta a
permeabilidade mitocondrial, e impede a liberagcédo de expressao proteica de citocromo
¢ (cyt c) das mitocondrias, inibindo assim as caspases 3 e 9, restaurando assim o
desequilibrio nos perfis de expressao de Bax e Bcl-2, e prevenindo a morte celular em
apoptose induzido por rotenona em células de neuroblastoma SK-N-SH humanas
(TAMILSELVAM et al., 2013).

Hsd (100 mg/kg) por 21 dias diminuiu o estresse oxidativo e aumentou os niveis
de fator neurotrépico derivado do cérebro (BDNF) e Nrf2 e aumentou a atividade das
enzimas de defesas antioxidantes em ratos (WELBAT et al., 2020).

A administracdo intragastrica de Hsd (40 mg/kg) por 90 dias atenuou
significativamente o comprometimento cognitivo em camundongos. A Hsd suprimiu o
estresse oxidativo e a inflamagao através da ativacdo da sinalizacdo Akt/Nrf2 e da
inibicdo da sinalizacdo RAGE/NF-kB e apresentou neuroprote¢do em camundongos
(HONG e AN, 2018).

Antunes (2021) em seu estudo demonstrou que a Hsd (50 mg/kg/dia, p.o.) por
28 dias atenuou a perda de neurbnios dopaminérgicos (células TH+) no SNpc e a
deplecédo de DA e seus metabdlitos como o acido 3,4-diidroxifenilacético (DOPAC) e
acido homovanilico (HVA) no estriato de camundongos induzidos por 6-
hidroxidopamina (6-OHDA). Hsd também protegeu contra a inibicdo da cadeia
respiratéria mitocondrial no complexo |, IV e V, a diminuicdo da atividade Na*-K*-
ATPase e aumentou a atividade caspase 3 e 9 no estriado.

Compostos como o flavonoide Hsd podem diminuir o estresse oxidativo,
aumentar as defesas antioxidantes e diminuir as EROs (ANTUNES et al., 2014).

Porém, até o momento nado estdo completamente elucidados os mecanismos
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relacionados a neurotoxicidade gerada pela exposi¢gao ao Fe em adultos e na prole
de Drosophila melanogaster e os possiveis efeitos da Hsd frente a alteracdes
comportamentais (como por exemplo, envolvendo déficits motores e ndo motores) e

bioquimicas.
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3. OBJETIVOS

3.1 Objetivo geral

O presente trabalho teve como principal objetivo avaliar se a exposi¢ao a
sobrecarga de Fe durante os periodos adulto e embrionario de Drosophila
melanogaster esta relacionada a alteragbes neurodegenerativas em adultos e
neurodesenvolvimentais da prole , bem como os efeitos terapéuticos da Hsd frente

as possiveis alteragdes neurodegenerativas.

3.2 Objetivos especificos

Avaliar o efeito da Hsd e L-dopa na mortalidade e o consumo alimentar de
Drosophila melanogaster expostas ao Fe na dieta.

Investigar o efeito da Hsd na longevidade nas moscas frente a exposig¢ao ao
Fe.

Analisar possiveis alteracbes motoras e nao motoras envolvidas como
ansiedade, equilibrio e mémoria em Drosophila melanogaster adultas apos
exposi¢ao ao Fe e tratamentas com Hsd e L-dopa.

Avaliar o envolvimento da enzima tirosina hidroxilase e os niveis das
monoaminas DA e OA em resposta a exposi¢cao ao Fe e a Hsd em Drosophila
melanogaster adultas.

Quantificar os efeitos dos niveis de Fe na cabecga e no corpo em Drosophila
melanogaster adultas apos exposicao ao Fe e tratamentos com a Hsd e L-dopa.

Investigar o efeito do Fe apds o periodo de desenvolvimento embrionario na
locomotora, hiperatividade e agressividade na prole (F1) de Drosophila
melanogaster.

Avaliar o efieito da exposicdo ao Fe durante o periodo de desenvolvimento
embrionario e a viabilidade dos ovos de Drosophila melanogaster progenitoras
expostas ao Fe, bem como a ecloséo das larvas.

Analisar o efeito da exposicdo ao Fe na prole (F1) sobre os marcadores de

estresse oxidativo.

Verificar os efeitos do Fe durante o periodo embrionario nos niveis de DA, 5-
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HT, OA e triptofano na prole (F1) de Drosophila melanogaster.

Avaliar o efeito da enzima acetilcolinesterase (AChE), nas regides do corpo e
cabeca, na prole (F1) de Drosophila melanogaster expostas ao Fe durante o periodo
embrionario.

Realizar as dosagens dos niveis de Fe na prole de Drosophila melanogaster
(macho e fémea, separadamente) expostas ao Fe durante o periodo embrionario,

bem como nos progenitores e na dieta dos mesmos.
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ABSTRACT

In the Parkinson's disease (PD), non-motor alterations are expressed before
motor alterations. Non-motor alterations such as anxiety and memory deficit can serve
as a previous diagnosis of PD, thus helping to develop strategies that modify the
disease path. In this sense, the search for strategies that actimmediately on non-motor
alterations is quite relevant. Hesperidin (Hsd) is a citrus flavonoid, having
pharmacological properties as an antioxidant and mainly neuroprotective. Our
objective was to evaluate Hsd in the development of motor and non-motor alterations
such as memory deficit and anxiety, in a model of Drosophila melanogaster with
Parkinson like disease induced by exposure to iron (Fe). The flies were divided into six
groups: Control, Hsd (10uM), L-dopa (positive control, TmM), Fe (1mM), Fe + Hsd and
Fe + L-dopa. Motor alterations were evaluated by motor behavior, and non-motor
memory test using aversive phototaxis and tests that characterize anxiety-like
behaviors in flies, such as grooming and aggression. Hsd attenuated non-motor
alterations, such as memory and anxiety deficits, attenuated monoaminergic deficits
and lowered Fe levels in the head of flies. In addition, Hsd prolonged the life of the
flies, standing out from the group treated with L-dopa. Thus, Hsd is capable of
protecting the dopaminergic system from insults caused by Fe, preventing the
development of non-motor alterations in PD. Hsd attenuated motor and non-motor

changes such as memory and anxiety deficits in exposure to excess Fe.

Keywords: Behavior; anxiety; memory; Drosophila melanogaster; Parkinson's disease
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1. INTRODUCTION

Hesperidin (Hsd) is a natural phenolic compound extracted from citrus peel,
withan already proven antioxidant action (Garg et al., 2001; Roohbakhsh et al., 2014)
and neuroprotector (Tamilselvam et al., 2013). There are not many data in the
literature that describe Hsd as a compound with potential for non-motors alterations
related in the PD. Recently, a study with murines found that Hsd can act on non-motor
alterations such as depression and anxiety (Antunes et al., 2020). However, memory
deficits are common in patients with PD in initial stage, but there are few studies
investigating memory as a non-motor symptom.

Parkinson's disease (PD) is characterized clinical motor alterations such as
bradykinesia, tremor, and muscle stiffness, caused by decreased dopamine levels
(DA) and formation of intracytoplasmic Lewy body (LB) inclusion structures, after
degeneration of 70 to 80% of dopaminergic neurons in the nigra substance (Aryal
and Lee, 2019; Zheng et al., 2018; El-Agnaf et al., 2006). Non-motor alterations little
investigated but no less important appear before motor alterations (Kalia and Lang,
2015). Non-motor alterations such as changes in sleep, mood, cognition, fatigue
(Gao and Wu, 2016) and memory loss (Zokaei, 2012) is also induced by
dopaminergic changes (Oh et al., 2018) when investigated can collaborate to
develop therapeutic alternatives antiparkinsonian that attenuate disease progression
(Emamzadeh and Surguchov, 2018) decreasing risk of mortality in PD patients
(Reymond et al., 2009).1t is believed that environmental factors may be involved in
the causality of most casesof PD, including heavy metals such as iron and
manganese (Bonilla-Ramirez et al., 2011; Poetini et al., 2018; Bianchini et al., 2016;
Silva et al., 2021).

Currently available therapies act mimic DA in the central nervous system,
minimize motor alterations for some years (Emamzadeh and Surguchov, 2018) but
long-term, use causes side effects (Olanow et al., 2014). Between the available
drugs, the L-dopa (L-3,4-dihydroxyphenylalanine) is used as 'gold standard' in
treatment of PD, but it does not inhibit the progression of the disease (Goldenberg,
2008). Chronic therapy with L-dopa can develop disabling motor complications due
to dopaminergic oxidative damage, which are related to a high mortality rate among
PD patients (Morgan et al., 2014; Clark, 2000). There are no drugs that stop

progressive degeneration dopaminergic neurons (Zhou et al.,, 2019). So, is
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necessary search for biomolecules capable of acting on non-motor alterations,
reducing dopaminergicneurodegeneration, without long-term side effects. In this
sense, has increasing the interest in discovery natural compounds with
neuroprotective action that can be used as a therapeutic strategy for PD (Antunes
et al., 2020).

In this sense, the acting of human behavioral diseases has been investigated
through of the use of alternative models such as Drosophila melanogaster. Currently,
Drosophila melanogaster is an efficient model with great potential for carrying out
studies that address non-motor alterations related to PD (Julienne et al., 2017).

In addition, even though it is simpler, central nervous system of the flies
presents structure, organization and function similar to mammals (Nagoshi, 2018).
DA and octopamine (OA) are two important neurotransmitters in behavioral
modulation in invertebrates (Gorostiza et al., 2016). The fly model with Parkinson
like disease has been effective in investigating non-motor alterations, such as
changes in sleep and circadian dysfunction, visual deficits and learning and memory
abnormalities (Afsari et al., 2014; Gajula Balija et al., 2011; Julienne et al., 2017).
Thus, the objective of the present study was to evaluate the action of Hsd in the
development of motor and non-motor alterations like memory deficit and anxiety, in
a model of Parkinson-like disease induced by exposure to Fe in Drosophila

melanogaster.

2. MATERIALS AND METHODS

2.1 Chemicals

Hsd, Feus sulfate (FeSO4) (> 99% purity) and FCF Brilliant Blue, were provided
the Sigma Aldrich, St. Louis, MO, and L-dopa was provided Roche laboratory
(Prolopa®). The other used for the development of this work from the laboratory of

theFederal University of Pampa, Campus Itaqui.

2.2 Drosophila melanogaster Stocks

Drosophila melanogaster flies, Harwich strain, obtained from CIPBiotec
(Unipampa/Sao Gabriel). The flies were kept in temperature-controlled BOD
incubators (25 + 2 °C), 12 hours light /12 hours dark cycle, and 60-70% relative
humidity. The flies were fed with standard laboratory diet ad libitum (cornmeal, yeast,

milk powder, wheat germ, water and methylparaben (Nipagin®)).
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2.3 Exposure protocol to Fe and treatment with Hsd

Flies of both sexes were used with 2 days of age, divided into six groups (50
flies per group): [1] Control group (agar diet), [2] Hsd (10uM), [3] L-dopa (1mM), [4]
Fe (Ferrous sulfate 1mM), [5] Fe (1mM) + Hsd (10uM) and [6] Fe (1mM) + L-dopa
(1TmM).Ferrous sulfate, Hsd, and L-dopa were separately dissolved in distilled water
(vehicle)and later added in 5SmL of diet composed of agar, powdered milk, sugar,
and methylparaben (to antifungal control), where sugar and powdered milk were used
as asource of carbohydrate and protein in the diet. The concentrations of Fe (1mM)
and Hsd (10uM) were used according to a study of Poetini et al. (2018), and
concentration of L-dopa (1mM) used as a positive control, was according to Coulom
and Birman, (2004). The flies were exposed to treatments for 10 days, with the
treatment glass being changed every 48 hours. On the 11th day behavioral tests and

biochemical analyses were performed.

Treatment

@ @ Lifespan
a5 vy 0 X
e /5 iy . day days
Groups: Experimental period: 10 days of exposure | 11°
1-Control * *
B {10 Behavioral tests il
3-Fe (1mM DELVICTL oSty %
:-Lii{opa ( me} -Olfactory memory 1003
5-Hsd (10uM) + Fe (1mM) 'iﬂmm“.‘g_
6-L-dopa (1mM) + Fe (1mM) FABETRII
-Balance
Biochemical analyzes
-Iron levels (head and body)

-Dopamine and octopamine levels (head)
-Tyrosine hydroxylase activity (head)

Figure 1. Schematic diagram of the experimental treatment protocol.

2.4 In vivo tests

2.4.1 Food Intake Analysis
This analysis was performed to estimate the intake of food offered, thus

ensuring that there were Fe, Hsd, and L-dopa intake. Food consumption was
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assessed,according to Lushchak et al. (2011), with some adaptations. Fifteen flies
(one experimental n) were used from each of the treatment groups. The flies were
transferred from treatment media to recipients of the respective treatments, but with
the addition of 0.5% FD&C Blue N°1 dye (FCF Brilliant Blue). After 2 hours, the flies
were placed on ice and the body was subsequently separated for sample production.
Fifteen fly bodies were homogenized in 200 uL of 50 mM potassium phosphate
buffer(KPI) (pH 7.5), and centrifuged at 14.288g for 15 minutes. The supernatant
was analyzed in a 629nm microplate reader. The optical density of homogenated
flies consumed with the corresponding diets without dye was used as a blank. Total

of 60 flies for each treatment group were used (n=4).

2.4.2 Longevity

Longevity was performed to assess the impact of treatments on the useful
lifetimeof flies, which assesses the life span of the fly. After 10 days exposed to the
respectivetreatment group, the flies were transferred to flasks containing standard
food (without Fe, Hsd or L-dopa). From day 1 of treatment, the number of dead flies
in each group was individually counted at the end of each day, until the moment that
no more live flies were left. Three independent experiments were performed, using

50 flies per group (n=3).

2.4.3 Behavioral tests

2.4.3.1 Memory assessment through aversive phototaxis test

The flies' memory was evaluated using an aversive phototaxis test for
sensitivity to quinine, described by Le Bourg and Buecher (2002), with some
adaptations. Beforethe tests, it was checked whether the flies were phototaxis
(attracted to light), which isan important factor for the test. Firstly, a test was
performed to assess the locomotor mobility of the flies and the negative geotaxis test,
after the flies did not show locomotor deficit and phototaxis sensitivity, the flies were
considered able to perform the test. Then, individually, the flies were placed in a dark
cylindrical tube. After one minute, thedark tube with the fly still inside was fixed
horizontally to the device, where another tube was fully lit (16 W lamp). The device
has free passage between one tube and another. If the fly left the dark tube and went
towards the light (in 10 seconds), it was considered valid to carry out the next steps
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of the test.

In the second moment, the flies were trained. Then, a filter paper moistened with
120 pL of 10" M quinine solution was added to the end of the illuminated tube. The fly
was added again to the dark tube and coupled to the illuminated tube, containing
quinine. When going to the illuminated tube (for the light), the fly was repelled by the
quinine. This procedure was repeated five times, the training was performed at zero
time (PCO0), this test was called zero time, corresponding to short-term memory.

Later, after 6 hours after training (PC6), the flies performed the same procedure,
however, they removed the quinine from the illuminated tube. Therefore, the
permanence of flies on the dark side means memorizing that light repels them. Six
hours after training, each trained fly was evaluated again, following the same protocol
as time zero. The number of times the fly avoided entering the lighted tube was
recorded. This last stage of the test is called PC6 (6 hours after conditioning), related
to long-term memory. In total, 15 flies were used per group, corresponding to three

independent experiments (n = 3).

2.4.3.2 Repetitive behavior test

Through the repetitive behavior test, grooming behavior was observed in flies
arerelated to the dopaminergic and octopaminergic system (Pitmon et al., 2016).
Here weevaluate the number of grooming events as a parameter related to stress.
The performance evaluation of repetitive hygiene behaviors was performed as
previously described by Kaur et al. (2015), with some adaptations. The number of
times the fly performed the cleaning movements was observed and recorded during
two minutes ofobservation. Six independent experiments were realized (n=6), and
five flies per groupperformed tests. The mean time of the 5 flies in each group was

used for statistical analysis.

2.4.3.3 Aggressiveness test

The aggressiveness test was evaluated according to the method of Edwards et al.
(2006), with some adaptations by Araujo et al. (2018). After the experimental period,the
flies were placed in test tubes for 90 minutes without food before the test started. The
pairs of male flies were placed in a circular arena with a radius of 45 mm and a height

of 12 mm, in the center of the arena contained a 5% drop in sucrose. Behavioraltests
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were performed at 22°C. After the acclimatization period, the males were placedin the
arena for the observation of aggressive events, for 5 minutes. They were countedas
aggressive events: leg extended from one fly to another resulting in physical contact,
chase, quick approach that leads to disorientation, high wing in response toproximity
/ approach from one fly to another and the impact involving the front legs of both the
flies. The score corresponded to the number of aggressive and events amongthe flies.
Ten pairs of male flies per group were used for the evaluation. Total of 30 pairs per

treatment group was assessed (n=3).

2.4.3.4 Test of motor coordination

The balance test was performed according to the protocol described by lliadi et
al. (2016) with adaptations. The test is sensitive for the detection of motor disorders
inthe early stages, directly assessing motor behavior in neurodegenerative diseases.
Flies of both sexes were anesthetized on ice so that the wings were cut three days
before the test. To test psychomotor activity and learning, a rectangular acrylic
devicefilled with two platforms submerged in water at 35 °C was used, with the upper
part (5mm) present on the water surface. A line of transparent nylon (0.6 mm) was
then tied between the two platforms. A single fly (without the wings) was added to
the platform with the help of a brush. The time began to be timed when the fly entered
the red zone (1 cm from the platform). The learning protocol consisted of three
successive sessions,with no time interval. The results were expressed as walking
speed in mm/s. Five independent experiments were carried out, and 25 flies per
treatment group performedthe test. The mean time of the 25 flies in each group was

used for statistical analysis (n = 5).

2.5 Ex vivo assays
2.5.1 DA and octopamine (OA) levels

DA and OA levels were determined by high performance liquid chromatography
(HPLC) according to the procedure proposed by Soares et al. (2017). In the sample
preparation, the heads of thirty flies per treatment group were homogenized in 400uL
NaCl (0.9%) and 0.5 M HCI (96:4% v/v) for 60 seconds. Subsequently, the samples
were centrifuged for 10 minutes at 7.840g at 4 °C. Four independent experiments
wereperformed (n = 4). Detection was performed at 198nm and protein corrected
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results expressed in uyg DA/mg or pg OA/mg tissue. Four independent experiments

were carried out. For each analysis, thirty fly heads per group were used.

2.5.2 Determination of tyrosine hydroxylase (TH) activity

The activity of TH was determined as described previously Vermeer et al.
(2013) with some adaptations by Figueira et al. (2017). For the analysis of TH activity,
30 fly heads per experimental group were collected. For the preparation of the
samples, we used the heads of flies, where the tissues were homogenized in 250 pL
of Tris HCL buffer 0.05 M (pH 7.2), subsequently centrifuged at 13.201g, 5 min at
4 °C. The reaction of the mixture was 100 pL of the sample, 50mM Hepes, 50 mM
tyrosine and 100 mM sodium periodate. TH activity was determined at 475 nm for
60 minutes (interval of 5 minutes) at an ambient temperature of 25 °C. The results
were normalized by protein, and the values were expressed as % in relation to

control. Fourindependent experiments were carried out.

2.5.3 Protein determination

The protein present in the samples was determined based on the method
described by Bradford, (1976). First, 10uL of the sample was diluted in water (1:10).
An aliquot of 10uL was removed from dilution to be added to 190uL of Bradford reagent
(Comassie Blue). After 10 minutes of incubation at room temperature, absorbance
wasmeasured at a wavelength of 595nm on a spectrophotometer. The protein values

werecalculated with a standard curve by using bovine serum albumin as standard.

2.5.4 Determination of Fe concentration

After the 10-day experimental period, the flies were euthanized and weighed.
In the digestion process, the flies' heads (about 2 mg) or bodies (about 14 mg) were
transferred to microtubes (2 mL), adding 500 pL of HNOsz concentrate and
subsequently heated in a water bath (95 ° C) for two hours. The final solution after
thedigestion process was diluted to 2.0 mL with ultrapure water. The experiments
were based on previous studies in the literature (Couto et al. 2019; Silva et al. 2021).
The concentrations of Fe in the flies (head and body) were determined by optical
emissionspectrometry with inductively coupled plasma (ICP-OES). The wavelength
selected inthe determination step was 259.941 nm. Instrumental performance was
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optimized following the manufacturer's instructions and as previously described in
the literature (Barin et al. 2012). The limit of quantification (LOQ) was calculated from
the average of the blank values plus ten times the standard deviation obtained for ten
repetitions ofthe blank, considering the sample mass and the final digestion volume.
The results were expressed considering the weight of the flies (ug of Fe per gram of

body weight).

2.6 Statistical analysis

The static analysis was performed using the GraphPad prism 6 program. The
homogeneity of the data was assessed by the Shapiro-Wilk test. The behavioral data
showed no homogeneity, so Kruskal-Wallis analysis was applied, followed by Dunn's
multiple comparison test. The biochemical analysis data showed normal distribution,
so the unidirectional ANOVA test was applied, followed by the Tukey multiple range
tests. Survival data were assessed using the Mantel-Cox log-rank test. Differences
between groups were considered significant when p <0.05. The data from the non-
parametric analysis are represented as box and mustache graphs (min to max), and

the data from the parametric analysis as mean and SEM.

3. RESULTS
3.1 Food Intake

Food consumption was carried out with the aim of proving that the flies ingested
the food and, consequently, the incorporated compounds. All flies consumed their
respective diets homogeneously, with no difference in the amount of food eaten
between the groups. Thus, we maintain that all the results obtained in this work were
through exposure to the compounds (Hsd, L-dopa, and Fe). Regarding the food

consumption test, there was no statistical difference between the groups (Figure. 2).
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Figure 2. Evaluation of food consumption of Drosophila melanogaster. The
resultswere expressed percentage (%) in relation to the control group (mean *
SEM and p<0.05). (15 flies per treatment, four independent experiments).

Significance was determined by a one-way analysis of variance (ANOVA) followed by the
Tukeytest.

3.2 Longevity

The flies exposed for 10 days to Fe had a decrease in the longevity. Hsd was
able to prolong the useful lifetime of the flies exposed to Fe, being statistically different
from the Fe group and similar to the control group (p <0.05). The flies exposed to L-
dopa concomitantly with Fe (Fe + L-dopa) had their lifespan partially protected, the

result being statistically different of the control group and the Fe group (Figure 3).
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Figure 3. Effect of long-term exposure to Hesperidin (Hsd) on compared to L-dopa
in Parkinson like disease induced by Iron (Fe) in Drosophila melanogaster. The total
number of flies represents the sum of three independent experiments. The test was
performed by comparing the curves of the Mantel-Cox log-rank tests. *Statistically

different of the control group. #Statistically different of the Fe group (p <0.05).

3.3. Behavioral assessments regarding non-motor behavioral alterations
3.3.1. Effect of Hsd on learning ability and memory assessed using the

aversivephototaxis test

Exposure for 10 days to Fe decreased the learning capacity (short-term
memory),as demonstrated by the PCO test (Fig. 4 A) and compromised the long-
term memory, as shown by the PC6 test (Fig. 4 B) of Drosophila melanogaster (p
<0.05). The flies belonging to the co-exposure groups Fe + Hsd and Fe + L-dopa

preserved short- andlong-term learning and memory (p <0.05).
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Figure 4. Action of Hesperidin (Hsd) in the development of non-motor changes such
learning and short-term memory in Parkinson like disease induced by exposure to
Iron(Fe) in Drosophila melanogaster. For both assessments, the aversive phototaxis
test was used, where learning was estimated by performing the Oh post-conditioning
test (PCO) (A) and the short-term memory was assessed by applying the 6h post-
conditioning test (PC6) (B). Significance was determined by Shapiro-Wilk and non-
parametric analysis by Kruskal-Wallis. Values are expressed as median and interval
(interquartile range). *Statistically different of the control group. #Statistically

different of the Fe group (p <0.05).

3.3.2. Hsd action in the development of grooming movements
In grooming test, it was observed a sequence of cleaning movements
performedby the fly (Fig. 5 A). Flies exposed to Fe performed an increased number
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of groomingepisodes when compared to the control group (p <0.05). Flies co-
exposed to iron increased the scavenging episodes in relation to the control group,
statistically differentfrom the control group (p <0.001). However, they groups co-exposed
to Fe + Hsd and Fe + L-dopa reduced the episodes of scavenging in relation to the iron group,

indicating the had a neuroprotective effect.

3.3.3. Hsd action against the development of aggressive behavior

The aggressiveness of the flies was expressed according to the number of
aggressive encounters observed (Fig.5 B). Flies exposed to Fe exhibited more
aggressive behavior than the control group. However, Hsd and L-dopa maintained
thebehavior of the flies statistically different of the Fe group (p <0.0001), that s, there

wasa reduction in the number of aggressive events, remaining similar to the control

group.
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Figure 5. Evaluation of Hesperidin (Hds) co-exposure in anxiety mimicking
behaviorsby assessing the number of grooming episodes (A), aggressiveness (B) and
assessingthe motor ability (balance test) (C) tests of Drosophila melanogaster with
Parkinson like disease induced by iron (Fe) exposure. Significance was determined
by one-way analysis of variance (ANOVA) followed by Tukey test. Values are
expressed as means + SEM. *Statistically different of the control group. #Statistically
different of the Fe group (p <0.05).
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3.3.4. Motor behavior

In the motor behavior assessment test (Fig. 5 C) it is possible to observe that the
Fe exposure decreased the flies™ ability to balance, that is, the gait performance and
perception of the path to be taken were reduced. Hsd preserved the flies™ performance
in the test, since the flies’ co-exposure group (Fe + Hsd) performed the route in less
time, similar to the control group (p <0.05). Thus, co-exposure with L-dopa did preserve

the flies™ ability to balance.

3.5 Effect of Hsd in DA and OA levels

The levels of DA and OA are shown in the Figure 6. Exposure to Fe decreased
DA and OA levels in the fly's head (p <0.05). Co-exposure Hsd and L-dopa preserved
DA levels similar to the control (p <0.005) (Fig. 6 A). Regarding OA levels, co-exposure
with Hsd also conserved OA levels similar to the control group (p <0.005). However, it
was not observed conservation of OA levels in flies co-exposed to L-dopa (p <0.05)
(Fig. 6 B).

3.6 Effect of Hsd in the TH enzyme activity

Flies belonging to the Fe and L-dopa groups showed increased TH activity (p
<0.05). Hsd co-exposure (Fe + Hsd) maintained TH enzyme activity similar to control
levels (p <0.0027). The group co-exposed to L-dopa (Fe + L-dopa) did not act
effectively to preserve TH activity, being statistically different from the control and Fe

group (Fig. 6 C).
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Figure 6. Evaluation of Hesperidin (Hsd) in the levels of Dopamine (DA) (A),
Octopamine (OA) (B), and in the evaluation of the activity of the enzyme tyrosine
hydroxylase (TH) (C) in Drosophila melanogaster flies by exposure to iron (Fe).
Significance was determined by one-way analysis ofvariance (ANOVA) followed by

Tukey test. Values are expressed as means + SEM.
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*Statistically different of the control group. #Statistically different of the Fe group (p
<0.05).

3.6 Fe levels

Considering that the model organism of Drosophila melanogaster with Parkinson
like disease was induced by exposure to Fe, the levels of Fe in the head and body
were measured separately (Fig. 7 A and B). Flies exposed to Fe showed an increase
in Fe concentrations in the head and body samples compared to the control group. It
was observed that the flies co-exposed to Hsd (Hsd + Fe group) and L-dopa (L-dopa
+ Fe group) presented a reduction on Fe levels in the head (p <0.05). However, this
result did not occur in body, where the groups co-exposed to Hsd and L-dopa showed
increased Fe concentrations, being also different in relation to the control group (p
<0.0001). The increase in Fe levels in the body of flies exposed to the iron groups
alone or in association with Hsd and L-dopa are justified by the intake of metal in the
diet, demonstrating that Hsd and L-dopa did not interact with Fe in the diet and did not

inhibit the absorption of the metal, a limiting factor for this study.
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Figure 7. Quantification of iron (Fe) levels in the head (A) and body (B) of Drosophila
melanogaster submitted to 10 days of treatment according experimental protocol.
Significance was determined by one-way analysis of variance (ANOVA) followed by
Tukey test. Values are expressed as means + SEM. *Statistically different of the control

group. #Statistically different of the Fe group.
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4. DISCUSSION

The non-motor alterations demonstrated in the early stages of PD are poorly
understood and investigated when compared to the motor alterations, already defined
and characterized in the literature (Gao and Wu, 2016; Zokaei, 2012; Oh et al., 2018).
Considering that the increase in Fe levels in the brain are related to the development
of PD (Hare and Double, 2016) and fly model with Parkinson like disease is efficient
to investigate non-motor alterations (Julienne et al., 2017), we used a model of
Drosophila melanogaster with Parkinson like disease induced by chronic exposure to
Fe. In this sense, non-motor alterations can serve as a basis for research related to
the search for new pharmacological alternatives that improve the quality of life and
longevity of patients with PD. As a result, flavonoid Hsd improved dopaminergic
functionality, reducing Fe levels in the head and inhibiting the development of non-
motor alterations, such as memory deficits and anxiety-like behaviors. Hsd also
prolonged the lifespan of the flies, performing better than the group treated with L-
dopa.

Considering that anxiety and memory deficit are non-motor alterations that
precede motor alterations in PD, we investigated them in order to highlight Hsd as a
possible therapeutic alternative capable of early attenuate these alterations, slowing
down the disease development. To assess the action of Hsd on the memory capacity
of the flies, we used the aversive phototaxis test. flies exposed to Fe had a decrease
in learning capacity, however, Hsd was effective in preserving this ability. Related to
this, according to Ali et al. (2011) the PC6 (test performed 6 hours after training) is an
indicator that assesses short-term memory based on the memory of the task learned
(Ali etal., 2011).

In the result of PC6 we observed that the memory was also preserved by Hsd
in the flies. The use of animal models in studies on learning and memory contributed
to new drug development strategies, therefore, they are important in therapeutic
evaluation (More et al., 2016). Cognitive changes are related to increased
concentrations of Fe with neurodegenerative diseases (Ding et al. 2009). These
memory deficits are accompanied by increased oxidative stress (de Lima et al. 2005)
and apoptotic markers (Wang et al., 2014; Miwa et al. 2004). Thus, our results,
supported by an invertebrate model, are similar to a study by Muhammad et al. (2019)
that evaluated the action of Hsd in rodent memory. In addition, the study suggests



77

that Hsd has acted in modulating inflammatory and apoptotic pathways, protecting
synaptic integrity, related to cognition and memory. Hsd mediated neuroprotection
occurs improving the functions of endogenous antioxidant defense, decreasing
neuroinflammatory and apoptotic pathways (Hajialyani et al., 2019).

The action of Hsd was verified in behaviors that mimic anxiety in flies. Anxiety
is considered a common non-motor symptom in PD (Akhmadeeva et al., 2018).
Cleaning behavior in flies was used to assess anxiety, as in a study by Reimer et al.
(2015) to assess anxiety in rodents. The number of cleaning episodes performed by
flies in the group co-exposed to Hsd (Fe + Hsd) was similar to the control group.
However, exposure to Fe increased the number of grooming episodes, showing the
lack of behavioral control in the flies. To add up, the flies were subjected to the
aggressiveness test, considering that increased aggression is a preclinical non-motor
symptom of PD (Durand et al., 2015). Hsd protected against the deregulation of social
relations, preserving the number of aggressive encounters similar to the control
group. Therefore, we found that Hsd performs anxiolytic action, thus mitigating non-
motor alterations. Our results suggest that the flavonoid Hsd has the potential to exert
a series of biological activities that can also include sedation, myorelaxation and
analgesia.

Anxiety may be associated with the development of gait problems (Dissanayaka
et al., 2010) and, to investigate this relationship, we performed the psychomotor test
on the flies. Psychomotor activity is defined through the perception of the senses,
cognition and movement (Buyukdura et al., 2011). According to lliad et al. (2016;
2018), the changes in the psychomotor appear before the locomotor alterations
actually manifest. In our study, there were no psychomotor changes in the flies that
were co-exposed to Hsd. The decrease in the psychomotor ability of flies exposed to
Fe also made up the model's effectiveness. It is also worth mentioning that the
performance of flies belonging to positive control group L-dopa is also preserved.
Anxiety behaviors are also regulated by the dopaminergic pathway, a brain structure
responsible for producing and regulating anxiety behaviors (Tessitore et al., 2002).

Thus, in general, the possible anxiolytic action of Hsd in invertebrates was
addressed in this article through behavioral tests. Similar to this, Hsd also
demonstrated an anxiolytic effect in rodents, being justified by the action of the
compound in improving brain plasticity and dopaminergic dynamics (Antunes et al.,
2020). Non-motor alterations are caused by changes in the dopaminergic system (Oh
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t al., 2018). Fe decreased the levels of DA in the head of the flies, but Hsd kept the
DA levels similar to the control and positive control L-dopa, a drug already used in
the treatment of PD as a precursor of DA (Goldenberg, 2008). Excess Fe oxidizes
DA, forming neurotoxic products, and L-dopa in the long time can exacerbate
neurodegeneration with toxic conjugates, generated in the auto-oxidation of DA (Hare
and Double, 2016; Zucca et al., 2016). Thus, we emphasize that the antioxidant action
of Hsd already proven in several studies (Poetini et al., 2018; Hajialyani et al., 2019)
can modulate the course of PD, as a lesser expression of long-term side effects.
Hesperidin did present a chelating effect of iron, a possible mechanism would be
through the reduction of oxidative stress and antioxidant activity of the compound,
and, therefore, it may have a beneficial effect in neurodegenerative diseases.

Just as DA exerts effects on cognition and aversive olfactory learning in insects,
OA is responsible for modulate learning and memory (Burke et al. 2012), locomotion
and appetite (Schwaerzel et al. 2003) and aggressive behavior (Dierick, 2008).
However, more studies are needed to further investigate the octopaminergic circuits
and receptors related to the development of Parkinson like disease in Drosophila
melanogaster. In our study, we observed that OA levels were also preserved by Hsd,
in contrast to groups co-exposed to L-dopa, where there was a decrease in OA
concentration, as well as in the damage group (Fe). Similarities in chemical structure
and action make the octopaminergic system in invertebrates homologous to the
adrenergic system in vertebrates, OA is an extremely pleiotropic substance that
regulates a wide variety of processes, including metabolic pathways and physical
activity (Roeder et al., 2020). Therefore, based on our results, we suggest that
dysregulation of the homeostasis of this neurotransmitter can also be attributed as an
important factor to be evaluated in the development of PD by increasing the
concentration of Fe in the brain of the flies and that low concentrations of OA were
found in flies exposed to Fe, may be due to less walking activity and balance.
Circulating OA levels can be promising as biomarkers of the onset of PD (D’Andrea
et al., 2010).

DA and OA, catecholamines in general, have a rate of synthesis limited by TH
(Dunkley and Dickson, 2019) in which, the Fe acts as a cofactor (Tekin et al., 2014).
Activity of the TH enzyme was increased in flies exposed to Fe. We suggest that the
hyperactivity of the TH enzyme in this case, characterizes a feed back effect, as a
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compensatory attempt related to the low levels of DA and OA, thus supporting the
hypothesis that Fe can incorporate into apoenzyme, increasing its catalytic activity
(Ribeiro et al., 1992). The ability of Hsd to preserve the activity of TH similar to the
control, was an important finding of this research. TH is an enzyme that is very
sensitive to oxidative stress, so we believe that the effectiveness of the compound in
protecting TH is attributed to the antioxidant action of Hsd, capable of donating an
electron or proton to free radicals, acting as a key element of the balance redox in
biological systems (Abolaiji et al., 2017).

In flies, after the consumption of Fe, the metal is metabolized rapidly to storage
in ferritin (Metha et al., 2009). Thus, the increase in the levels of Fe in the heads of
the flies corresponds to the metal already metabolized and circulating, being similar
to a study by Bonilla-Ramirez et al. (2011). When in excess, part of the Fe ions does
not bind to ferritin, causing harmful effects to cells, even inducing cell death (Tang et
al., 2002). Flies co-exposed to Hsd (Hsd + Fe) had preserved Fe levels in the head
similar to the control group. Thus, effective chelation of Fe by natural or synthetic
ligands is of great physiological and therapeutic importance. Considering that in
addition to the antioxidant action Hsd is also a natural Fe chelator (Mohammad et al.,
2017; Kell, 2009), we highlight that Hsd may have exerted a chelating effect in our
study, modulating the course of Fe-induced Parkinson's disease in flies. The
neuroprotective action of Hsd against the increase of Fe levels in the head was similar
to the action Deferoxamine (Fe chelate) in flies exposed concomitantly to Fe (Bonilla-
Ramirez et al., 2011). L-dopa also preserved Fe levels in the fly's head. This result
corroborates with evidence that L-dopa has Fe chelating properties (Billings et al.,
2019).

An important result found in our work was related to the evaluation of the useful
lifespan, where Hsd extended the lifespan of the flies. We observed that, after 10
days of exposure to treatments, even though they were transferred to bottles with
compound-free food, the flies belonging to the Fe groups had their useful life reduced.
In addition, the partial protection of L-dopa to the lifespan can be attributed to
evidence that even improving motor alterations in PD, it is not able to slow the
progression of the disease (Olanow et al., 2014). The chronic administration of L-
dopa can promote oxidation of DA, potentiating neuronal loss (Asanuma et al., 2003),
and thus, increase mortality in PD patients (Morgan et al., 2014). We suggest that the
antioxidant action, already proven by Hsd (Poetini et al., 2018; Muhammad et al.,
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2017), can attenuate neuronal damage, which resulted in an increase in the lifespan
of the flies, evenif it is used for a period considered chronic, in relation to Drosophila
melanogaster. In general, we believe great advantage of the use of Hsd in relation to
L-dopa is due to its antioxidant effect, since the flavonoid Has increased the longevity
of the flies in our study. The flies have been widely used as a model organism in
research related to the extension of life span through natural compounds (Kumar et
al., 2017). The assessment of the mortality rate is important in studies on PD,
because it can assist in the anticipation of results and influence in therapeutic
decision-making (Morgan et al., 2014). Thus, we indicate that Hsd can inhibit the

progression of PD, and can be an efficient therapy in initial cases of this pathology.

5. Conclusion

Hsd was able to interfere in the development of Parkinson like disease in
Drosophila melanogaster, inhibiting the development of non-motor alterations, until
now little evidenced in the literature, such as memory deficit and anxiety. We showed
that Hsd prolonged the life of the flies after treatment, standing out from the group
treated with L-dopa. As major action mechanisms, we observe the adjustment of iron

levels in the flies” head and TH activity, which regulates DA and OA levels.
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ARTICLEINFO ABSTRACT

Keywords: Iron (Fe) is used in various cellular functions, and a constant balance between its uptake, transport, storage, and use
Hyperactivity is necessary to maintain its homeostasis in the body. Changes in Fe metabolism with a consequent overload of this
Embryonic period metal are related to neurological changes and cover a broad spectrum of diseases, mainly when these changes occur
Behavior during the embryonic period. This work aimed to evaluate the effect of exposure to Fe overload during the embryonic

Iron
Biogenic amines

period of Drosophila melanogaster. Progenitor flies (male and female) were exposed to Ferrous sulfate (FeSO4) for ten
days in concentrations of 0.5, 1, and 5 mM. After mating and oviposition, the progenitors were removed and the

treatment bottles preserved, and the number of daily hatches and cumulative hatching of the firstfilial generation (F1)
were counted. Subsequently, F1 flies (separated by sex) were subjected to behavioral tests such as negative geotaxis

test, open field test, grooming, and aggression test. They have evaluated the levels of dopamine (DA), serotonin (5-HT),
Octopamine (OA), tryptophan and tyrosine hydro Xylase (TH), acetylcho- linesterase, reactive species, and the levels of
Fe in the progenitor flies and F1. The Fe levels of F1 flies are directly proportional to what is incorporated during the
period of embryonic development; we also observed a delay in hatching and areduction in the number of the hatch of
F1 flies exposed during the embryonic period to the 5mM Fe diet, a fact that may be related to the reduction of the
cell viability of the ovarian tissue of progenitor flies. The flies exposed to Fe (1 and 5 mM) showed an increase in

locomotor activity (hyperactivity) and a significantly higher number of repetitive movements. In addition to a high

number of aggressive encounters when compared tocontrol flies. We can also observe an increase in the levels of
biogenic amines DA and 5-HT and an increase in TH activity in flies exposed to Fe (1 and 5 mM) compared to the
control group. We conclude that the hyperactive-like behavior demonstrated in both sexes by F1 flies exposed to Fe may
be associated with a dysregulation in the levelsof DA and 5-HT since Fe is a cofactor of TH, which had its activity increased
in this study. Therefore, more attention is needed during the embryonic development period for exposure to Fe

overload.
1. Introduction largest and most diverse group of organisms on earth - insects (Rao and
Georgieff, 2007; Tang and Zhou, 2013). The basic premise of insect
Iron (Fe) is a micronutrient that performs vital functions in all cells of development involves the morphogenesis of quite different types of
organic systems; although it is intensively studied in mammals and yeasts, structures. The first is related to the larval pattern’s construction (em-
little is known about the mechanism of Fe homeostasis for the bryonic period), the second is related to metamorphosis in the adult body
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(Nascimento et al, 2002). During the embryonic period of Drosophila
melanogaster, Fe is indispensable, as it participates in neuronal growth
and differentiation, making it essential for brain development, and en-
Zymes use it as a cofactor and perform numerous physiological functions,
including breathing, DNA synthesis, and ecdysone, in addition to
participating in the synthesis of biogenic amines (Warren et al, 2002;
Mandilaras et al., 2013).

The regulation of Fe at the brain level is tightly controlled by so-
phisticated mechanisms that manage its quantity and prevent its harmful
capacity (Kim and Wessling-Resnick, 2014); however it has been pro-
posed that this mechanism protects the brain against Fe overload to some
extent and that it cannot compensate when the load exceeds this limit
(Maaroufi et al., 2009). Exposure to an excess of Fe during the embryonic
period is worrying, as it can affect the construction of brain circuits,mainly
affecting biogenic amine systems, highly conserved between Drosophila
melanogaster and mammals (Shin et al.,, 2018).

Previous work describes that excess Fe is capable of altering the
physiology, synthesis, and signaling of neurotransmitters, and as a
consequence, there may be an over or underproduction of dopamine (DA),
noradrenaline (homologous Drosophila octopamine), adrenaline, and
serotonin (5-HT), which are involved in the regulation of emotion,
attention, reward, movement and various other functions (Youdim et al,,
2009). These neurotransmitters are synthesized by a series of Fe-
dependent enzymes, including phenylalanine hydroXylase, tyrosine
hydroxylase (TH), and tryptophan hydroxylase (Kim and Wessling-
Resnick, 2014; Youdim et al., 2009). Abnormalities in the metabolism and
function of these neurotransmitters are commonly described in studies
with experimental models of vertebrates, in-
vertebrates, and in humans, where harmful implications are observed in
their motor functions similar to Parkinson’s disease (Poetini et al.,, 2018;
Meder et al,, 2019), in learning and memory deficits (de Lima et al.,, 2007;
Puig et al, 2014), schizophrenia, bipolar disorder, attention deficit
disorder, hyperactivity disorder (ADHD) (Kaushik et al, 2007). These
diseases can be characterized in various animal models. The use of
invertebrate animals such as Drosophila melanogaster may be a strategic
decision relevant to the understanding of the human nervous systemsince
it presents a reduced nervous system facilitating the understanding of the
basic mechanisms of neurotransmission and neuromodulation
homologous to humans, allowing substantial advances and benefits for our
understanding (Giurfa and Pfliiger, 2019).

Therefore, we hypothesize that the early overexposure to Fe during
embryonic development of Drosophila melanogaster alters the brain
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biochemistry and function of the biogenic amine systems, reflecting in the
behavioral changes of these insects when they reach the adult body.In this
context, our objective was to assess whether exposure to Fe overload
during the embryonic period of Drosophila melanogaster is related to
changes in the neurodevelopment of F1 flies.

2. Materials and methods

2.1. Drosophila melanogaster stock and culture
Drosophila melanogaster (Harwich strain) of the wild type was obtained

from the Oxidative Stress and Cell Signaling Research Group, Interdis-
ciplinary Research Center on Biotechnology-CIPBIOTEC, in Universidade
Federal do Pampa, Campus Sao Gabriel, RS, Brazil. The flies were raised
on a standard laboratory diet containing cornmeal, yeast, powdered milk,
salt, sugar, wheat germ, wheat fiber, and methylparaben as an antifungal
control and Kkept at constant temperature and humidity (2 4 1 °C; 60%

relative humidity) and under a 12 h dark /12 h light cycle.

2.2. Experimental design

Progenitor flies of both sexes (50% female and 50% male), two days
old, were exposed to Fe in the form of Ferrous sulfate (FeSO4) dissolved in
distilled water and mixed with 5ml of the standard diet to obtain the final
concentrations 0.5; 1 and 5mM. In the control group, the standard me-
dium had no addition of Fe. FeSO4 concentrations were chosen from
response concentration curves previously performed in our laboratory.
After ten days of exposure to the diet and the oviposition process, the
progenitors were removed and the treatment bottles preserved until the
progeny hatched (first filial generation (F1)). F1 flies were daily and
immediately transferred to tubes without Fe and separated by sex to be
later used in behavioral and biochemical analyses (Fig. 1).

An additional protocol was implemented to avoid an experimental
configuration bias. To evaluate female flies: Virgin female and male
progenitors flies mated in a standard medium free of excess Fe for 4 h.
Afterward, only the progenitor females were removed and transferred to
a standard diet containing Fe in the final concentrations of 0.5; 1 and 5SmM.
After ten days of oviposition, the female parents were removed, and the
treatment bottles were preserved until the of the flies F1 hatches.F1 flies
were daily and immediately transferred to tubes without Fe and separated by
sex later used in behavioral procedures and biochemical
analyses. The results are demonstrated in the Figs. 9-11. Our results show
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that the absence of progenitors exposure to iron did not cause any change
in the results obtained, proving that progenitors exposure did not

modulate offspring’s phenotype.
2.3. Invivo analyses

2.3.1. Number of daily hatch and cumulative hatching

The number of daily hatch was obtained by counting of the total
number of F1 flies hatched (first day 0 flié4) for fifteen days afterremoving
the progenitors from the medium. Cumulative hatching is the number of
hatches of F1 flies in relation to the total hatches at the beginning of the
test. The results represent the average of four inde- pendent experiments.

2.3.2. Negative geotaxis test (climbing)

In some types of neurological disorders, hyperactivity is a charac-
teristic behavior. A negative geotaxis test was performed to assess
possible behavioral changes related to hyperactivity in flies, which can
determine the locomotor function of the flies. The test was carried out with 20
female F1 flies and 20 male F1 flies from each experimentalgroup, and the
time required to reach the 8 cm of the tube was counted, according to
(Ternes et al., 2014). The test was repeated five times for each fly, and the
data were expressed as the average of five attempts in the treatment
group. Therefore, the total number of flies represents the sum of five
independent experiments.

2.3.3. Open field test (number of crossings)

The open-field test was used to assess the flies’ locomotor activity, as
inastudy by Kaur etal. (2015). Newly hatched flies of both sexes were kept
in a 9 cm diameter arena that was divided into squares (1%1 cm), and the
area was covered with a Petri dish. The flies’ activities and movements
were timed, and the trajectory was recorded in a certain time(60 s). The
crossing number test consists of counting the number of squares crossed
by each fly in the 60 s period, as previously described by
Connolly (1966), with adaptations performed by Musachio et al. (2020).
The results are expressed as the average number of squares crossed by the
group of flies. About 20 flies per group (20 female F1 and 20 male F1) were
included for the crossing number data, and the total number of flies
represents the sum of five independent experiments.

2.3.4. Grooming (repetitive behavior)

Repetitive behavior was assessed by the grooming test, as previously
described by Tauber et al. (2011). Recorded for 5 min and manually
counting the number of grooming episodes carried out in both sexes. Five
independent experiments were carried out.

2.3.5. Aggressiveness test

According to the method of Edwards et al. (2006), the aggressiveness
test was evaluated, adapted by Araujo et al. (2018). The flies were placed
in test tubes for 90 min without food before the test started. The pairs of
male or female flies were placed in a circular arena with a radius of 45 mm,
and a height of 12 mm, in the center of the arena contained a drop of5%
sucrose. Behavioral tests were carried out at 22 °C. After the accli-
matization period, the males were placed in the arena. After a time of
adaptation, a number of aggressive events were observed at the time of 5
min. The following factors were counted as aggressive events: leg
extended one fly to another resulting in physical contact, chase, a fast
approach that leads to disorientation, high wing in response to prox-
imity/approach from one fly to another, and the impact the front legs of
both flies. Ten pairs of male flies and ten pairs of female flies were
evaluated per group. Three independent experiments were performed,
obtaining the result of the aggressiveness test of 60 pairs of flies per group (30
pairs of males F1 and 30 pairs of female F1). Thus, the score corresponded
to the number of aggressive events among the flies.

82

94

Developmental Biology 475 (2021) 80-90

2.4. Exvivo analyses

2.4.1. Estimation of the levels of DA, 5-HT, OA, and tryptophan (Trp) by
HPLC

DA, 5-HT, and OA levels were determined by high-performance liquid
chromatography (HPLC) analysis of DA concentrations according to the
procedure previously described by Bianchini et al. (2019). Therefore, 30
heads of F1 flies were used, 15 heads of female flies together with 15 heads of
male flies, were homogenized in 385 ML of cold 0.9% NaCl and15 UL of
500 mM HC], after centrifugation at 3000g per 10 min at 4 °C. The resulting
supernatant was filtered through 0.22 Um syringe filters and then stored
at -80 °C until use.

Samples (20 ML) were injected into the HPLC system by an auto-
sampler device. The YL9100 HPLC system consisted of a vacuum degasser
and a quaternary pump connected to a reverse-phase column
(Synergi 4 U Fusion-RP 80 A 256 4.60 mm; Phenomenex) coupled to a
diode array detector (DAD). The mobile phase consisted of methanol and
water (12:88 v/v) adjusted to pH 3 with phosphoric acid, and the flow rate was
maintained at 0.8 mL/min. Five independent experiments (30 flies per group)
were performed. The detection was performed at 198 nm,
and the results were expressed as Mg/mg after correction by the total
protein.

2.4.2. Enzymatic assays

The enzymatic activity of acetylcholinesterase (AChE) was performed
in both sexes of F1 flies. Therefore, 20 female F1 fly heads and 20 male F1
fly heads per group were used, and these were homogenized in 20 mM
HEPES buffer pH 7.4 and centrifuged at 1000 g for 10 min at 4 *C. To
produce the sample, the flies were decapitated with the aid of a No. 21
scalpel blade and a stereoscopic microscope with a magnifying glass.
Subsequently, 15 ML of head sample and 50JL of acetylthiocholine iodide
(7.25 mM) was added to a reaction miXture containing phosphate buffer
(0.25 M, pH 8.0) and 5,5-dithiobis 2-nitrobenzoic acid (5 mM). The re-
action was monitored for 2 min at 412 nm. The results represent the
average of five experiments. They are expressed as mean standard
deviation in Mmol AcSCh/h/mg protein, based on the protocols previ-
ously described by Ellman et al. (1961).

Tyrosine hydroxylase (TH) was determined as described previously by
Vermeer et al. (2013) with some adaptations. For the analysis of TH
activity, 30 female F1 fly heads and 30 male F1 fly heads per group were
used, per experimental group was collected. The tissues were homoge-
nized in 250 WL of Tris-HCL buffer 0.05 M, pH 7.2, and subsequently
centrifuged at 13.200g, 5 min at 4 *C. The mixture’s reaction was 100 WL of the
sample, 50 mM HEPES, 50 mM tyrosine, and 100 mM sodium
periodate. TH activity was determined at 475 nm for 60 min (interval of
5 min) at an ambient temperature of 25 °C. The results were normalized by
protein, and the values were expressed as % in relation to the control, five
independent experiments were carried out.

2.4.3. Determination of levels of reactive species

Fifteen heads (male and female F1, separately) per group were ho-
mogenized in 10 mM Tris buffer, pH 7 and centrifuged at 1,000g for 5 min at
4 °C. The quantification of the 2'-7'-dichlorodihydrofluorescein
diacetate (DCF-DA) oxidation test was monitored, as a general index of
oxidative stress according to the protocol proposed by Perez-Severiano
et al. (2004). After 1 h, the fluorescence emission resulting from the
oXidation of DCF-DA was monitored, thereading occurred in excitation at
488 nm and the emission at 520 nm (Cary Eclipse Fluorescence
Spectrophotometer). The rate of formation of DCF was calculated as a
percentage of the fluorescence of the treatments in relation to the control
group. Five independent experiments were carried out.

2.4.4. Determination of Fe levels in the flies (progenitors and F1) and the
diet

In the digestion process, around 50 mg of female flies and 50 mg of
male flies from each experimental group of progenitors or F1 were
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transferred to microtubes (2 mL), adding 500 WL of concentrated HNO3
and subsequently heated in a water bath (95 °C) for 2 h. Also, Fe dosage
in the fly diets was performed in control, and Fe (0.5, 1 and 5 mM) and
around 50 mg of diets previously dried were digested using the same
digestion process used for flies. The final solution after the digestion
process was diluted up to 2.0 mL using ultrapure water. The experiments
were based on previous studies present in the literature (Couto et al,
2019; Silva et al,, 2021).

The concentration of Fe in the flies and the diet was determined by
optical emission spectrometry with inductively coupled plasma (ICP-

A
o
Z 150+
2
=
R~
5 S 100+ i
S g
—
=
Sy =]
:_: c\o 50-
-
-]
o
i 0
3 T
Control Fe 0.5 mM Fe 1 mM Fe 5 mM
B
40= -i- Control
- Fe 0.5mM
= © 304 -+ Fe1mM
<2
:E E -~ Fe5mM
2z £ 204
E— 10
/J:
0=—f i
1 2
C
250
4
% E 200~
= L0
Z g 1501
z £
= £ 100+
S =
8= s
]
0

T
Control Fe 0.5 mM Fe 1 mM Fe 5 mM

Fig. 2. Effect of Fe exposure from progenitors on ovarian cell viability of fe- males
(A) and the number of daily hatches (B) and cumulative hatches (C) of F1 flies after
their embryonic development at different concentrations of Fe. The data are

represented as the mean SD. *Different from the control group (p

<0.05).
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OES). The wavelength selected in the determination step was 259.941 nm. The
instrumental performance was optimized following the manu- facturer’s
instructions and as previously described in the literature (Barin et al., 2012).
The limit of quantification (LOQ) was calculated from the average of the
blank values plus ten times the standard deviation ob-

tained for ten repetitions of the blank, considering the sample mass and
the final digest volume. Three to five independent experiments were

carried out. The results were expressed considering the flies’ weight (Mg
of Fe per gram of body weight) and considering the weight of the diets (Ug of
Fe per gram of dry mass).

2.4.5. Determination food consumption

To determine if the progenitors (female and male) ingested the same
amount of the diet as the control, we measured their food consumption.
Food consumption on progenitors was assessed according to Lushacket al.
(2011), with adaptations (Silva et al.,, 2021).

2.4.6. Ovarian cell viability using the assay of (3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) (MTT)

After the experimental period (10 days), the female progenitor flies (15
flies per group) were removed from the flasks and anesthetized on ice.
After their ovaries were removed with the aid of an optical micro-
scope, added to a 96-well plate and incubated with 200 UL of MTT for 1 h
at 37 °C. Subsequently, MTT was removed and 200 WL of dimethyl sulf-
oXide (DMSO) was added to incubation for another 30 min at 37 °C. After
the absorbance reading was measured at 540 nm. The results represent
the average of four independent experiments and are expressed as a
percentage in relation to the control group. The analysis method was
described by Babot et al. (2005) with adaptations.

2.4.7. Protein determination
As previously described by Bradford (1976), protein content was
determined using bovine serum albumin as a standard.

2.5. Statistical analysis

All data were analyzed using the Shapiro-Wilk normality test, and the
homogeneity of the data was verified using the Bartlett test. Cumulative
hatching, behavioral and biochemical data were analyzed using one-way
ANOVA with the Fe exposure factor between subjects (Control vs. Fe).
Significant ANOVA results were followed by Tukey’s post hoc compari-
sons. Number of the daily hatch was analyzed using two-way ANOVA
with time (Days) and treatment (Control vs. Fe) factors. Significant ANOVA
results were followed by BonFeni's post hoc comparisons. All alpha levels
were set at 0.05. The data were expressed as mean stan- dard deviation
(SD). Statistical analyses were performed using the GraphPad Prism
software.

3. Results

3.1. Effect of Fe exposure on ovarian cell viability of female progenitors
and the number of daily and cumulative hatches of F1 flies after their
embryonic development at different concentrations of Fe

EXxposure to Fe in the progenitors caused a reduction in the fraction of
viable cells in the ovarian tissue of flies exposed to a concentration of Fe5
mM (One-way ANOVA, F,12) 9.444, p 0.0018)4Fig. 2A), con-
cerning the control group.

Our results showed that F1 flies exposed to Fe 5 mM during the em-
bryonic period had a delay in hatching, reflecting a significant reduction in
the number of the daily hatch (Two-way ANOVA showed a significant
interaction between factors (Fuz120) % 1,942, p % 0,0028) and cumu- lative
hatching (One-way ANOVA, Fs,12) 252,3 p% < 0,0001), compared
to the control group (Fig. 2B and C).
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3.2. Effect of Fe exposure during embryonic development on the behavioral
activity of F1 Drosophila melanogaster

In the negative geotaxis test, F1 flies exposed during the embryonic
period to Fe (0.5, 1 and 5 mM) increased locomotion in females (One- way
ANOVA, Fzi6) ¥ 396.7, p <0, 0001) (Fig. 3A) and males (One-way

ANOVA, Fis16) 717.62, p <0.0001) (Fig. 3B) concerning the control

group. In the open field test, groups exposed to Fe (1 and 5 mM) increased
the number of crossing of female flies (One-way ANOVA, F(z,16) 29,
51, p40.0001) (Fig. 3C) and males (One-way ANOVA, F16)
Y4 15.29, p <0.0001) (Fig. 3D) concerning the control group. Demon-
strating that exposure to Fe during the development period causes hy-
peractive behavior in the offspring.

The post hoc analysis showed an increase in the number of grooming

84

episodes in female flies exposed to the concentration of Fe (1 and 5 mM)
during the embryonic period (One-way ANOVA, Fz16) ¥4 19.08, p <
0.0001) (Fig. 4A) and males (One-way ANOVA, Fgis ' 1643, p
<0.0001) (Fig. 4B) compared to their control group. The number of
aggressive events was higher in female flies exposed to concentrations of
Fe (1 and 5 mM) (One-way ANOVA, F 38 %4 317.8, p <0.0001) (Fig. 4C)

and males (One-way ANOVA, Fss) % 25.65, p % 0.0002) (Fig. 4D)

compared to the control group.

3.3. Effect of Fe exposure of flies during embryonic development on DA, 5-
HT, OA, and Trp levels

Exposure to Fe at concentrations of 1 and 5 mM during the period of
embryonic development caused an increase in DA levels (One-way
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Fig. 5. Effects of exposure to Fe (0.5, 1 and 5 mM) during the embryonic development of F1 flies on the levels of dopamine (A), serotonin (B), octopamine (C), and
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ANOVA, F16) % 6.939, p <0.0033) and 5-HT levels (at concentrations
0.5, 1 and 5 mM) (One-way ANOVA, Fzi6 ¥ 20.21, p <0.0001) in the

head of the flies, compared to the control group (p<0.05) (Fig. 5A and

Fig. 5B). However, at the levels of OA (One-way ANOVA, F3,16) ¥4 2.199,
p ¥4 0.1278), and Trp (One-way ANOVA, Fz16) % 0.6526, p % 0.5929),
(Fig. 5C and D), showed no statistical differences between the groups
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exposed to Fe and the control group.

3.4. Effectof exposure to Fe in flies during embryonic development on the
levels of reactive species, AChE, and TH activity

Female F1 flies exposed to different concentrations of Fe during the
embryonic period showed no significant difference between the groups
concerning the control group in AChE activity (One-way ANOVA, F3,1s)

Y 6.406, p ¥ 0.0038) (Fig. 6A) and males (One-way ANOVA, Fg16) Ya
2.183, p % 0.1298) (Fig. 6B). There was an increase in TH activity after
exposure to Fe during embryonic development (at concentrations of 1 and
5 mM) in females (One-way ANOVA, F20) ¥ 7.153, p <0.0001, Fig.

6C) and males (One-way ANOVA, Fg20) 18.69,%p <0.0001) (Fig. 6D)
compared to the control group.

Flies exposed to different concentrations of Fe during the embryonic

period showed no significant difference between groups in relation to the
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control group in the levels of reactive species of female and male F1 flies
(One-way ANOVA, F320) %2 2.184, p ¥4 0,1216) (Fig. 6E), (One-way
ANOVA, F12) V2 2.077, p ¥4 0.1563) (Fig. 6F) respectively.

3.5. Felevels on F1 flies of exposed to Fe during embryonic period

There was an increase in Fe levels in females (Fgi2) % 148.8, p %
<0.0001; Fig. 7A) and males (F312) ¥%150.8, p ¥4<0.0001; Fig. 7B) of F1

exposed to Fe during the embryonic period concerning the control group.

3.6. Felevelson diet, progenitors and its relationship with food intake

Fe levels in the diets (0.5, 1 and 5 mM) were significantly increased
compared to the standard (control) diet (Fs,16) %45.2, p <%0001; Fig.
8A).

Female and male progenitors flies exposed to different concentrations
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of Fe (0.5, 1 and 5 mM) did not have their food intake altered compared to
the control group; female (One-way ANOVA, F312) %4 4.015, p % 0,

0345) (Fig. 8B), and males (One-way ANOVA, F,12)
0.6398), (Fig. 8C).

% 0.579,p %

Progenitor flies (male and female) exposed to Fe in different con-
centrations (0.5, 1and 5 mM) after the experimental period (10 days) had
anincrease in Fe levels when compared to flies in the control group, female
(Faizy % 7.307, p ¥4 0.0048; Fig. 8D) male (F,16) %4 6.276, p ¥4 0.0051; Fig.
8E).

3.7. Effect of Fe (0.5, 1 and 5 mM) exposure (female progenitor flies) on
the number of daily and cumulative hatches of F1 flies

Our results showed that F1 flies from female progenitor flies exposed
to the Fe 5 mM diet had a delay in hatching, reflecting a significant
reduction in the number of daily hatches showed a significant interaction
between factors (Two-way ANOVA F (42,120) % 3,276, p <0.0001) and
cumulative hatching (One-Way ANOVA, F 3 25.1%Z p 0.0002,%
compared to the control group (Fig. 9A and B).

3.8. Effect of Fe (0.5, 1 and 5 mM) exposure (female progenitor flies) on
the behavioral activity of their F1

In the negative geotaxis test, flies exposed during the embryonic period
to Fe (0.5, 1 and 5 mM) increased locomotion in relation to the control
group in females (One-way ANOVA, Fig) ¥ 80, 34, p <0.0001)

(Fig. 10A) and in males (One-way, Fz) ¥4 58.89, p <0.0001) (Fig. 10B). In
the open field test, the groups exposed to Fe (1 and 5 mM) increased the
number of crossings in relation to the control group in female flies
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(One-way ANOVA, F,8) % 29.79, p ¥4 0, 0001) (Fig. 10C) and males (1
and 5 mM) (One-way, Fzs) %3.78, p <0.0001) (Fig. 10D)

The post hoc analysis showed an increase in the number of grooming
episodes in female F1 flies compared to the control group (One-way
ANOVA, Fig) ¥ 22.00, p ¥ 0.0003) (Fig. 10E) and in males (One-way,
Fis) ¥ 14.69 p ¥ 0.0013) (Fig. 10F).

3.9. Effect of Fe (0.5, 1 and 5 mM) exposure (female progenitor flies) on
acetylcholinesterase (AChE) activity and tyrosine hydroxylase (TH) activity of
their F1

Female (One-way ANOVA, Fzg) % 3.297, p ¥4 0.0787) and male (One-
Way ANOVA, Fasg) '3.302, p 04785) F1 flies exposed to different
concentrations of Fe during the embryonic period did not show any
significant difference between groups in relation to the control group in
AChE activity (Fig. 11A) and (Fig. 11B). There was an increase in TH
activity after exposure to Fe during embryonic development (at con-
centrations of 1 and 5 mM) in females (One-Way ANOVA, F,12) % 20.27,
p <0.0001, Fig. 11C) and males (One-Way ANOVA, F12) ¥%11.40,p %
0.0008) (Fig. 11D) compared to the control group.

4. Discussion

In the present study, we evaluated whether exposure to Fe overload
during the embryonic period of Drosophila melanogaster would be related
to changes in the neurodevelopment of its F1. It is known that during
development, a greater supply of Fe is necessary, but when supplemen-
tation occurs in an exacerbated way or there is overexposure to envi-
ronmental sources, the possible consequences caused by Fe overload are
not well understood.

Initially, we evaluated Fe levels in female and male progenitors. We
found that the increase in Fe levels in the progenitors is proportional to
the concentration they were exposed to in the diet, since flies of all
groups maintained the same food consumption pattern during the ten
days of exposure. The Fe levels of the F1 flies were also directly pro-
portional to what is incorporated by the offspring during their embryonic
development period since the F1 flies, immediately after hatching, are
removed to a food medium without Fe. The experimental tests were

performed on F1 female and adult male flies separately to avoid the
possible bias of experimental configuration concerning sex. However, F1

flies responded in the same way to experimental tests regardless of sex.
Felevels in the body are strictly controlled through well-adjusted

complex mechanisms to prevent cytotoXicity induced by the accumula-
tion of this metal and to allow physiologically tolerable Fe levels to serve
as a critical catalytic component of many proteins enzymes (Cronin et al.,
2019). As we can see in our results, overexposure to Fe (0.5, 1 and 5 mM)
during the embryonic period did not cause an exacerbated formation of
reactive species on the fly’s head, regardless of sex. In fact, the results
found in this work are different from previous studies that exposed adult
flies to an overload of Fe in the diet and observed an associated increase in
the production of free radicals with a subsequent reduction in THactivity
and neuronal death mainly from dopaminergic neurons, leading to a
manifestation of the symptoms of Parkinson’s disease and low sur-
vival (Poetini et al., 2018; Kaushik et al., 2007).

Our results suggest that an overload of Fe during the embryonic
developmental period of Drosophila melanogaster was able to modulate
cerebral Fe metabolism and alter aminergic systems by raising brain levels of
DA and 5-HT that play an essential role in controlling cognition, attention,
are neuromodulators of motor behaviors and control the for- mation of
memory and behavioral plasticity in the central nervous system(Raza and
Su, 2019; Bacqué—Cazenave etal., 2020). OA is considered one of the main
neurotransmitters and neurohormone of invertebrate species(Verlinden
et al,, 2010). However, OA showed no significant differencein its levels
in relation to the control group and the groups exposed to Fe. This
deregulation of DA and 5-HT can affect the memory of F1 flies since it is
well described that 5-HT is necessary to form place memory and
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associative olfactory learning memory, and DA is necessary to mediate
unconditional stimulation after a training phase of a fly (Monier et al,,
2019).

We believe that high brain levels of DA and 5-HT found in our study are
related to a positive modulation of Fe, producing an increase in theTH
activity (a rate-limiting enzyme of catecholamine biosynthesis) since both
F1 female and male flies demonstrated an increase in TH activity after
exposure to Fe during embryonic development. It is known that Fe acts as
a cofactor of TH and helps in the catalysis of TH, a limiting step in the rate
of synthesis of these neurotransmitters (Kim and Wessling-Resnick,
2014). In contrast, the amino acid Trp, a 5-HT pre- cursor, showed no
difference in its levels when compared between groups.

We also observed that both female and male flies exposed to high
concentrations of Fe during embryonic development showed signifi-
cantly greater locomotor activity than female and male control, assessed
by negative geotaxis and open field tests. This altered behavior was
pointed out by Ternes et al. (2014) as a hyperactive behavior of flies
exposed to manganese, probably due to the accumulation of this metal in
dopaminergic neurons, a fact well described for contributing to the eti-
ology of ADHD. Our groups exposed to Fe 1 and 5 mM concentrations, both
sexes showed changes in grooming behaviors and had an increase in
aggressive behavior. It is described that this repetitive behavior observed
in the grooming test can be seen as a stereotyped behavior similar to that
observed in individuals with autism-like, as measured by Kaur et al. (2015)
when exposing flies during the embryonic period to Bisphenol-A. It is
important to note that these behavioral changes reported above are not
related to cholinergic neurotransmission changes since AChE has not been
shown to have its activity compromised during exposure to high
concentrations of Fe.

Therefore, these behavioral changes presented in our work as an in-
crease in hyperactive, aggressive, anxiogenic like behaviors may reflect a
regulation in Fe metabolism due to this overload, reinforcing the hy-
pothesis that it modulates the cascades of enzyme signaling, causing an
increase in the synthesis of biogenic amines mainly DA and 5-HT during
the embryogenesis of Drosophila melanogaster. Kaushik et al. (2007) re-
ported that neurobehavioral disorders, including schizophrenia, bipolar
disorder, attention deficit disorder, and ADHD are due to imbalances or
excessive DA levels.

The Drosophila ovary offers unique opportunities to study cell death
(Pritchett et al,, 2009). We observed a promotion of damage in female
progenitor flies’ reproductive system submitted to feeding with Fe 5mM,
causing a reduction in cell viability and possible cell damage in the ovarian
tissue. In their work, Pritchett et al. (2009) point out that the death of
Drosophila ovarian cells can occur at different stages and inresponse to
various stimuli, including chemical exposure or development insults, such
as the availability of nutrients, which can cause damagespecifically in the
middle of oogenesis. This reprotoXicity caused may berelated to the delay in
hatching and a reduction in the number of F1 flies
hatched in the group exposed to the highest Fe 5mM. Although the
concentration of Fe 5mM caused damage to the progenitors’ ovarian
tissue and reduced the number of hatches of F1 flies, the remaining flies
hatched from this concentration did not show different results concern-
ing behavioral and biochemical tests of F1 flies exposed to 1mM, for
example.

As we can see, exposure to high levels of Fe during the embryonic
development of Drosophila melanogaster can modulate the phenotype of
F1 flies regardless of sex. Considering the homology present between
humans and Drosophila related to dietary exposure of progenitors female
during embryogenesis and the differences related to the development of
the embryo being external to the progenitor body in flies, we can make
two important observations based on our results: 1) the progenitor’s
exposure to Fe overload (Fe 5mM) seems to influence the number of
offspring generated, while; 2) the development of F1 flies (egg, larva and
pupa) in the medium with Fe overload seems to influence the behavioral
and biochemical changes observed in F1 flies when they reach adult
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stage. However, more research is needed to better understand how excess
Fe in the diet can harm neurodevelopment.

In conclusion, exposure to high Fe levels during embryonic devel-
opment produced aggressive, anxiety-like and hyperactive-like behaviors
in both sexes by F1 flies. These behaviors are associated with a dysre-
gulation in DA and 5-HT levels since Fe is a cofactor of TH, which had its
activity increased in this study. Our results make us reflect on the exac-
erbated Fe supplementation during the embryonic period and the possible
alterations on F1 flies.
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4. DISCUSSAO

Nesta tese, nosso objetivo foi avaliar se a exposigao a sobrecarga de Fe durante
os periodos adulto e embrionario de Drosophila melanogaster esta relacionada a
alteracbes neurodegenerativas em adultos e neurodesenvolvimentais da prole (F1),
bem como os efeitos terapéuticos da Hsd frente as possiveis alteracoes
neurodegenerativas nas moscas. Os dados obtidos a partir disso, foram dispostos
em 2 trabalhos: o manuscrito que trata da exposi¢ao a sobrecarga de Fe durante o
periodo adulto de Drosophila melanogaster e sua relacdo a alteragdes
neurodegenerativas, bem como os efeitos terapéuticos da Hsd frente as possiveis
alteragdes neurodegenerativas. E o artigo que trata de verificar se a exposigao a
sobrecarga de Fe durante o periodo embrionario de Drosophila melanogaster esta
relacionada a alteragbes neurodesenvolvimentais da prole (F1). Abaixo
apresentamos a discussao integrada dos 2 trabalhos.

Os resultados do manuscrito demonstram que a exposicdo ao Fe em
Drosophila melanogaster adultas levou a um aumento nos niveis deste metal no
cérebro. Considerando que o aumento dos niveis de Fe no cérebro esta relacionado
ao desenvolvimento a doengas neurodegenerativas como a DP (HARE e DOUBLE,
2016) e o modelo de mosca é eficiente para investigar alteragdes ndo motoras
(JULIENNE et al., 2017). Nesse sentido, as alteragdes nao motoras podem servir de
base para pesquisas relacionadas a busca de novas alternativas farmacoldgicas que
melhorem a qualidade de vida e a longevidade dos pacientes com doencas
neurodegenerativas. A Hsd diminuiu os niveis de Fe na cabega, mas n&o no corpo
das moscas. Este resultado pode ser devido a Hsd apresentar uma biodisponibilidade
diferente em diferentes segmentos intestinais e sdo parcialmente absorvidos por
tecidos intestinais na forma de metabdlitos como sulfatos de Hsd que podem ser
absorvidos no duodeno e ileo, metabdlitos de desglicosilagdo poderiam ser absorvidos
no ceco e acidos fendlicos poderiam ser absorvidos no ileo, cecos e célon em
camundongos (GUO et al., 2020). Hsd ou hesperitina sdo suscessiveis a metilacao e
desmetilacdo durante o processo de transporte da membrana intestinal, no entanto a
Hsd pode entrar na corrente sanguinea circulante em suas formas conjugadas de
hesperitina, homoeriodictil ou eridictilol (NECTOUX et al., 2019).

O presente estudo a exposicado crénica ao Fe reduziu significativamente a
expectativa de vida e a locomog&o. No entanto, uma das alternativas de tratamento
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sdo compostos antioxidantes, entre esses antioxidantes naturais incluem a Hsd, uma
flavanona encontrada principalmente em frutas citricas, que podem aumentar a
sobrevida desses pacientes e minimizar os efeitos causados pelo excesso de Fe no
organismo. A Hsd (10 pM) protegeu as moscas do aumento da mortalidade e
aumentou a atividade locomotora na exposicdo crénica ao Fe, demonstrando ser
uma alternativa promissora nas doengas causadas pelo aumento do Fe no organismo.
Nesse sentido, varios estudos realizados em diferentes modelos animais descrevem
a acao neuroprotetora da Hsd relacionada ao aumento da taxa de longevidade,
preservacgao do estado redox, niveis dopaminérgicos e atividade locomotora (POETINI
etal.,2018; ANTUNES et al., 2014; 2016; ROOHBAKHSH et al., 2014; CENGIZ et al.,
2012).

Nossos resultados estdo de acordo com estudos que mostram que o acumulo
de Fe no cérebro esta relacionado a danos aos neurbnios dopaminérgicos e ao
aumento do estresse oxidativo pela reacdao de Fenton, danificando proteinas de
membrana e fosfolipidios (DIAS e MOURADIAN, 2013). Um resultado importante e
central de nosso estudo € que observamos um aumento do nivel de Fe em moscas,
relacionado a capacidade do Fe de se acumular como resultado da exposicao crénica,
0 que explicaria esse resultado. Hsd em nosso estudo aumentou os niveis de DA em
relagdo ao grupo Fe. Antunes (2021) demonstrou em seu estudo que a suplementagao
oral de Hsd (50 mg/Kg) por 28 dias promoveu efeitos neuroprotetores contra
disfungdes motoras, cognitivas e olfativas induzidas por 6-OHDA. Assim como,
atenou o déficit nos neurbnios dopaminérgicos e aumentou os niveis de DA pela
atenuacao de disfungdo mitocondrial e marcadores de apoptose no estriado de
camundongos.

A exposicao ao Fe reduziu os niveis dos neurotransmissores DA e OA, onde
os niveis diminuidos de DA sao facilmente encontrados em doencgas
neurodegenerativas como a DP. Assim, observamos que os compostosquelantes
de Fe podem ser uma terapia-alvo eficaz em doengas neurodegenerativasinduzidas
por sobrecarga de Fe porque melhoram os sintomas caracteristicos, comoem
doencas neurolégicas (VISWANATH et al., 2001). Os quelantes se ligam ao Fe e
removem o0 excesso que circula no corpo e esse mesmo mecanismo também ocorre
no cérebro (BAGWE-PARABI e KAUR, 2019). Além disso, junto com o quelante,
também é interessante investigar moléculas com agao antioxidante para proteger

os neurbnios dopaminérgicos dos danos causados pelo estresse oxidativo,
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sugerindo um potencial tratamento para DP.

Nessa visdo, diversas terapias tratamos danos causados pelo excesso de Fe
no SN decorrentes da exposi¢cao cronica a esse metal, porém ainda sao escassos 0s
compostos terapéuticos que atuam na prevengdo do acumulo de Fe e
consequentemente na patogénese da DP. Nesse sentido, destacamos o efeito
preventivo da Hsd nas alteracdes parkinsonianas induzidas pela exposicao crbnica
ao Fe em Drosophila melanogaster. A Hsd atenuou esse aumento dos niveis de Fe
na cabeca das moscas, apresentando efeito neuroprotetor, devido a diminuicdo dos
niveis de Fe na cabeca. Acredita-se que a acado quelante da Hsd ocorra por meio
dos grupos hidroxilas presentes em sua estrutura, aumentando sua excrecéo e
consequentemente diminuindo o acumulo de Fe nos tecidos (PARI et al., 2015).

A capacidade do metal de formar complexos com certos compostos € um
fendmeno bem conhecido que tem ganhado cada vez mais interesse nos ultimos anos
(RONCONI e SADLER, 2007). Complexos de certas drogas podem melhorar suas
propriedades fisico-quimicas e farmacoldgicas ou, em alguns casos, diminuir seus
potenciais efeitos colaterais (SANCHES et al., 1994). Compostos como flavonoides e
fendlicos sao conhecidos por formar complexos de quelato com varios ions metalicos
(PEREIRA et al., 2007).

Com base na estrutura da Hsd e estudos anteriores com flavonoides, a
coordenagao da Hsd com ions metalicos ocorre provavelmente através do grupo
carbonil na posicao 4 e do grupo hidroxilico aromatico na posi¢ao 5 (TAN et al., 2009).
No entanto, para que ocorra uma forte formagao complexa, o hidroxil aromatico deve
adquirir uma carga negativa (ionizada). Como o valor esperado para o grupo hidroxil
fendlico é de cerca de 10, entdo o pH da solugao deve estar acima de 10 para permitir
a ionizacao significativa, sendo assim a Hsd ndo formara complexos com ions
metalicos em pH fisioldgico (solvente aquoso e valor de pH quase neutro) (ZHANG et
al., 2007; DAOUG et al., 2014).

No estudo de ABOLAJI (2017) demonstrou que o flavonoide citrico Hsd (400
mg/10 g) apresentou potencial antioxidante, sendo possivelmente atribuido a sua
estrutura fendlica uUnica, capaz de doar um elétron ou préton aos radicais livres,
atuando como elemento chave do equilibrio redox em sistemas biologicos. Assim,
uma possivel explicagédo € que a Hsd apresenta atividade antioxidante e quelante de
metais, provavelmente por inativar os radicais livres, atenuando a deple¢cao dos

niveis dopaminérgicos e diminuindo os niveis de EROs e peroxidacao lipidica
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No presente estudo a exposicdo ao Fe diminuiu os parametros
comportamentais ndo motores avaliado pelo comportamento (fototaxia aversiva) o
qual avalia a memodria e motor avaliado pelo teste de equilibrio. Assim como,
aumentou os episddios de limpeza e eventos agressivos. Essas alteragdes
comportamentais em nosso estudo foram atenuadas pelo composto Hsd. Antunes
(2020) demonstrou em seu estudo que a Hsd (50 mg/Kg) amenizou os
comportamentos relacionados a ansiedade e depressivos induzidos por 6-OHDA em
camundongos.

No artigo demonstramos que a exposi¢ao ao Fe nos progenitores pode causar
alteragdes comportamentais na prole (F1). Embora os niveis de Fe sejam controlados
por meio de mecanismos complexos, onde sao ajustados com o objetivo de evitar a
toxicidade, possiveis alteracdes no metabolismo do Fe podem ocorrer, sendo
importante uma investigacdo afim de se estudar o efeito da exposi¢do de Fe em
adultos (POETINI et al., 2018) e na prole (POETINI et al., 2021),principalmente o seu
excesso em Drosophila melanogaster.

Nosso estudo demonstrou que a exposi¢ao das femeasprogenitoras ao Fe na
dieta na concentracédo de Fe 5 mM causou danos no sistema reprodutivo das moscas.
Assim, nossos resultados sugerem que o Fe 5 mM reduziu a viabilidade celular,
levando com isso a um dano no tecido ovariano. Esse resultado foi importante no
nosso estudo pois ndo se encontra muitos estudos sobre a avaliagao dos niveis deFe
na reprodugao, onde na concentragédo de Fe 5 mM ocorreu um atraso na ecloséao e
reduziu o numero de moscas eclodidas F1. Fato este que na concentragao de 5 mM
causou reprotoxicidade nas moscas. No entanto, as demais concentragdes de Fe (0,5
e 1 mM) nao foi encontrado uma redugao no numero de eclosdo das moscas, o que
pode ser verificado através da viabilidade do tecido ovariano, onde nas concentragdes
de Fe (0,5 e 1 mM) n&o ocorreu diferencga significativa em relagado ao grupo controle.

Modelos com a Drosophila séo importantes para o estudo reprodutivo, onde a
morte de células ovarianas pode ocorrer emdiferentes estagios e emresposta a varios
estimulos, incluindo exposicao quimica ou agressdes de desenvolvimento, como a
disponibilidade de nutrientes na dieta, fatores estes que podem causar danos no meio
da oogénese (PRITCHETT et al., 2009). Avaliando os resultados deste estudo
podemos fazer duas observagbes importantes, primeiro que a exposicdo do
progenitor a sobrecarga de Fe (Fe 5 mM) parece influenciar o numero de
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descendentes gerados e em segundo lugar que o desenvolvimento das moscas F1
(ovo, larva e pupa) no meio com sobrecarga de Fe parece influenciar as mudangas
comportamentais e bioquimicas observadas nas moscas F1 ao atingirem a fase
adulta.

A sobrecarga de Fe durante o periodo de desenvolvimento embrionario
aumentou os niveis de Fe nas moscas recém eclodidas (F1), essa exposi¢ao alterou
os sistemas aminérgicos aumentando os niveis cerebrais de DA e 5-HT (POETINI et
al., 2021), onde as monoaminas desempenham um papel essencial no controle da
cognicao, atengao e sdo neuromoduladores dos comportamentos motores, controle
da formagédo da memoria e da plasticidade comportamental no SNC (RAZA e SU,
2019; BACQUE-CAZENAVE et al., 2020).

Em nosso estudo demonstramos que elevados niveis cerebrais de DA e 5-HT
estao relacionados a uma modulagéo positiva dessa sobrecarga de Fe, causando um
aumento na atividade da enzima TH, uma vez que o Fe atua como um cofator do TH
e auxilia na catalise de TH, uma etapa limitante na taxa de sintese desses
neurotransmissores (KIM e WESSLING-RESNICK, 2014; POETINI et al., 2021). A
enzima TH requer Fe ferroso para a atividade, ou seja, a forma ferrosa € a espécie
ativa, onde se liga aos substratos e passa pelo ciclo catalitico, terminando ainda na
forma ferrosa. No entanto, a forma férrica do Fe pode reagir com um catecol como
DOPA ou DA, formando um complexo inativo, onde a reativagdo do complexo requer
a fosforilacdo da enzima (RAMSEY, HILLAS e FITZPATRICK, 1996), onde um
aumento de sulfato ferroso (10 uM) resultaria em um aumento de dez vezes a
atividade da enzima (FITZPATRICK, 1989).

A exposicdo a altos niveis de Fe durante o periodo de desenvolvimento
embrionario de Drosophila melanogaster esta associada com resultados
desfavoraveis em sua prole, onde o excesso de Fe pode levar a um comportamento
tipo hiperativo semelhante a etiologia do transtorno de Déficit de Atengao e
Hiperatividade (TDAH) nas moscas (POETINI et al., 2021), assim como a exposi¢cao
ao Mn no desenvolvimento embrionario aumentou a  atividade locomotora das
moscas (TERNES et al., 2014). No entanto, mais pesquisas sdo necessarias para
entender melhor como o excesso de Fe pode prejudicar o desenvolvimento neural e
como suplementar o Fe para atender as caracteristicas individuais de cada mulher,
evitando assim a super exposi¢cao ao excesso de Fe durante a gravidez (IGLESIAS
et al., 2018).
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Demonstramos em nosso estudo que a exposicdo materna a elevados niveis
de Fe pode causar disturbios de neurodesenvolvimento na prole, semelhantes aos
encontrados em TDAH. Entre os principais disturbios que afetam o SNC, os mais
comuns sao o TEA e o TDAH, onde sao afetadas muitas caracteristicas das fungdes
biolégicas controladas pelo cérebro; em particular, alteracbes nas fungdes
executivas sensoriais, motoras, aprendizagem, memoria, emogao, ansiedade e
habilidade social (THAPAR , COPPER , RUTTER, 2017). O aumento da prevaléncia
desses TND estdo associados a fatores etiolégicos e de risco como a exposigao a
fatores ambientais como a exposicdo ao Fe, durante o desenvolvimento fetal e
infantil.

O fato de o organismo humano n&o possuir mecanismos de excreg¢ao do Fe é
preocupante e por isso a importancia de se monitorar a regulagdo homeostatica do
Fe. Mulheres séo aconselhadas a fazer uso de 30-60 mg de Fe diariamente a partir
da primeira visita pré-natal, no entanto, muitas vezes sem a necessidade pois seus
niveis de Fe estao dentro da normalidade (BREYMANN, 2015). SANGKHAE (2020)
demonstrou em seu estudo com camundongos fémeas que as adaptagbes
homeostaticas maternas durante a gravidez incluem a supressao do hormdnio
regulador de Fe hepcidina, fato este que promoveria a rapida absor¢do de
suplementos de Fe, expondo potencialmente as gestantes ao excesso de Fe. No
entanto, o excesso de Fe fetal em humanos pode ter consequéncias e efeitos
adversos sobre o crescimento, risco de infec¢des, cognigdo e no desenvolvimento
cerebral (DOMELLOF, 2010).

Nosso estudo sugere que a exposi¢cdo ao Fe durante o periodo embrionario
causou comportamentos tipo hiperativo e de ansiedade na prole (F1) e em moscas
adultas causou alteragdes consistentes com doengas neurodegenerativas, conforme

demonstrado no fluxograma abaixo (figura 8).

Figura 8 — Fluxograma esquematico mostrando os principais resultados

deste trabalho
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5. Consideragoes finais

O presente estudo investigou o efeito da sobrecarga de Fe durante os periodos

adulto e embrionario de Drosophila melanogaster onde:

Em moscas adultas a exposi¢do ao Fe aumentou os niveis na cabecga, onde esse
aumento desencadeou em mortalidade e levou a alteragdes locomotoras (motor e n&o
motor) e monoaminérgicas em Drosophila melanogaster. Assim como, aumentou os
episodios de limpeza, eventos agressivos e de ansiedade e diminui o equilibrio e a
memoria. A exposigao ao Fe também causou uma diminuigdo na longevidade das
moscas € nos niveis dopaminérgicos e octopaminérgicos, onde essas alteragbes
podem ser encontradas em doengas neurodegenerativas. Nossos resultados sugerem
que estas altera¢des podem ser atenuadas pela exposi¢cao ao composto Hsd e L-dopa.

No entanto, os efeitos do composto Hsd superiores a L-dopaque é padrao ouro.

A sobrecarga de Fe nas moscas progenitoras levou a uma reprotoxicidade na
maior concentragao avaliada neste estudo (5 mM), onde ocorreu uma diminuigao na
viabilidade do tecido ovariano. Assim como, a exposi¢cao de Fe na dieta das moscas

levou a uma reducado na eclosao das moscas na concentragao de 5mM.

Na prole (F1) a exposicdo ao Fe no periodo embrionario elevou a atividade
locomotora, onde foi demonstrado através dos comportamentos tipo agressivo, de
limpeza e exploratério, o que pode sugerir que o Fe possa estar envolvido em
transtornos como hiperatividade, desatengao e ansiedade. Assim como, a exposicao
ao Fe no periodo embrionario aumentou os niveis das monoaminas (DA e 5-HT),
assim como elevou a atividade da tirosina hidroxilase, fato este que se deve ao

aumento nos niveis corporais de Fe nas moscas.
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Anexo 1:

1. Resumo grafico do artigo 1
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