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RESUMO
O processo de envelhecimento € inevitivel na vida dos seres vivo, esse processo se manifesta
por uma diminuicdo funcional nas funcgdes fisiologicas e comportamentais, resultando em
fragilidade, doencas e eventual morte. Nas Ultimas décadas, o interesse pelo envelhecimento
aumentou significativamente, devido ao fato que os idosos constituem uma parcela cada vez
maior da populacdo, aumentado cada vez mais a necessidade de recursos dos paises para esta
area da saude. Harman, em sua teoria dos radicais livres (1950), delineou o mecanismo
fundamental do envelhecimento como consequéncia do acumulo de espécies reativas de
oxigénio (EROs), originadas do metabolismo celular, e da redugdo na expectativa de vida.
Pesquisas mais recentes indicam que outros processos, como o acimulo de ferro (Fe), tém
um papel fundamental na promocéao do envelhecimento. O Fe € um micronutriente essencial
na vida dos seres vivos, participando de processos biologicos, como respiracdo celular,
producdo de energia, sintese de DNA, ecdisona, lipidios e metabolismo da dopamina.
AlteracGes em seu mecanismo regulatorio, resultando em acumulo ou deficiéncia, podem ser
prejudicial ao organismo. O acumulo de Fe labil pode acarretar em uma morte celular
denominada ferroptose. A ferroptose, é uma forma de morte celular dependente de Fe,
compreende estagios como esgotamento de glutationa (GSH) e/ou glutationa peroxidase 4
(GPx4), aumento do Fe intracelular, producdo excessiva de EROs e peroxidacao lipidica. Esse
tipo especifico de morte celular, tem sido associado a patogénese de diversos distlrbios,
abrangendo condicdes que vao desde doencas cardiovasculares até distdrbios neurolégicos. A
compreensdo crescente de como a ferroptose desempenha um papel central em diferentes
contextos patoldgicos destaca sua complexidade e importancia em uma variedade de
condicGes médicas. Este estudo explorou parametros comportamentais e de estresse oxidativo
durante o envelhecimento de machos e fémeas de Drosophila melanogaster, indicando, em
conjunto com os niveis elevados de Fe, a presenca de ferroptose. Nossos resultados
evidenciaram que as moscas mais velhas (30 dias de idade) de ambos 0s sexos apresentaram
comprometimento na locomocéo e equilibrio quando comparadas as moscas mais jovens (5
dias de idade). Nés também observamos que as moscas mais velhas produziram niveis mais
elevados de EROs, redugdo nos niveis da GSH e aumento na peroxidacdo lipidica. Em
paralelo, os niveis de Fe estavam aumentados na hemolinfa das moscas. A deplecdo de GSH
com dietil-maleato- (DEM) potencializou os prejuizos comportamentais associados a idade.
Nossos dados revelaram efeitos bioquimicos caracteristicos da ocorréncia de ferroptose ao
longo do envelhecimento de Drosophila melanogaster, destacando a participacdo da GSH nos

danos associados a idade, parcialmente atribuidos aos elevados niveis de Fe. O presente
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estudo contribuiu para um maior delineamento dos eventos bioquimicos que participam do
processo do envelhecimento o que colabora para o surgimento de novas abordagens

terapéuticas que vizem melhorar a qualidade de vida dos idosos.

Palavras-Chave: Mosca da fruta; envelhecimento; fragilidade; EROs; ferroptose.

ABSTRACT
The aging process is inevitable in the life of living organisms. This process is characterized by
a functional decline in physiological and behavioral functions, resulting in frailty, diseases,
and eventual death. Over the last few decades, interest in aging has significantly grown, partly
due to the fact that the elderly have become a larger portion of the population, resulting in
increased healthcare expenditures by nations. Harman, in his free radical theory (1950),
outlined the fundamental mechanism of aging because of the accumulation of reactive oxygen
species (ROS) originating from cellular metabolism and a reduction in life expectancy. Recent
research indicates that other processes, such as the accumulation of iron (Fe), play a crucial
role in promoting aging. Fe is an essential micronutrient in the life of living organisms,
participating in biological processes such as cellular respiration, energy production, DNA
synthesis, ecdysone, and lipid and dopamine metabolism. Alterations in its regulatory
mechanism, resulting in accumulation or deficiency, can be detrimental to the organism. The
accumulation of labile iron can lead to a form of cell death known as ferroptosis. Ferroptosis,
a form of iron-dependent cell death, involves stages such as glutathione (GSH) and/or
glutathione peroxidase 4 (GPx4) depletion, increased intracellular iron, and excessive (ROS).
Reproduction, and lipid peroxidation. This specific type of cell death has been associated with
the pathogenesis of various disorders, encompassing conditions ranging from cardiovascular
diseases to neurological disorders. The increasing understanding of how ferroptosis plays a
central role in different pathological contexts highlights its complexity and importance in a
variety of medical conditions. This study investigated behavioral and oxidative stress
parameters during the aging process of male and female Drosophila melanogaster, indicating,
in conjunction with elevated iron levels, the presence of ferroptosis. Our results revealed that
older flies (30 days old) of both sexes exhibited impaired locomotion and balance compared
to younger flies (5 days old). We also observed that older flies produced higher levels of
ROS, a decrease in GSH levels, and an increase in lipid peroxidation. In parallel, Fe levels

were elevated in the hemolymph of the flies. Depletion of GSH with diethyl maleate (DEM)
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potentiated age-associated behavioral impairments. Our data revealed biochemical effects
characteristic of ferroptosis occurrence during the aging of Drosophila melanogaster,
emphasizing the involvement of GSH in age-related damage, partially attributed to elevated
Fe levels. The current study enhances our understanding of the biochemical events involved
in the aging process and contributes to the development of new therapeutic approaches aimed
at improving the quality of life for the elderly.

Keywords: Fruit flies; aging; frailty; ROS, ferroptosis.
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1. Introducéo

O envelhecimento é um processo fisiologico frequentemente associado a perda
neuronal, deficiéncias motoras, alteragdes no metabolismo, senescéncia celular e aumento nos
niveis de espécies reativas de oxigénio (EROs). Harman e sua teoria dos radicais livres (1950)
(Harman, 2003) descreveram 0 mecanismo basal do envelhecimento como resultado do
acimulo de EROs, provenientes do metabolismo celular, estando relacionado a uma
diminuicdo da expectativa de vida. Estudos recentes evidenciam que processos adicionais,
incluindo o acimulo de Fe, desempenham papel crucial na aceleracdo do envelhecimento
(Jenkins et al., 2020a; Landis et al., 2020).

O Fe é um micronutriente vital em diversos processos biolégicos, como respiracdo
celular, producao de energia, sintese de DNA, ecdisona, lipidios e metabolismo da dopamina.
AlteracGes em seu mecanismo regulatdrio, resultando em acimulo ou deficiéncia, podem ter
consequéncias devastadoras (Mazhar et al., 2021). Em excesso, seja pelo acimulo natural
decorrente do envelhecimento ou por um excesso de suplementacdo, o Fe pode interagir com
peroxido de hidrogénio (H202), gerando radicais hidroxila (OHe) pela reacdo de Fenton,
causando dano oxidativo critico as biomoléculas e associado ao surgimento de doencas como
cancer, diabetes e doencas neurodegenerativas e cardiovasculares (Larric et al., 2020;
Skoupilova et al., 2018).

A ferroptose, uma forma de morte celular dependente de Fe, compreende estagios
como esgotamento de glutationa (GSH) e/ou da enzima glutationa peroxidase 4 (GPx4),
aumento do Fe intracelular, produgdo excessiva de EROs e peroxidacdo lipidica.
Caracteristicas da ferroptose incluem produtos finais toxicos da peroxidacéo lipidica, como 4-
hidroxinonenal (4-HNE) e malondialdeido (MDA), moléculas mutagénicas e citotoxicas. Na
ferroptose, a morte celular ocorre devido a peroxidacdo lipidica dependente de Fe, causada
por uma producdo aumentada de EROs, via Reacdo de Fenton (Dixon and Pratt, 2023; Hu et
al., 2023; Larric et al., 2020). E sabido que o desequilibrio entre a producio de EROs e 0s
mecanismos antioxidantes do organismo resulta em estresse oxidativo, culminando em danos
celulares e contribuindo para doencas neurodegenerativas, como Alzheimer, Huntington e
Parkinson (Forman and Zhang, 2021).

Uma diminuicdo nas defesas antioxidantes dependentes de GSH contribui para a
ferroptose uma vez que compromete a atividade da hidroperoxidases dependente de GSH, que
converte perdxidos lipidicos em alcoois lipidicos ndo toxicos (Ursini and Maiorino, 2020).

GSH, o tiol celular mais abundante, atua como antioxidante endogeno, desempenhando papéis
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importantes na homeostase do Fe, deteccdo e regulacdo do Fe, trafego de Fe e biossintese do
cofator de Fe. Niveis de GSH diminuem naturalmente com a idade (Jenkins et al., 2020a). A
enzima GPx4 tem papel crucial na protecdo celular contra a ferroptose, removendo produtos
toxicos da peroxidacdo lipidica induzida por Fe e prevenindo a deplecdo de GSH. A
diminuicdo nos niveis de GPX4 contribui para a ferroptose (Ursini and Maiorino, 2020a).

Drosophila melanogaster, organismo que tém contribuido significativamente para
estudos sobre os mecanismos que influenciam o declinio funcional relacionado a idade,
apresentam semelhancas comportamentais e bioquimicas com vertebrados (Piper and
Partridge, 2018; Sun et al., 2013a). O envelhecimento em moscas reflete-se em um prejuizo
na locomocdo, respostas sensorio-motoras, comportamento reprodutivo e fungdes cognitivas,
além de declinios geral relacionados a idade nas fungdes fisiologicas (Brenman-Suttner et al.,
2020; Jones and Grotewiel, 2011). Drosofilas podem ser consideradas um organismo
adequado ao estudo do envelhecimento tendo em vista o seu curto ciclo de vida possibilitando
estudar fatores que interferem na expectativa de vida e homeostase de Fe (Molla-Albaladejo
and Sanchez-Alcafiz, 2021; Tolwinski, 2017). A contribuicdo deste modelo para o
envelhecimento pode ser constatada em uma série de estudos presentes na literatura (Jones
and Grotewiel, 2011; Piper and Partridge, 2018; Sun et al., 2013a).

No presente estudo, avaliamos as mudangas comportamentais e bioquimicas, dano
oxidativo e o papel do antioxidante GSH nos danos induzidos pelo envelhecimento natural em

machos e fémeas de Drosophila melanogaster.

2. Revisdo da literatura
2.1 Envelhecimento

No envelhecimento, um fenémeno inevitavel a vida dos seres vivos, € um processo
multifacetado que ocorre com o simples transcorrer do tempo, englobando uma gama rede de
mudangas fisiologicas e comportamentais (Debés et al., 2023; Tsurumi and Li, 2020). A
medida que os organismos envelhecem, essas alteragfes permeiam diversos sistemas
essenciais, como 0 nervoso, motor e metabolico, estabelecendo uma complexa interagédo entre
o envelhecimento e a funcionalidade desses sistemas (LOpez-Otin et al., 2023; Piper and
Partridge, 2018).

No ambito celular, o envelhecimento se manifesta por meio de uma serie de eventos

marcantes, cada qual contribuindo para a progressiva deterioragdo das funcdes bioldgicas.
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Este cenério inclui a perda de integridade do DNA, um componente central no controle
genético da célula, bem como a perda neuronal, um aspecto crucial relacionado as funcoes
cognitivas e motoras (Li et al., 2021a). As deficiéncias motoras, por sua vez, compdem um
espectro amplo de alteragcdes que influenciam diretamente na mobilidade e coordenacdo dos
organismos idosos (Hiew et al., 2023).

Paralelamente, as mudancas metabdlicas durante o envelhecimento desencadeiam uma
reconfiguracdo nos processos bioquimicos, afetando a forma como 0s organismos processam
nutrientes e geram energia (Palmer and Jensen, 2022a). O acumulo de danos celulares,
resultante de um desequilibrio no reparo e na renovacao celular, adiciona outra camada de
complexidade ao envelhecimento, contribuindo para a perda progressiva da homeostase
(Palmer and Jensen, 2022b; Song et al., 2020).

A senescéncia celular, caracterizada pela parada irreversivel do ciclo celular, e a
disfuncdo mitocondrial, associada a reducdo na producdo de energia e a0 aumento na geracao
de EROs sdao fatores intrinsecos ao envelhecimento celular. Esses elementos, quando vistos
em conjunto, delineiam um cenario abrangente do envelhecimento, destacando sua natureza
multifacetada e a necessidade de compreensao detalhada para desenvolver estratégias eficazes
de intervencéo (Song et al., 2020).

No envelhecimento, hd um declinio gradual das fungdes fisiolégicas do organismo.
Isso pode envolver sistemas como o cardiovascular, respiratério, imunoldgico e enddcrino
(Flint and Tadi, 2023a). Observa-se também perda de massa muscular e 6ssea, 0 que contribui
para a fragilidade e risco aumentado de quedas (Hiew et al., 2023). O envelhecimento muitas
vezes estd associado ao declinio cognitivo, incluindo problemas de memoria, atencdo e
velocidade de processamento mental. Em casos mais graves, isso pode levar ao
desenvolvimento de doencas neurodegenerativas, como a doenca de Alzheimer (Flint and
Tadi, 2023b; Yang et al., 2023). Além disso o metabolismo do corpo pode ser afetado pelo
envelhecimento, levando a questdes como ganho de peso, resisténcia a insulina e mudangas
nas necessidades nutricionais (Palmer and Jensen, 2022b; Song et al., 2020).

Dentre as teorias do envelhecimento, a teoria dos radicais livres, fundamentada por
Harman em (1950) constitui um marco significativo na compreensdao dos processos
subjacentes ao envelhecimento. Esta teoria destaca o papel preponderante das EROs,
originadas principalmente do metabolismo celular, como agentes causadores do
envelhecimento (Harman, 2003). Recentemente, pesquisas tém ampliado esse cenario,
evidenciando que outros elementos como o acumulo de Fe, desempenham fungdes cruciais no

processo de aceleracdo do envelhecimento (Jenkins et al., 2020; Mazhar et al., 2021).
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2.2 Ferro e o envelhecimento

O Fe proveniente da dieta pode ser encontrado em formas heme (Fe?*), derivadas de
fontes animais, e ndo heme (Fe®"), presentes em fontes vegetais. E em sistemas bioldgicos o
Fe existe nas formas ferrosa reduzida (Fe?*) e férrica oxidada (Fe*), a transicdo entre esses
estados de oxidacdo € um aspecto essencial da homeostase do Fe. Alteracbes em seu
mecanismo regulatério, resultando em acimulo ou deficiéncia, sdo prejudiciais ao organismo
(Mazhar et al., 2021; Zeidan et al., 2021).

O actmulo de Fe, em particular, surge como um componente adicional que pode
acentuar o desequilibrio redox e acelerar os eventos relacionados ao envelhecimento. Estudos
recentes apontam para a complexidade desses mecanismos, destacando a interacdo entre o Fe
e as EROs como um catalisador adicional do estresse oxidativo, perpetuando danos celulares
e contribuindo para a deterioracdo dos processos bioldgicos fundamentais (Mazhar et al.,
2021; Skoupilova et al., 2018). O complexo equilibrio dos niveis fisiologicos de Fe e a
adequada manutencdo da homeostase do Fe desempenham um papel crucial no apoio a um
envelhecimento saudavel. O estresse oxidativo desencadeado pelo Fe pode estd associado a
condicBes patoldgicas relacionadas a idade, e é reconhecido como um dos principais
elementos que contribuem para o processo de envelhecimento em seres humanos (Zeidan et
al., 2021), em Drosophila melanogaster (Massie et al., 1985) e C. elegans (Larric et al.,
2020).

O acumulo de Fe associado ao envelhecimento pode manifestar-se em varias formas,
como Fe labil, participante da lipofuscina, ligados a ferritina, entre outras. Foi demonstrado
qgue os niveis de ferritina aumentam com o avanco da idade podendo contribuir com o
fendmeno do sequestro de Fe celular associado ao envelhecimento (Goldhaber et al., 2020;
Zeidan et al., 2021). Estudos demonstraram que as células senescentes podem apresentar uma
concentracédo de Fe dez vezes aumentada em comparacdo com as células mais jovens (Killilea
et al., 2003). Além disso um aumento nos niveis de ferritina celular é reconhecido como um
biomarcador de envelhecimento celular e senescéncia (Liu et al., 2019). Aumentada expressao
da ferritina foi observada no cérebro de drosofilas adultas, com acumulo de ferro e
holoferritina durante o processo de envelhecimento (Jacomin et al., 2019). No contexto das
doencas neurodegenerativas, surge a questdo crucial sobre se os acUmulos de metais
desencadeiam essas condi¢Ges ou se € a presenca da doenga durante o envelhecimento que

desregula o metabolismo de metais, como o Fe. O entendimento do mecanismo primario
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ainda é objeto de investigacdo (Jacomin et al., 2019; Ward et al., 2014).

Entender a interconexdo entre EROs, acimulo de Fe, envelhecimento e doencas
associadas proporciona uma visdo mais abrangente dos eventos que desencadeiam 0
envelhecimento celular. Este entendimento ndo sO revela os detalhes complicados desse
processo complexo, mas também estabelece bases sélidas para o desenvolvimento de
estratégias inovadoras de intervengdo (Ying et al., 2021). A procura por tratamentos ou
estratégias destinadas a ajustar esses processos torna-se essencial diante do aumento da
populacdo idosa e das implicagcdes socioecondmicas relacionadas a condi¢fes associadas a
idade (Li et al., 2021). Portanto, investigar a relacdo entre EROs, acimulo de Fe e
envelhecimento ndo apenas amplia nosso conhecimento cientifico, mas também destaca
possiveis abordagens promissoras para fomentar um envelhecimento saudavel e atenuar os

impactos adversos desse processo inevitavel.

2.3 Ferroptose

O crescente interesse e as pesquisas relacionadas a ferroptose nos ultimos anos
refletem um cenario de constante evolugédo desde a cunhagem do termo em 2012 (Dixon et al.,
2012). Essa forma distinta de morte celular, dependente de Fe, destaca-se pela sua vinculagao
ao acumulo desregulado de Fe e ao subsequente estresse oxidativo, estabelecendo uma
diferenciacéo significativa em relacdo a outras modalidades de morte celular, como apoptose
ou necrose. O mecanismo central da ferroptose envolve a perda da homeostase do Fe,
desencadeando a peroxidacdo lipidica e, consequentemente, danos as membranas celulares,
culminando no colapso e na morte celular (Galaris et al., 2019; Toyokuni et al., 2020).

O desencadeamento da ferroptose ocorre por meio de eventos especificos, como a
deplecédo do antioxidante intracelular GSH e/ou da enzima GPx4. Isso resulta no aumento dos
niveis de Fe intracelular, desencadeando a reacéo de Fenton, em que o Fe interage com H2O»,
gerando EROs, como o OHe. As EROs, por sua vez, iniciam a peroxidagdo lipidica, gerando
compostos toxicos, 4-HNE e MDA, destruindo as membranas e acarretando a morte celular
(Jenkins et al., 2020b).

A GSH, um tripeptideo composto pelos aminoacidos acido glutamico, cisteina e
glicina, desempenha um papel crucial na prevencéo da ferroptose (Homma et al., 2020; Zhang
et al., 2023). A GSH atua como um antioxidante essencial na protecdo das células contra a
ferroptose por meio de diversos mecanismos, como a neutralizagdo EROs a partir da sua

atividade antioxidante, inlucindo a neutralizacdo de radicais livres produzidos durante a
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peroxidagdo lipidica (Miess et al., 2018) e a coatividade com enzimas antioxidantes atuando
como cofator de enzimas antioxidantes, como a GPx4, que auxilia na remocéo eficaz de
EROs e peroxidos lipidicos (Liu et al., 2023). Além disso a GSH também pode estar
envolvida na regulacdo do transporte e armazenamento de Fe, cujas alteracdes podem afetar o
equilibrio redox intracelular (Berndt and Lillig, 2017b). Nesse viés, a deplecdo de GSH ou sua
inativacdo pode aumentar a susceptibilidade das células a ferroptose (Hu et al., 2023; Ursini
and Maiorino, 2020b) (Figura 2).

A peroxidacdo lipidica desempenha um papel central na ferroptose, caracterizada pelo
acumulo letal de perdxidos lipidicos. Neste contexto, ocorre um acimulo descontrolado de Fe
intracelular, muitas vezes devido a regulacdo inadequada das proteinas que controlam o
transporte e armazenamento de Fe. O Fe livre participa de reacBes de Fenton, gerando radicais
livres, especialmente 0 OHe, altamente reativo com biomoléculas (Mazhar et al., 2021; Yang
and Stockwell, 2016). Esses radicais atacam acidos graxos insaturados nas membranas
celulares, resultando na formacdo de peroxidos lipidicos e desencadeando a peroxidacao
lipidica. Essas moléculas instaveis causam danos significativos as membranas celulares,
comprometendo sua integridade estrutural, o que leva a falhas na funcdo e aumento da
permeabilidade. Esse cendrio acarreta no extravasamento de ions e moléculas essenciais das
células, contribuindo para o processo irreversivel de morte celular do tipo ferroptose
(Latunde-Dada, 2017; Li et al., 2022).

A relevancia da ferroptose abrange diversas condi¢des patologicas, incluindo cancer,
doencas cardiovasculares e neurodegenerativas. Estudos sobre esse fendmeno foram
conduzidos em uma variedade de modelos experimentais, desde culturas celulares até
organismos modelo, como o Caenorhabditis elegans, visando ndo apenas a compreensao dos
mecanismos subjacentes, mas também a exploracao de estratégias terapéuticas potenciais (Hu
et al., 2023; Larric et al., 2020; Murray et al., 2023).

Existem ferramentas para estudo da ferroptose, que sdo compostos conhecidos como
bloqueadores ou indutores de ferroptose. No caso dos blogueadores da ferroptose como a
ferrostatina, liproxstatina e deferoxamina sdo compostos que atuam bloqueando a ferroptose
em diferentes vias de mecanismos. A deferoxamina e ferrostatina atuam como um quelante de
Fe que se liga ao Fe livre, evitando sua participacdo em reacOes de Fenton, que sdo cruciais
para a ferroptose. Enquanto a liproxstatina atua bloqueando a peroxidacéo lipidica (Du and
Guo, 2022; Jenkins et al., 2020b; Larric et al., 2020).

Para desencadear a ferroptose, alguns compostos sdo reconhecidos, incluindo a
Erastina, RAS- selective lethal (RSL3) e o dietil maleato (DEM). A Erastina age induzindo a
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ferroptose através do bloqueio da atividade da proteina antiapoptética Bcl-2. O RSL3, por sua
vez, é um inibidor seletivo da enzima GPx4, resultando no acumulo de peroxidos lipidicos e
na promocdo da ferroptose. JA 0 DEM induz a ferroptose por meio da deplecdo da GSH, a
qual desempenha um papel crucial na homeostase do Fe e no organismo (Du and Guo, 2022;
Gartzke et al., 2023; Jenkins et al., 2020b). A reducdo dos niveis de GSH resulta no acimulo
de Fe l&bil. Esse Fe reage com 0 H202, desencadeando a reagdo de Fenton, que por sua vez
gera radicais livres. Esses radicais livres induzem a peroxidacdo lipidica, culminando, por
fim, na morte celular conhecida como ferroptose (Sun et al., 2018), (Figura 2).

A compreensdo da ferroptose esta em constante evolucdo, e pesquisas continuas nesse
campo tém o potencial de aprofundar ndo apenas o entendimento dos mecanismos
moleculares envolvidos, mas também de identificar alvos terapéuticos para condicdes
associadas a esse processo celular especifico. A complexidade dessa forma de morte celular
destaca a importancia de estudos futuros, proporcionando novas perspectivas no campo da
medicina e tratamento de doencas (Sun et al., 2023).

Figura 1: Esquema representativo da reacdo de Fenton. Ferro ferroso (Fe?") reagindo com
peréxido de hidrogénio (H20,) tendo como produto da reacdo o ferro férrico (Fe*) e do
radical hidroxila (OHe).

Fe2+ +H202 — F83++ OH  + OH -

Fonte: https://acesse.dev/ROTxv

Figura 2: Esquema representativo dos mecanismos bioquimicos envolvidos na Ferroptose.
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Ferro (Fe), glutationa reduzida (GSH), glutationa peroxidase 4 (GPX4), espécies reativas de

T

oxigénio (EROs).

00
(Fe) (e
@@
© 0 oo® @@
|GSH/e ou GPX4
I Aumento de EROs

]Peroxidaqéo lipidica

Fonte: Criado no Biorender (https://www.biorender.com/)

2.4 Estresse oxidativo e sistema de defesa antioxidante

Os radicais livres sdo moléculas instaveis, oxidantes e altamente reativas,
caracterizadas por apresentarem um ou mais elétrons desemparelhados em sua Ultima camada
eletronica, conferindo-lhes uma meia-vida curta (Nakai and Tsuruta, 2021). Dentro desse
grupo de moléculas, incluem-se as EROs e as espécies reativas de nitrogénio (ERNs). No
ambito das EROs, merecem destaque os radicais superoxido (O2¢), hidroxila (OHe) e perdéxido
de hidrogénio (H202). J& entre as ERNSs, o peroxinitrito (ONOQO") sobressai como o0 agente
mais prejudicial (Sharma et al., 2018; Steinhorn and Lakshminrusimha, 2020).

O processo natural de geracdo de EROs desempenha um papel essencial na
manutencdo das funcbes fisiolégicas do organismo, contribuindo para a defesa contra
infeccdes. No entanto, quando esses radicais sao produzidos em excesso, podem causar danos
a moléculas vitais, como 0 DNA, proteinas e lipidios resultante da oxidacdo das biomoléculas,
peroxidacdo lipidica e levando inclusive a perda da atividade enzimatica (Rambabu et al.,
2019).

Quando ha um desequilibrio entre a geracdo de radicais e essa capacidade
antioxidante, configura-se um estado conhecido como estresse oxidativo (Mehrabani et al.,
2020). O organismo possui uma sistema antioxidante que tem a funcdo de combater, reduzir,

inibir ou eliminar as EROs e ERNs bem como seus danos, estabilizando estas moléculas por
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meio de moléculas doadoras de elétrons. O sistema de defesa antioxidante celular se divide
em componentes enddgenos e exodgenos, sendo 0s endOgenos compostos por enzimas
superdxido dismutase (SOD), catalase (CAT), glutationa peroxidase (GPx), glutationa S-
transferase (GST), e 0s ndo enzimaticos, como o tripeptideo glutationa (GSH) (Tatar and
Tirkmenoglu, 2020). Os exdgenos sdo adquiridos externamente e originam-se de diversas
substancias antioxidantes, tais como uma dieta abundante em vitaminas. Estes desempenham
um papel crucial no combate a doengas associadas ao acimulo de radicais livres, integrando-
se a capacidade enddgena do organismo em combater esses radicais (Barra et al., 2010;
Rambabu et al., 2019).

A GSH destaca-se como um tiol amplamente presente nas células, caracterizado por
sua baixa massa molecular e pelo radical sulfidrila (SH), conferindo-lhe uma excepcional
capacidade redutora como doador eficaz de elétrons. Durante 0 processo de detoxificacdo de
xenobioticos no organismo, a GSH sofre oxidagdo, transformando-se em glutationa oxidada
(GSSG), sob a influéncia da enzima glutationa peroxidase. Posteriormente, a GSSG é
reduzida novamente a forma ativa de GSH, mediada pela enzima glutationa redutase. Esse
ciclo desempenha um papel essencial na manutencdo do equilibrio redox, assegurando que a
glutationa mantenha sua funcéo protetora e desempenhe um papel fundamental no sistema de
defesa enzimatico (Barra et al., 2010; Gonzalez, 2020; Tatar and Tiirkmenoglu, 2020).

Dentre as enzimas, a GST desempenha um papel crucial ao catalisar a conjugacao da
GSH a compostos tanto exdgenos quanto enddgenos. Este processo contribui
significativamente para a detoxificacdo do organismo, facilitando a excrecdo dessas
substancias. Paralelamente, SOD realiza a catalisacdo da dismutacdo do radical superéxido
(O2°) em perdxido de hidrogénio (H20.), que € normalmente gerado durante 0s processos
oxidativos em organismos aerébicos. Apés a formacdo do H.0, a CAT intervém para
decompor essa molécula em O e H20. Vale ressaltar que o sistema GPx também desempenha
um papel relevante ao neutralizar o H2O>, adicionando o substrato glutationa (Steinhorn and
Lakshminrusimha, 2020; Tatar and Tirkmenoglu, 2020). Contudo, na eventualidade da falha
na detoxificagdo do H2O2, pode ocorrer a geragdo do radical OHe por meio das reagdes de
Fenton e de Haber-Weiss (Figura 3). Este radical é conhecido por sua elevada reatividade e
instabilidade, ndo havendo um sistema enzimatico de defesa direcionado a ele (Barbosa et al.,
2010).

Figura 3: Esquema representativo do sistema de defesas antioxidantes enzimaticos. Radical
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superoxido (Oz¢), superdxido dismutase (SOD), peréxido de hidrogénio (H20.), catalase
(CAT), glutationa peroxidase (GPx), glutationa oxidada (GSSG), glutationa redutase (GR),
glutationa reduzida (GSH), radical hidroxila OHe, oxigénio (O2), agua (H20).

PN
\\.\02,./)
Peroxidagao
lipidica
s Y Reagdo de Fenton A Oxidagéo do
(H0; )=— » (OH 28 14 & RNA
Reacgdo de Haber-Weiss
GSH
Oxidacao
proteica

GooG

H,O + O,

2 H,0

VitaminasE,Ae C
GSH

Fonte: Adaptado de Moura; Rodrigues- Willan (2011)

2.5 Drosophila melanogaster como modelo para envelhecimento

Drosophila melanogaster é um inseto da ordem Diptera e da familia Drosophilidae,
comumente conhecido como "mosca da fruta”. Os insetos exibem caracteristicas notaveis e
singulares, além de apresentares respostas comportamentais e bioquimicas comparavel a de
roedores quando expostos a compostos toxicos e situacGes de estresse. Sdo facilmente
manipuldveis e observaveis, apresentam crescimento, dimorfismo sexual evidente, com
fémeas apresentando tamanho corporal superior ao dos machos (Figura 4), reproducéo rapida,
metaformose completa (Figura 5) e e uma significativa homologia de 75% de seus genes
relacionados a doengas com os genes humanos (Pandey and Nichols, 2011; Ugur et al., 2016).
Importante destacar que sua utilizacdo nédo requer aprovacdo de comités de ética (Moraes and
Montagne, 2021; Scully and Bidochka, 2006).

A Drosophila melanogaster € um organismo que contribui em estudos que envolvam
o envelhecimento, foram identificados algumas alteragdes moleculares que podem refletir
alteracdes moleculares sisttmicas que causam patologias relacionadas a idade. Isso inclui

carbonilacdo de proteinas (He and Jasper, 2014; Wang et al., 2003), peroxidacdo lipidica
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(Zheng et al., 2005) e agregacdo de proteinas (Demontis and Perrimon, 2010). O declinio no
desempenho cardiaco relacionado a idade, conhecido como envelhecimento cardiaco, foi
caracterizado na mosca da fruta (Nishimura et al., 2011; Ocorr et al., 2007). O declinio
funcional, metabdlico e estrutural do musculo esquelético € um fendmeno associado ao
envelhecimento na mosca da fruta (Demontis and Perrimon, 2010; He and Jasper, 2014).
Além disso o envelhecimento do cérebro da Drosophila também foi relatado (He and Jasper,
2014).

Drosophila também tem sido implicada em estudos que mostram 0s mecanismos que
influenciam o declinio funcional relacionado a idade (Tsurumi and Li, 2020), ela apresenta
semelhangas comportamentais e bioquimicas com vertebrados (Piper and Partridge, 2018; Sun
et al., 2013a). Estudos demonstraram que o envelhecimento em moscas provoca prejuizos no
comportamento, degeneracdo muscular, respostas sensério-motoras, comportamento
reprodutivo e fungdes cognitivas, acompanhados por declinios relacionados a idade nas
fungBes fisiologicas (Brenman-Suttner et al., 2020; Chechenova et al., 2023; Jones and
Grotewiel, 2011). Além disso, o curto ciclo de vida dos insetos permite o estudo dos fatores
que interferem na expectativa de vida entre estes a homeostase de Fe (Molla-Albaladejo and
Sanchez-Alcafiz, 2021; Tolwinski, 2017). Neste sentido, foi demonstrado acimulo de Fe em
moscas da fruta durante o envelhecimento, no cérebro, intestino e em homogenato de mosca
(Jacomin et al., 2019; Massie et al., 1985; Tang and Zhou, 2013). Esse acimulo de ferro tem
sido associado a doencas neurodegenerativas (Bekenstein and Kadener, 2011). Adicional a
isso, € relatado que a inibicdo de absorcdo de ferro prolonga a expectativa de vida da
Drosophila melanogaster (Massie et al., 1993).

Essas investigacOes ofereceram valiosas perspectivas sobre o0s mecanismos
subjacentes ao envelhecimento, proporcionando insights e informacgdes relevantes para
estudos sobre os efeitos do envelhecimento e para o desenvolvimento de estratégias potenciais
de modulacdo desse processo (Jones and Grotewiel, 2011; Piper and Partridge, 2018; Sun et
al., 2013a). Isso ressalta a importancia da drosofila em pesquisas relacionadas ao

envelhecimento (Sun et al., 2013).

Figura 4: Representacdo de fémea e macho de Drosophila melanogaster.
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715  Figura 5: Ciclo de vida da Drosophila melanogaster.
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3.1 Objetivo geral

O objetivo geral do presente trabalho foi investigar o envolvimento de mecanismos
preditivos de ferroptose nas alteracbes locomotoras e bioquimicas associados ao

envelhecimento de Drosophila melanogaster.

3.2 Objetivos especificos

Os objetivos especificos deste trabalho basearam-se em, utilizando o modelo de
estudo da Drosophila melanogaster.

Avaliar a sobrevivéncia, desempenho locomotor e equilibrio de machos e fémeas de
D. melanogaster ao longo do envelhecimento e escolher um periodo de tempo onde os danos
comportamentais associados ao envelhecimentos sejam mais proeminentes;

Determinar o estado estavel redox e niveis de GSH em machos e fémeas jovens e
envelhecidas;

Analisar a viabilidade celular de machos e fémeas jovens e envelhecidas;

Quantificar os niveis de Fe sérico presente na hemolinfa de machos e fémeas jovens e
envelhecidas;

Analisar a peroxidacao lipidica de machos e fémeas jovens e envelhecidas;

Avaliar os efeitos da deplecdo da GSH com utilizagdo do composto DEM sobre a

locomocdo e niveis de GSH em machos e fémeas jovens e envelhecidas.

4. Resultados

Os resultados que fazem parte desta tese estdo apresentados sob a forma de manuscrito. Os
itens Material e Métodos, Resultados, Discussdo e Referéncias Bibliograficas, encontram-se
no manuscrito, o qual esta publicado no periodico Oxidative Medicine and Cellular
Longevity, ISSN: 1942-0994.
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Abstract:

Aging is characterized by a functional decline in the physiological functions and organic
systems causing frailty, illness, and, finally death. Ferroptosis is as Iron (Fe) -dependent
regulated cell death, which has been implicated in the pathogenesis of several disorders, such
as cardiovascular and neurological diseases. In the present study, it was investigated
behavioral and oxidative stress parameters over the aging of Drosophila melanogaster that
together with augmented Fe levels, indicate the occurrence of ferroptosis. Our work
demonstrated that flies older flies (30-days-old) of both sexes presented impaired locomotion
and balance when compared with younger flies (5-days-old). Older flies also presented higher
reactive oxygen species (ROS) levels production, decreased glutathione levels (GSH), and

increased lipid peroxidation. In parallel, Fe levels were augmented in the fly’s hemolymph.
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The GSH depletor diethyl maleate potentiated the behavioral damage associated with age. Our
data demonstrated biochemical effects that characterize the occurrence of ferroptosis over the
age of D. melanogaster, and reports the involvement of GSH in the age-associated damages,

which could be in part attributed to the augmented levels of Fe.

Keywords: Fruit flies; Behavior, Aging; Fe; GSH; ROS; Lipid peroxidation; Ferroptosis.

1. Introduction

The aging process is physiological event commonly associated with neuronal loss,
motor disabilities, metabolism alterations, cellular senescence, augmented reactive oxygen
species (ROS) levels, lipid peroxidation, fragility, and increased susceptibility to diseases [1—
3]. Denham Harman and his theory of free radicals (1950), described the basal mechanism of
aging as a result of the accumulation of ROS, produced as by-products of cellular metabolism
and decreasing lifespan [4,5]. More recent studies demonstrated that additional processes
including Iron (Fe) accumulation are key players in accelerating aging [6].

Fe is an important metal that participates in several biological processes in eukaryotes,
including cell respiration and energy production, DNA synthesis, ecdysone, lipids and
dopamine metabolism [7,8]. Considering the importance of this metal, alterations in its
regulatory mechanism causing its accumulation or deficiency can have devastating
consequences [9,10]. When in excess, Fe can interact with hydrogen peroxide (H20-)
generating hydroxyl radicals (OH®) through the Fenton reaction, which plays critical
oxidative damage to biomolecules and is associated with the onset of diseases like cancer,
diabetes, neurodegenerative and cardiovascular diseases [7,10,11].

Ferroptosis is an Fe-dependent cell death composed of four main stages: depletion of

GSH and/or GPx4, increase in intracellular Fe, excessive production of ROS, and lipid
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peroxidation [12,13,14]. Characteristics of ferroptosis include the toxic end products of lipid
peroxidation, 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA), which are mutagenic
and cytotoxic molecules [14]. In ferroptosis, cell death occurs due to Fe-dependent lipid
peroxidation caused by an augmented ROS production, [15] via Fenton Reaction. A decrease
in GSH-dependent antioxidant defenses also contributes to the ferroptosis process, since
compromises the activity of GSH-dependent hydroperoxidase that converts lipid peroxides
into non-toxic lipid alcohols [12,16,17].

GSH is the most abundant cellular thiol in living beings, acting as a potent endogenous
antioxidant. It plays important roles in Fe homeostasis, acting in Fe sensing and regulation, Fe
trafficking, and Fe cofactor biosynthesis. Many GSH reactions involve the highly polarizable
sulfhydryl (SH) group, making it a good nucleophile for reactions with electrophilic chemical
compounds [10,18]. It has been reported that GSH levels are naturally decreased over age
[19]. The enzyme glutathione peroxidase 4 (GPx4) plays a crucial role in protecting cells
against ferroptosis by removing toxic products of Fe-induced lipid peroxidation and
preventing GSH depletion. A decrease in Glutathione peroxidase 4 (GPx4) levels contributes
to ferroptosis [15, 19].

The organism Drosophila melanogaster has made significant contributions to studies
on the mechanisms that influence age-related functional declines. Furthermore, flies exhibit
behavioral and biochemical similarities with vertebrates. Studies have shown that aging
impairs the behavior, sensorimotor responses, reproductive behavior, and cognitive functions
of flies [20], as well as age-related declines in physiological functions [22]. Additionally, the
short life cycle of flies allows for the study of factors that could potentially interfere with life
expectancy [21] and metal homeostasis [23-27].

In this study, we assessed behavioral and biochemical changes, oxidative damage, and

the role of the antioxidant GSH in the damage induced by aging in Drosophila melanogaster.
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2. Material and Methods
2.1 Chemicals

All the chemicals used in the study were purchased from Sigma — Aldrich e Labtest

(Séo Paulo, SP, Brazil).

2.2 Drosophila stock and culture

Drosophila melanogaster (Harwich lineage) was kept under controlled temperature at
(25° C) and humidity at (60-70%) in a light/dark cycle of 12 hours, cultivated in glass tubes
measuring 50 mm x 85 mm and containing 10 mL of standard medium (corn flour, salt, wheat
germ, powdered milk, sugar, soy flour, rye flour) supplemented with dry yeast. Nipagin® was

used as an antifungal agent as described by Gomes et al., 2020 [19].

2.3 Experimental design

The flies (3-days-old) were isolated and separated by sex and kept in a standard
medium for different periods for behavioral and biochemical analysis. The lifetime periods
chosen for analysis were based on an analysis of motor performance over the aging of flies
and considering the lifespan of flies in laboratory conditions. The time of life chosen for the
experiments was based on a survival curve that we performed (Fig. 1) and from the geotaxis

test performed at different ages (Fig. 2).

2.4 Lifespan analysis
For lifespan analysis, 50 flies female and 50 flies males separated per sex were placed

into vials containing 10 mL of standard food. Flies were transferred to fresh vials every 7
days. The number of dead flies was daily recorded.

2.5 Locomotor analysis
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2.5.1 Negative geotaxis
The negative geotaxis test (climbing ability) was performed in accordance with Bland
et al., 2009 with some modifications [20] at 5 different ages (5, 10, 20, 30, 40, and 50 days of
life). For this purpose, 10 flies per group were anesthetized in ice and placed in vertical glass
tubes (length 25 cm, diameter 1.5 cm) closed with the respective lids. After 30 min of
recovery, the flies were tapped lightly on the bottom of the tube and the number of flies it
took to rise 6 cm in the glass column was recorded. The test was repeated 3 times with
intervals of 20 seconds each. Thirty flies were used per group (n = 30). All experiments were
performed in triplicate. This experiment was carried out 9 times totalizing 90 individuals per

group. Results were expressed in number of flies on the top.

2.5.2 Footbridge test

To carry out the footbridge test, we used Solidworks software to design models and
prototypes, which were then modeled in Blender. The resulting models were printed using
Acrylonitrile butadiene styrene (ABS) on a GTMax 3D Core A3 3D printer, following a
protocol with a primary layer height of 0.1 mm. This protocol was based on Wositz et al.,
2013, with some maodifications [21]. The test consists of a 13 cm long and 0.5 cm wide
horizontal footbridge (see Supplementary material 1). The experimental groups included 5-
days-old males, 5-days-old females, 30-days-old males, and 30-days-old females. The wings
of the flies were clipped three hours before the tests to prevent flight. Males and females were
analyzed separately, and individuals from each group crossed the footbridge test individually
for up to 60 seconds. The time taken by flies to complete the path was recorded. Four groups

of 20 flies of both sexes were analyzed. The results were expressed in seconds.
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2.5.3 Balance test

To analyze the balance of flies at different life stages, we designed a platform using
Solidworks software (Supplementary material 1I) that was 3 cm in length and printed on a 3D
printer. This was done similarly to the previous catwalk test, following the method of Iliadi et
al. (2016) with modifications [22]. The platform had two bases marking the beginning and the
end of the walk, with a nylon thread (thickness 0.10 mm) crossing the platform. Flies of both
sexes were divided into four groups of 20 individuals. The time taken by each fly to cross the
line was evaluated for up to 60 seconds, and the time was recorded. The results were

expressed in seconds.

2.6 Determination of Cellular viability and Arbitrary Steady-State ROS Levels

A group of 20 flies 30-days-old (separated by sexes) and 20 flies with 5 days of life
(separated by sexes) were homogenized in 1 mL of mitochondrial isolation buffer (220 mM
mannitol, 68 mM sucrose, 10 mM KCI, 10 mM HEPES, 1% BSA) and centrifugation at 1000
x g for 10 min (4°C). The supernatant enriched with mitochondria was used to determine cell
viability (Resazurin assay; 544 nmex/590 nmem) and the ROS steady-state levels by using a
fluorescent dye 2,7-dichlorofluorescein diacetate (DCF-DA; 485 nme/530 nMmem). Assays
were performed according to previously described protocols [19]. For the resazurin assay, 5
replicates were performed in triplicate, and for the DCF-DA assay, 4 replicates were
performed in triplicate. Data were standardized by protein concentration and expressed in

percentage.

2.7 Quantification of GSH levels
GSH was measured according to Ellman (1959) [23] with minor modifications. 20

flies per group were homogenized in 1 mL of 0.5 M Tris/HCI pH 8.0 at 4°C. In the 96-well
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plate, 50 pL of the supernatant, 190 uL of the buffer used to homogenize, and 10 puL of 5mM
DTNB was transferred and was left in the dark for 20 min and the reading was performed at
412 nm in a microplate reader (PerkinElmer- EnSpire 2300 Multilabel Reader). The assay

was repeated 7 times in triplicate.

2.8  Lipid peroxidation

20 whole flies of different ages were anesthetized in ice and placed in vertical glass
tubes (length 25 cm, diameter 1.5 cm) containing 600 uL of TBA (0.005 % in 20% trichloro
acetic acid — TCA) according to Sachett et al., 2020 [24], with some modifications (dilution of
TBA from 0.5 to 0.005%). In this test, no homogenization was performed. The flies were
incubated at 95°C for 60 minutes. The absorbance of samples was measured at 532 nm in a
microplate reader (PerkinElmer- EnSpire 2300 Multilabel Reader). The results were

expressed in absorbance and the experiments were repeated 7 times in triplicate.

2.9  Quantification of hemolymph Fe levels

For the extraction of the hemolymph, microtubes of 1.5 mL and 0.5 mL were used.
One was placed inside and the smaller tube was perforated. Then 40 flies were paralyzed on
ice, and the thorax was perforated and flies were placed into the 0.5 mL microtube and
centrifuged at 3000 x g for 20 minutes to drain the hemolymph into a 1.5 mL tube. A volume
of 1 uL of hemolymph was obtained. This volume was diluted in 29 puL of 10 mM phosphate
buffered saline (PBS) according with Herren et al., 2014 and Masson et al., 2021 [25,26]. Fe
levels were quantified in hemolymph using a colorimetric kit (Labtest®). The assay was based
in the dissociated of ferric ions (Fe* ) from transferrin by the action of acidic pH buffer and
reduced to ferrous ions (Fe?*) by the action of hydroxylamine. Upon addition of ferrozine, a

bright magenta complex was formed and absorbance was measured at 540 and 580 nm. The
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Fe levels was expressed as mg/dL of hemolymph. The assay was performed at 5 times in

triplicate.

2.10 Diethyl mateate (DEM) treatment and analysis

To investigate the involvement of GSH in locomotor deficits associated with aging
with it was used diethyl maleate (DEM), a GSH depletor which complexes GSH decreasing
the available levels of this antioxidant. 50 flies per group with 5 days and 30- days-old male
and female flies were exposed to 1 mM DEM mixed with the medium for 24h. After, negative

geotaxis test and GSH levels were evaluated as describe above [27].

2.11  Statistical analysis

All data were submitted to normality test D'Agostino & Pearson, Shapiro-Wilk and
Kolmogorov Smirnov. The parametric data were expressed as mean + standard error mean
(SEM) and were analyzed by two-way ANOVA followed by Tukey’s post-hoc test; and
nonparametric data were expressed as median interquartile range, analyzed by Kruskal-Wallis
followed by Dunn’s post-hoc test. The results were considered statistically significant when p

<0.05.

3. Results

3.1 Differences in the lifespan of male and female flies

We performed a survival curve to analyze the difference in life expectancy between
males and females. The curve indicated that the life expectancy of females was longer than

that of males (by approximately 20 days) (Fig. 1) (approximately 20 days) (Fig. 1).

3.2 Aging impairs negative geotaxis of flies
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To assess whether climbing ability is affected by age, we performed the negative
geotaxis test on male and female flies at different ages. As shown in (Fig. 2), locomotor
deficits were observed in both male and female flies after 20 days of life, and these deficits

increased with age.

3.3  Footbridge test showed that 30-days-old flies have a lower running than 5 day old

flies

Taking into account the compromised climbing ability with age, we also analyzed other
parameters such as walking speed and balance. The walking speed was evaluated in the
footbridge test (Fig. 3). The group of 5-days-old males took an average of 6 seconds to cross
the 13 cm footbridge, while 5-days-old females took an average of 11 seconds. On the other
hand, 30-days-old males took an average of 12 seconds and 30-days-old females took an

average of 17 seconds.

3.4  The flies balance is affected by aging flies

Considering the detrimental effects of age on locomotor ability of flies, it was
evaluated the balance of young and old flies in both sexes. The group of 5-days-old males takes
an average of 2 seconds to cross the 3 cm line, while the 5-days-old females take an average of
3 seconds, and the group of 30-days-old males takes an average of 40 seconds to cross the line,

and 30-days-old females an average of 35 seconds (Fig. 4).

3.5  Age decreases cell viability and induces ROS in flies
After observing changes in behavioral assays, biochemical parameters associated with
the presence of ferroptosis, including cell viability and ROS levels in young and old flies of

both sexes were analyzed. The 30-days-old male group showed 4.3 times decline in
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mitochondrial dehydrogenases activity compared to the 5-days-old male group, and the 30-
days-old female group a 2.5 times decline relative to the 5-days-old female group, represented
by the fluorescence of the compound resazurin (Fig. 5A). Respecting DCF-DA fluorescence,
for detecting ROS, the group of 30-days-old males was increased by 2.2 times and in 30-days-
old females by 2.3 times about their respective controls 5-days- old flies. In comparison
between male and female with 30-days-old, we observation that males different in decreased
cell viability in 2.6 times in comparison with 30-days-old female. The DCF-DA test we no

observation this difference (Fig. 5B).

3.6 GSH levels are decreased in aged flies

A hallmark of ferroptosis is a decrease in GSH levels, thus this parameter was
analyzed in young and old flies of both sexes. In the group of males with 30-days-old, a
decrease of 1.2 times in relation to the group of 5-days-old male and in 30-days-old female,
the decrease was of 1.6 times in the levels of GSH in relation to their respective controls (5-
days-old male of 5-days-old female) and comparing 30-days-old male with 30-days-old

females, we observed that males have 1.3 times more GSH than old females (Fig. 6A).

3.7 Age induces lipid peroxidation in male and female aging flies

Considering the increase in lipid peroxidation and lower levels of GSH, indicating
ferroptosis, an induction of lipid peroxidation was investigated. In this trial, we observed an
increase of 2 times and the group of 30-days-old females an increase of 1.5 times, both
compared to their respective controls (5-days-old males and females) and when comparing
30-days-old males and females, it was observed that males present a 1.3 times increase in

lipid peroxidation (Fig. 6B).
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3.8 Age increase Fe levels in flies hemolymph
Ferroptosis is an iron-dependent cell death, thus the levels of this metal was evaluated
in the hemolymph of flies. Fe amount was evaluated in young and old flies of both sexes. It
was observed a 2 times increase in Fe content at 30-days-old male and female flies in
comparison with their respective controls (5-days-old males and 5-days-old females) (Fig.

6C).

3.9. Diethyl maleate treatment causes mortality, decrease GSH levels and locomotor
performance in D. melanogaster

GSH prevents ferroptosis by blocking lipid peroxidation or by acting as a ligand for
iron in the cytoplasm [13]. To investigate the involvement of GSH in the deleterious effects of
aging on behavior and mortality, flies were exposed to DEM, a GSH depletor. The results
showed that the DEM induced a decrease in the locomotor test of 3 times and 4.6 times in
aged males and females in relation to the control (without DEM). Furthermore, a 1.5 times
and 1.6 times decrease in GSH levels was observed in male and female aging flies (30 days)
exposed to DEM compared to their respective controls (without DEM). Males 5-days-old flies
presented a 1.2 times decrease in locomotor performance in negative geotaxis test when
comparing to the group that was not exposed to DEM. Similar results were observed in
females. Regarding GSH levels, a 1.2 times decrease was observed in 5-days-old males and a
1.3 times decrease in 5-days-old females, both compared to their respective controls (5-days-
old males and 5-days-old females without DEM) (Fig. 7). The treatment with DEM induced a

2.5 times increase in the mortality of male and female aging flies.

4. Discussion
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Aging comprises natural physiological changes that occur in the organisms over time
including progressive decline of locomotor and cognitive functions. Multiple events from
molecular levels to organ systems mediate the aging process. The cumulative damage caused
by reactive oxygen species (ROS) comprises one of the main theory to explain the aging
[28,29] and more recently an excess of Fe has been involving in the progression of aging
effects, by promotion of a type of oxidative cell death called ferroptosis [6].

In the present study, it was investigated the detrimental effects of age on behavior of
male and female of Drosophila melanogaster and the involvement of ferroptosis in this
process by evaluating mortality, behavior alterations, lipid peroxidation, ROS production and
GSH levels. Locomotor deficits in D. melanogaster was evaluated in different ages by
analysis of negative geotaxis, footbridge test and balance test. Our results demonstrated
detrimental effects of aging on locomotor behavior after 20 days of life that progressed over
aging equally in both sexes. Our findings are in accordance with previous studies which
reported a decline in locomotion of aging drosophilas [30,31]. Moreover, aging flies the time
to cross the footbridge and the line by flies was longer that younger flies and many aging flies
were unable to perform the balance test and were not included in the analysis. In this study,
younger male flies display better performance in locomotor tests. Videlier et al., 2019 [32]
demonstrated that locomotor activity in drosophila is influenced by body mass, reproductive
status, and sex, among other factors and males are more active than females in daylight peaks.
This behavior might reflect an increase in the energetic investment of males in the behavior of
mate acquisition, thus increasing mating frequency and reproductive success [33]. In contrast
both male and female flies performance in the tests was affected by age. Locomotor ability
depends on a combined activity of the nervous system and musculature. Thus a decline in
locomotor performance observed in aging flies might result from a defect in both systems

associated with cumulative damage caused by ROS [30,34,35], thus possible decreasing the
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metabolic viability of cells as observed in this study.

The role of iron in the progress of aging has been focus of attention and imbalance of
iron metabolism is more prevalent in elderly population leading to detrimental consequences
increasing the risk of mortality [10]. An excess of iron can deflagrate ferroptosis, which
consists in non-apoptotic mechanism of cell death, characterized by a massive damage to cell
has been implicated in neurological and cardiovascular diseases and cancers [17]. In this
study, it was investigated for the first time the contribution of ferroptosis for detrimental
effects of aging in fruit flies, in males and females. An augmented levels of Iron was observed
in aging flies hemolymph. An accumulation of Iron has been demonstrated to be common in
different species, as demonstrated in C. elegans and human brain. The mechanism possible
implied in this phenomena is a compromised capacity of ferritin to store Iron and imbalance
favoring iron influx. It is known that redox active metals, like Fe, are kept at low
concentrations (0.2-0.5 puM) under physiological conditions, and the excess is bound to
proteins, including ferritin, avoiding toxic responses [36]. In this study, GSH level was
decreased in aging flies of both sexes, and a more prominent decrease was observed in
females. GSH is an endogenous antioxidant acting on the neutralization of free radicals
including °OH and is a reduced cofactor of glutathione peroxidase 4 (GPx4) [11], in the
cytosol, GSH acts as a Fe (Il) ligand [37]. A decrease in GSH could contribute to ROS
accumulation and lead to Fe?* release from ligand proteins contributing to the Fenton
reaction, where Fe catalyzes the H>O> breakdown yielding hydroxyl radicals and causing lipid
peroxidation, a vital hallmark of ferroptosis [38]. In this regard, previous studies investigated
comparative levels of GSH over aging in male and female of rats. It was observed that GSH
content changed differently between tissues analyzed comparing males and females over
aging [39] The decrease in GSH in aging has been related with a reduction in glutathione

synthesis, as evidenced by a decrease in the levels of protein y-glutamylcysteine synthetase
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(GCS) in aging rats brain. Thus our study does not provide enough results to explain the more
prominent decrease in GSH in aging female flies however a hypothesis of a differential
regulation in GSH synthesis of male and female over time and a tissue-specific decrease in
GSH between sexes should not to be discarded. Additionally, our study demonstrated that
females presented a higher life expectance that males. This increase could not be attributed
uniquely to the GSH levels, once similar amount of GSH was found in male and females. It is
important to mention that in other studies, similarly female tent to live significantly longer
than males. These phenomena have been attributed to multifactorial factors including genetic,
epigenetic and environmental factors [40].

To understand the contribution of GSH decrease for detrimental effects of age, GSH
levels was decreased with DEM. The results demonstrated a significant decrease in GSH by
treatment with DEM in young and aging flies. Moreover an augmented mortality and decrease
in locomotor performance was observed in aging and young flies. This findings highlights thel
protective role of GSH against oxidative damage induced by augmented levels of Fe in flies
of both sexes and evidenced the contribution of ferroptosis for the detrimental effects of age.
Similarly, it has been earlier demonstrated in increased Fe levels and free radicals production,
in parallel with a decrease in GSH in aging C. elegans [6,27,35].

Increasing evidence suggests that sex and gender play a significant role in the etiology,
presentation, and treatment of various diseases. Important discoveries regarding the
implication of sex and gender in diseases have been made through research on the organism
Drosophila melanogaster. For instance, previous studies have reported differential responses
between sexes in Drosophila concerning inflammatory response and biotransformation of
toxic substances [41,42]. Our group's previous research has reported differential susceptibility
of males and females to the 1-octen-3-ol (Volatile Organic Compound) [43]. In this study, the

comparative analysis between sexes in Drosophila provides important insights into
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differential effects of aging on behavioral and biochemical parameters in male and females.
These findings could underscore the importance of extending studies and considering sex in
precision medicine approaches. A proposed hypothesis for Fe-induced damage in aging is

represented in Fig. 8.

5. Conclusion

The present study investigated the effects of aging on lifespan, oxidative damage,
behavioral alterations, and iron (Fe) levels in male and female Drosophila melanogaster, and
correlated these parameters with ferroptosis-related processes. Results showed that aging led
to GSH depletion, Fe accumulation, increased reactive oxygen species (ROS) production, and
lipid peroxidation. The study highlighted the protective role of GSH against aging-induced
damage in flies. Overall, these findings provide valuable insights into the involvement of
ferroptosis in the aging process of D. melanogaster, and suggest that this organism may serve

as a reliable model for investigating aging-related mechanisms.
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Supplementary material 1. Footbridge test. Model made in Solidworks software and printed

on a 3D printer. Horizontal footbridge 13 cm long and 0.5 cm wide.

Supplementary material 11. Balance test. Model made in Solidworks software and printed
on a 3D printer. Platform 3 cm long with two bases marking the beginning and end of the
walk. A nylon wire (thickness 0.10 mm) passes through this platform and is connected to the

starting bases.
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1267 Figures and Legends
1268
1269  Figure 1. Female flies have a longer life expectancy than males. The black line refers to male

1270  survival and the gray line refers to female survival.
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Figure 2. Negative geotaxis performed on the 5, 10, 20, 30, 40, 50 days old flies, starts to
show a decrease on the twentieth day of life for both sexes. The results are represented as
mean * standard error (SEM) and are expressed in number of flies on top. ****p < 0.0001
about their respective control (5-days-old male or 5-days-old female), ####p<0.0001 female
in different old, and 44%%p<0.0001 male in different old.
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1301  Figure 3. Males and females of Drosophila melanogaster with 30-days-old show a decrease
1302  in walking ability performed by the footbridge test. In addition, 5-days-old males are faster
1303  than females of the same age. The results are represented as mean * standard error (SEM) and
1304  are expressed in time to cross. * p<0.05, **** p<0.0001 in relation to their respective control
1305  (5-days-old male or 5 days-old-female) and ¢&p <0.01, in relation 5-days-old males with 5-

1306  days-old females.
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Figure 4. Males and females of Drosophila melanogaster with 30-days-old show a drop in
the balance test. Males at 5-days-old cross the 3 cm line more easily than females of the same
age. Represents the number of flies that crossed the 3 cm line within 60 sec. The results are
represented as mean * standard error (SEM) and are expressed in time to cross. *p <0.05,
****p < 0.0001 in relation to their respective control (5-days-old male or 5-days-old female)

and p < 0.05 in relation 5-days-old male with 5-days-old female.
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Figure 5. Males and females of Drosophila melanogaster at 30-days-old show a decrease in

cell viability and increased levels of ROS. (A) Cell viability and (B) ROS levels.The results

are represented as mean + standard error (SEM) and are expressed as a percentage. *p<0.05,

**p<0.01, **** p<0.0001 in relation to their respective control (5-days-old male or 5-days-

old female).
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Figure 6. Males and females of Drosophila melanogaster at 30-days-old show a decrease in
GSH levels, an increase in lipid peroxidation and an increase in Fe levels. In addition, males
and females with 30 days of life differed from each other in GSH assay and lipid peroxidation
assay. (A) GSH levels, (B) Lipid peroxidation and (C) Fe levels. The results are represented
as mean = standard error (SEM) and expressed: (A) mmol GSH/ mg of tissue, (B) Thars
absorbance and (C) mg/dL of hemolymph * p<0.05, ** p <0.01, *** p<0.001, **** p<0.0001
about their respective control (5-days-old male or 5-days-old female) and # p<0.05, ## p<

0.01 in relation the 30-days-old male with 30-days-old female.
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Figure 7. GSH depletor (DEM) worsens GSH levels and negative geotaxis in 30-days-old
males and females of Drosophila malanogaster. (A) Mortality caused by DEM after 24 h of
exposure, (B) Negative geotaxis, (C) GSH levels. Results are represented as mean + standard
error (SEM) and are expressed (A) In number of dead flies (B) Number of flies on top and (C)
Per mmol GSH/ mg of tissue. *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001 about their
respective control (5-days-old male or 5-days-old female), ##p<0.01, ##p<0.001,
####p<0.0001 in relation to the same group, but without DEM and && p<0.01 &&&& p<0.0001

about 5-days-old male with 5-days-old female with and without DEM.
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Figure 8. Proposed hypothesis for Fe-induced damage in aging. Natural aging leads to Fe
accumulation and glutathione depletion, this iron accumulation increases ROS, leading to
lipid peroxidation, glutathione depletion also leads to this damage, occurring ferroptosis that
causes changes in behaviors and ultimately fragility and death. DEM worsens locomotor
damage and accelerates death.
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5. Conclusédo

Este estudo investigou os impactos do envelhecimento na expectativa de vida, nos danos
oxidativos, nas modificacbes comportamentais e nos niveis de Fe em Drosophila
melanogaster, tanto em machos quanto em fémeas, estabelecendo correlagbes com processos
vinculados & ferroptose. Os resultados indicaram que o processo de envelhecimento resultou
na reducdo de GSH, acimulo de Fe, aumento na producdo de EROs e peroxidacdo lipidica. O
estudo ressaltou a fungéo protetora da GSH contra os danos provocados pelo envelhecimento
nas moscas. De maneira abrangente, essas descobertas proporcionam discernimentos valiosos
sobre a participacdo da ferroptose no processo de envelhecimento de machos e fémeas da

especie Drosophila melanogaster.
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