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RESUMO

O estresse oxidativo e os processos inflamatorios sao induzidos por algumas doencgas
e agentes téxicos. Assim, o conhecimento de compostos que tém efeito sobre esses
marcadores pode ser uma alternativa para tratar doencas ja estabelecidas e nao
tratadas. Nesse sentido, a curcumina merece atencdo, um composto bioativo, com
grande presenca de substancias polifendlicas que Ihe conferem propriedades
antioxidantes. Apesar das propriedades, a curcumina livre pode apresentar efeitos
toxicos. Nesse contexto, as nhanoparticulas sdo consideradas uma estratégia
promissora para diminuir toxicidade. O estudo visa investigar um possivel efeito toxico
da exposicdo cronica de Drosophila melanogaster a nanocapsulas carregadas com
curcumina e avaliar seu efeito protetor sobre a toxicidade induzida por
lipopolissacarideo (LPS). Para verificar se a nanoencapsulacdo da curcumina em
polisorbato 80 (P80), apresenta ou ndo toxicidade, e se potencializa a eficiéncia
farmacoldgica desse polifenol. Para isso, foram usadas D. melanogaster divididas em
grupos de diferentes concentragcdes com curcumina livre e nanocapsulas carregadas
com curcumina, expostas por 10 dias e avaliadas quanto a porcentagem de
sobrevivéncia. Ao final foram realizados testes comportamentais, atividade da
acetilcolinesterase (AChE), consumo de dieta e parametros de estresse oxidativo. Foi
observado que exposicdo a curcumina livre e as nanocépsulas carregadas com
curcumina revestidas com P80, nas concentracbes avaliadas, ndo causou efeitos
toxicos em D. melanogaster, e que com baixas doses ja € possivel modular
positivamente os marcadores avaliados (Artigo). Nos parametros abordados no
manuscrito, quanto a avaliacdo do efeito protetor de nanocapsulas carregadas com
curcumina, foi visto que a concentracédo de 10 uM, protegeu contra as alteracdes no
perfil comportamental e moleculares induzidas pelo LPS em D. melanogaster, através
da regulagcéo das vias p38 MAPK/Nrf2. Podemos sugerir que nanoencapsulacao de
curcumina em p80 potencializou positivamente seus efeitos antioxidantes ao regular
o equilibrio redox e antiapoptotico, sugerindo que esse mecanismo de agao pode ser
explorado em possiveis aplicagfes futuras no tratamento de doencas e agentes

tdxicos que agem por mecanismo semelhante.

Palavras-chave:  nanoencapsulacdo;  polissorbato  80; lipopolissacarideo;

antiapoptotico; balanco redox.



ABSTRACT

Oxidative stress and inflammatory processes are induced by some diseases and toxic
agents. Therefore, knowledge of compounds that have an effect on these markers may
be an alternative for treating already established and untreated diseases. In this sense,
curcumin deserves attention, a bioactive compound with a large presence of
polyphenolic substances that give it antioxidant properties. Despite its properties, free
curcumin can have toxic effects. In this context, nanoparticles are considered a
promising strategy to reduce toxicity. The study aims to investigate a possible toxic
effect of chronic exposure of Drosophila melanogaster to curcumin-loaded
nanocapsules and evaluate their protective effect on toxicity induced by
lipopolysaccharide (LPS). To verify whether or not the nanoencapsulation of curcumin
in polysorbate 80 (p80) presents toxicity, and whether it enhances the pharmacological
efficiency of this polyphenol. For this, D. melanogaster divided into groups of different
concentrations of free curcumin and curcumin-loaded nanocapsules exposed for 10
days and evaluated for survival percentage. At the end, behavioral tests,
acetylcholinesterase (AChE) activity, diet consumption, and oxidative stress
parameters were carried out. It was observed that exposure to free curcumin and
curcumin-loaded nanocapsules coated with P80, at the concentrations evaluated, did
not cause toxic effects in D. melanogaster, and that with low doses it is already possible
to positively modulate the markers evaluated (Article). In the parameters addressed in
the manuscript, regarding the evaluation of the protective effect of curcumin-loaded
nanocapsules, it was seen that the concentration of 10 uM protected against changes
in the behavioral and molecular profile induced by LPS in D. melanogaster, through
the regulation of the p38 MAPK/Nrf2 pathways. We can suggest that
nanoencapsulation of curcumin in p80 positively potentiated its antioxidant effects by
regulating redox and antiapoptotic balance, suggesting that this mechanism of action
can be explored in possible future applications in the treatment of diseases and toxic

agents that act through a similar mechanism.

Keywords: nanoencapsulation; polysorbate 80; lipopolysaccharide; antiapoptotic;

redox balance.
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APRESENTACAO

A presente tese foi dividida em trés partes. Na parte | encontram-se a
INTRODU(;AO, REFERENCIAL TEORICO e os OBJETIVOS. Os itens
INTRODUCAO e REFERENCIAL TEORICO sdo compostos por uma revisdo da
literatura, onde foram inseridos os temas abordados nesta tese.

Os resultados os quais compdem a parte Il deste trabalho e fazem parte desta
tese apresentam-se sob a forma de um ARTIGO CIENTIFICO e um MANUSCRITO
CIENTIFICO, que constam as sec¢des: Materiais e Métodos, utilizada para a producéo
dos Resultados obtidos, assim como Introducéo, Discusséo, Concluséo e Referéncias
Bibliogréficas. O manuscrito apresenta-se formatado de acordo com as normas da
revista que serd submetido “Food and Chemical Toxicology’.

No final deste trabalho, encontram-se os itens DISCUSSAO e CONCLUSOES
0s quais compdem a parte lll, que constam os principais achados e interpretacfes
referentes ao artigo e manuscrito presentes nesta tese. Ainda, encontram-se as
REFERENCIAS BIBLIOGRAFICAS, referente a citagdes que aparecem nos itens

introducéo, referencial tedrico e discussao apresentados na presente tese.
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1. INTRODUCAO

A producédo excessiva de radicais livres e 0s processos inflamatorios, produzidos
pelo metabolismo celular, sdo induzidos por algumas doencas e agentes toxicos
(ANSARI; AHMAD; HAQQI, 2020; RAMOS-GONZALEZ et al., 2024; SUL; RA, 2021).
Assim, se faz necessario o estudo e conhecimento de compostos que tenham
potencial acdo sobre o estresse oxidativo e a inflamac&o, como uma alternativa para
tratar ou aliviar sintomas de doencas ja estabelecidas e sem tratamentos.

Muitos compostos bioativos, extraidos de plantas naturais tém sido investigados
para fins terapéuticos. Entre eles, a curcumina que apresenta potenciais efeitos anti-
inflamatorios, imunomoduladores, antivirais, antibacterianos e antioxidantes
(EDWARDS et al., 2017; DAI et al., 2018; PACIELLO et al., 2020). A estrutura com 0
anel benzénico ligado a grupamentos hidroxilas (-OH) caracteriza a capacidade
antioxidante da curcumina, essa caracteristica tem sido alvo de pesquisas na linha de
protecdo ou atenuacédo de doencas cronicas nao transmissiveis (DCNT) indutoras de
estresse oxidativo (PANDEY; RIZVI, 2009). No entanto, a curcumina livre pode
apresentar efeito toxico (LOPEZ-LAZARO, 2008), dano hepatocelular dependente da
dose em roedores (BALAJI; CHEMPAKAM, 2010), e doses mais altas também
apresentam efeitos toxicos em embrides (ALAFIATAYO et al., 2019).

Nesse contexto, nanoparticulas sédo consideradas uma estratégia, pois
possibilitam a entrega de farmacos direcionados as células, maximizando o potencial
terapéutico e minimizando a toxicidade, além de apresentar beneficios no tratamento
de doencas respiratérias (DA SILVA et al., 2013), proporcionam uma liberacdo
controlada, menor toxicidade e é necessario concentracfes menores para se ter
efeitos farmacolégicos (NAZILA et al., 2016), pois a nanoencapsulagao favorece uma
maior interagédo com o tecido alvo (BENDER et al., 2012). Um estudo realizado in vitro
com nanocapsulas revestidas com polissorbato 80 (P80) contendo curcumina, nao
apresentou efeito citotoxico em relagdo a curcumina livre, e esse estudo o qual temos
pacerias, incentivou testes in vivo (SANTOS et al., 2021).

A Drosophila melanogaster € modelo de organismo modelo promissor que

permite avaliar efeitos toxicos com énfase em dano oxidativo, assim como os efeitos
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mediados por nanomateriais, além de ter baixo custo e rapido desenvolvimento
(AHAMED et al., 2010). Ainda, para avaliar o estresse oxidativo, estudos usam
lipopolissacarideo (LPS), uma endotoxina constituinte da membrana externa de
bactérias gram-negativas para induzir estresse oxidativo, inflamacdo e apoptose
(JOHN et al., 2022; SAMPATH, 2018). O LPS pode atacar o sistema imunoldgico inato
e as vias Toll, que séo vias de respostas imunes em insetos, que irdo responder a
presenca desse patdgeno, e causar reacdes imunoldgicas também em invertebrados
(RAO; YU, 2010; SAMPATH, 2018).

Devido ao fato de que a curcumina livre e nanocapsulas carregadas com
curcumina podem apresentar toxicidade, se faz necessério determinar 0os seus
possiveis efeitos toxicos. E ainda, avaliar se 0 nanoencapsulamento pode melhorar a

eficiéncia farmacoldgica e proteger contra um agente téxico como o LPS.
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2. REFERENCIAL TEORICO

2.1 Curcumina

Dentre os compostos bioativos com grande potencial terapéutico, podemos
destacar a Curcumina, o principal polifenol encontrado no turmérico da Curcuma longa
L, um arbusto perene representante da Familia Zingiberacea, nativo da india, sendo
o rizoma da planta o mais utilizado, e quando desidratado e moido, forma o po6 de cor
amarela (Figura 1), caracterizado como tumérico, utilizado na culinaria, medicina e
religidao (SHAH et al., 2022; SUETH-SANTIAGO et al., 2015).

Figura 1 - Representacao da fonte da curcumina

Cdrcuma em po

Fonte: adaptado de Banik et al., 2017.

A Curcuma longa, também é denominada popularmente como tempero dourado
e acafrdo da India, e vem sendo usada na medicina tradicional desde o inicio da
humanidade para tosses, dores de garganta e problemas respiratérios, e devido ao
seu potencial, esta sendo estudada na medicina moderna no tratamento de doencgas
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como cancer (ALLEGRA et al., 2016), depressdo e ansiedade (SAHEBKAR et al.,
2013), e doencas relacionadas ao estresse oxidativo e inflamatorio (SLAVOVA-
KAZAKOVA et al., 20-21; WANG et al., 2021).

Os rizomas/raiz de curcuma sdo empregados na forma de cha de ervas para
beber e em formas solidas ou liquidas para tomar por via oral, segundo European
Medicines Agency (EMA) (EMA, 2024). Outras formas de apresentacao é a de infuséao
e tintura, de acordo com a World Health Organization (WHO, 1999), e em capsula com
a droga vegetal, segundo a Agéncia Nacional de Vigilancia Sanitaria (ANVISA, 2021).

O primeiro produto contendo Curcuma longa com registro na ANVISA é o
Motore, comercializado sob a forma farmacéutica de capsulas, contendo 250 mg do
extrato seco de Curcuma longa (equivalente a 50 mg de curcuminoides), com
registrado em 12/2012, est4d inserido na classe terapéutica de anti-
inflamatorios/antirreuméticos (ANVISA, 2024a). Comercializado em embalagens com
15, 60 e 120 céapsulas, segundo o fabricante, as capsulas ainda contém
polissacarideos de soja, fosfato de calcio, hiprolose, croscarmelose sédica, povidona,
diéxido de silicio e estearato de magnésio. A dose habitual para adultos é de 2
capsulas a cada 12 horas, totalizando 500 mg de extrato de curcuma por dia, sendo
indicado para o tratamento da osteoartrite e artrite reumatoide, apresentando acao
anti-inflamatdria e antioxidante (ACHE, 2024).

Outro produto com registro na ANVISA, é o CUMIAH, contendo o principio ativo
Curcuma longa, encontrasse na categoria de fitoterapicos, sendo comercializado sob
a forma farmacéutica de capsulas, contendo 250 mg do extrato seco de Curcuma
longa, em embalagens com 15, 30, 60, 90 e 120 capsulas, registrado em 03/2023,
com validade de 24 meses (até 03/2025), também esta inserido na classe terapéutica
de anti-inflamatorios/antirreumaticos (ANVISA, 2024b).

Os curcuminoides presentes na Curcuma longa consistem em curcumina,
demetdxicurcumina e bisdemetéxicurcumina (KIM; JANG, 2009) (Figura 2). A
curcumina é considerada um composto polifenolico, com caracteristicas hidrofébicas
soluvel em etanol e dimetilsuféxido (DMSO) (BANIK et al., 2017).
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Figura 2- Estrutura molecular dos componentes quimicos presentes na Curcuma
longa.
o 4]

/(:‘jlr\ﬁ/%;uvl\fx]\/\“ifn\
f SN

HOY

{(a) curcumina

(b) demetdxicurcumina

PN F

H! OM \ OH

(c) bisdemetdxicurcumina

\

Fonte: adaptado de Kim; Jang (2009).

Nota: (a) Estrutura quimica da curcumina; (b) Estrutura quimica da

desmetoxicurcumina; (c) Estrutura quimica da bisdemetoxicurcumina.

O anel benzénico ligado a um ou mais grupamentos hidroxilas (-OH) caracteriza
a capacidade antioxidante da curcumina e essa propriedade tem sido alvo de
pesquisas na linha de prevencdo ou atenuacdo de DCNT causadores de estresse
oxidativo (PANDEY; RIZVI, 2009). Os grupos fendlicos presentes em sua estrutura,
gue sdo capazes de reagir com espécies reativas, sequestrando 6xido nitrico, anion
superoxido, peroxinitrito, radicais peroxila e hidroxila, e assim protegem contra o dano
oxidativo, e podem regular as defesas antioxidantes, ativando as enzimas superéxido
dismutase (SOD), catalase (CAT), glutationa-S-transferase (GST), glutationa
peroxidase (GPx), glutationa redutase, y-glutamil cisteina ligase (TRUJILLO et al.,
2013).

A curcumina apresentou efeito protetor contra o estresse oxidativo induzido com
glicose oxidase em células estreladas hepaticas de ratos, e ainda, o tratamento com
curcumina diminuiu significativamente os niveis de espécies reativas (RS) e
substéancias reativas ao acido tiobarbitirico (TBARS) e aumentou 0s niveis de
glutationa (GSH) (LIU et al., 2016). Assim como a curcumina livre diminuiu a
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peroxidacao lipidica, desencadeada pelo estresse de contencéo no cérebro, figado e
rim de ratos (SAMARGHANDIAN et al., 2017).

No que se refere a acdo da curcumina, as evidencias indicam provaveis
mecanismos de acéo da curcumina na modulacao e ativacao do fator nuclear derivado
do eritroide 2 (Nrf2). O Nrf2 é um fator de transcricdo, ou seja, é capaz de induzir a
transcricdo de uma variedade de genes, proteinas e enzimas que sao citoprotetores,
desintoxicantes e antioxidantes, que participam das defesas contra o estresse
oxidativo e inflamacéo (BARBOSA et al., 2019; GALI; GALIE; COVI, 2019).

Nesse sentido, a curcumina pode servir como um indutor de Nrf2, jA que a
conformacéao estrutural da curcumina favorece a eliminacao de radicais livres e ativa
o Nrf2, que restaura a homeostase redox, ativando um grupo de enzimas
antioxidantes (TRUJILLO et al., 2013).

A curcumina também foi sugerida no tratamento da COVID-19. O estudo
realizado em 40 pacientes com infec¢ao por COVID-19, mostrou que a suplementacao
de 160 mg de nanocurcumina em quatro capsulas de 40 mg, diariamente por 14 dias,
reduziu citocinas inflamatorias, principalmente a expressdo de RNA mensageiro
(mMRNA) de IL-18 e IL-6. Ainda, foi observado reducado significativa da taxa de
mortalidade, sugerindo que a curcumina regulou processos inflamatérios e pode ser
suplementada como um adjuvante ao tratamento medicamentoso da SARS-CoV-2
(VALIZADEH et al., 2020).

Apesar do alto potencial terapéutico da curcumina, sua aplicacdo clinica é
limitada. A baixa solubilidade aquosa da curcumina dificulta a administracédo
intravenosa, (CHRISTINE SYNG-AI, A. LEELA KUMARI; KHAR, 2004), e
intraperitoneal (IRVING et al., 2011). Quando administradas por via intraperitoneal ou
intravenosa ocorre a reducdo metabdlica a di-hidrocurcumina, hexahidrocurcumina e
octahidrocurcumina, curcumina glucuronida, DHC-glucuronida, THC-glucuronido e
sulfato de curcumina. Sabe-se que esses metabdlitos também podem apresentar
propriedades anti-inflamatorias e antioxidantes, no entanto, independente da via de
administracdo, a concentracdo plasmatica da forma livre da molécula é muito baixa e
a curcumina € mais ativa do que os seus metabdlitos, sendo assim, os efeitos
benéficos da curcumina s&o condicionados a fragdo livre (AGGARWAL; DEB;
PRASAD, 2014).
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Seu uso terapéutico também é limitado devido seu potencial téxico, pois altas
doses de curcumina podem causar toxicidade (LOPEZ-LAZARO, 2008), e dano
hepatocelular dependente da dose em ratos (BALAJI;, CHEMPAKAM, 2010). Do
mesmo modo que, doses mais altas e prolongadas causam toxicidade, € visto que a
administracdo de curcumina (100 mg/kg de peso corporal), cinco dias por semana e
durante 90 dias, causou diminuicdo do peso corporal de ratos, toxicidade hepética e
alteracdes no metabolismo lipidico em ratos (QIU et al., 2016). Assim como foram
observados efeitos nocivos da curcumina em concentragcdes mais elevadas no
desenvolvimento do embrido nos estagios iniciais do desenvolvimento embrionario em
modelo de zebrafish, produzindo deformidades do corpo fisico, como cauda dobrada,
tronco dobrado e edema aumentado do saco vitelino, mostrando que plantas bioativas
em doses mais altas também podem ser toxicas (ALAFIATAYO et al., 2019).

2.1.1 Nanocapsulas carregadas com curcumina

Como mencionado acima, a curcumina pode apresentar efeito toxico, em razao
disso, as pesquisas tém buscado estratégias que possam ser incorporados ao
composto, afim de proporcionar maior biodisponibilidade e menor toxicidade. Nesse
sentido, as nanoparticulas sado consideradas uma estratégia na farmacoterapia, pois
possibilitam a entrega de drogas direcionadas as células, maximizando o potencial
terapéutico e minimizando a toxicidade (DA SILVA et al., 2013).

Ha mais de 50 anos, o desenvolvimento de polimeros biodegradaveis representa
um avanco na medicina, possibilitam a entrega de nanofarmacos com liberacao
controlada que sdo capazes de superar as limitacbes farmacoldgicas das formas de
dosagem convencionais (NAZILA et al., 2016). As nanoparticulas poliméricas podem
ser revestidas com P80, um surfactante néo iénico sintético, composto de ésteres de
acidos graxos de polioxietileno sorbitano, usado como excipiente na formulacéo de
medicamentos, tanto para prevenir a adsor¢cdo superficial, quanto como
estabilizadores contra a agregacao de proteinas (KERWIN, 2008; KHAN; MAHLER,;
KISHORE, 2015). A composicao de acidos graxos € principalmente pelo &cido oleico
> 58% (KERWIN, 2008). No entanto, o principal constituinte do P80 é o monooleato

de polioxietileno-20-sorbitano, com um peso molecular de 1309,7 Da e uma densidade
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de 1,064 g/ml, componente estruturalmente semelhante aos polietilenoglicéis (TEN
TIJE et al., 2012).

Uma analise do perfil de liberag&o in vitro e a atividade antimalarica de diferentes
revestimentos de nanocapsulas, incluindo P80, carregadas com curcumina, mostra
uma liberagéo controlada e atividade antimalarica da curcumina nanoencapsulada em
relacdo a curcumina livre, propondo que os mesmos podem ter uma importante
aplicacao biofarmacéutica in vivo (SANTOS et al., 2021).

Da mesma forma, um estudo que avaliou o trans—resveratrol revestido com P80,
aumentou a concentracdo do composto no tecido cerebral e proporcionou maior
seguranca gastrointestinal quando comparada com a forma livre, efeito atribuido ao
fato de que o revestimento pode reduzir a absor¢cédo das nanocapsulas pelo sistema
fagocitario, prolongando o tempo de circulacdo das nanoparticulas (FROZZA et al.,
2010). Além disso, os polimeros aniénicos como o P80 apresentam caracteristicas
surfactantes, podem penetrar e saturar a membrana levando a solubilizacdo dos
lipidios e proteinas, favorecendo uma maior interacdo com o tecido alvo (BENDER et
al., 2012).

Outro estudo avaliou a eficacia de nanomicelas contendo curcumindides (NCUR)
e curcumina natural contra o dano oxidativo induzido por Diazinon em ratos machos.
Os autores constataram que a capacidade antioxidante da NCUR também supera o
uso de curcumina natural, o resultado é associado a melhor biodisponibilidade em
solugcBes aquosas, a maior estabilidade fisica e menor predisposicfes citotoxicas
(ABDOLLAHZADEH ESTAKHRI et al, 2019). Assim como curcumina
nanoencapsulada apresentou efeitos terapéuticos aprimorados em comparagcdo a
curcumina livre, melhora a memadria em um modelo de doenga de Alzheimer e reduz
neuroinflamacdo em ratos (SAVALL et al., 2024).

A utilizacdo de nanoparticulas vem sendo cada vez mais empregada, pois pode
elevar consideravelmente a eficacia dos medicamentos e oferecer uma melhor
qualidade de vida aos pacientes (ZHANG et al., 2017). Diante do exposto, e visado
superar as desvantagens da curcumina livre, nesse estudo ela foi nanoencapsulada

em no dispositivo manométrico, sendo este o P80.
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2.2 Doencas e agentes toxicos aumentam o estresse oxidativo

Algumas doencas e agentes toxicos atuam atraves de diferentes mecanismos
gue aumentam o estresse oxidativo e os processos inflamatorios (ANSARI et al., 2020;
RAMOS-GONZALEZ et al., 2024; SUL; RA, 2021). Neste sentido, o conhecimento de
compostos que tenham potencial agdo sobre o estresse oxidativo e a inflamacao pode
ser uma alternativa para tratar ou aliviar sintomas de doencgas ja estabelecidas e nao
tratadas, como a osteoartrite e a esclerose multipla (ANSARI ET AL., 2020; RAMOS-
GONZALEZ et al., 2024), ou doencas emergentes, como o Coronavirus 2019 (COVID-
19), que estéa associada ao estresse oxidativo (HUANG et al., 2020; KHOMICH et al.,
2018; POLONIKOQV, 2020).

Alguns medicamentos usados no tratamento de outras doencas, sao algumas
das opcdes propostas para tratar a COVID-19 como a hidroxicloroquina, cloroquina e
ivermectina, porém as diretrizes para o tratamento farmacolégico da COVID-19, nao
recomendam o uso desses medicamentos, pois 0 uso nao reduz a mortalidade, podem
ser toxicos e agravar a doenca (REIS et al., 2022a; SIEMIENIUK et al., 2020). Nesse
sentido, algumas revisdes apontaram o papel do sistema redox na fisiopatologia da
infeccdo por SARS-CoV-2, propondo que o aumento excessivo de espécies reativas
de oxigénio (EROs) e a reducdo das defesas antioxidantes sdo cruciais para a
replicagéo viral (DELGADO-ROCHE; MESTA, 2020; FAKHRI et al., 2020). Outra
doenca sem tratamento é a causada pelo virus Zika (ZIKV), um agente infeccioso que
também foi associado a doencas inflamatoérias e estresse oxidativo (FRANCA et al.,
2023; MORAIS et al, 2020).

O estresse oxidativo € causado pelo desequilibrio entre as moléculas oxidantes
e as defesas antioxidantes, em favor dos oxidantes, que geralmente tem como causa
os distarbios na producdo, distribuicdo ou geracdo exacerbada de EROs,
desencadeado por agentes enddgenos ou fatores ambientais, que causam danos
severos nas células (NOVAES et al., 2014; SILVA; FERRARI, 2011). EROs séo
moléculas que reagem com varias macromoléculas nas células, altamente reativa
devido ao numero impar de elétrons em sua Ultima camada eletrénica, tornando-o livre
(BIRBEN et al., 2012; COTINGUIBA et al., 2013), tém sido caracterizadas como
subprodutos metabdlicos toxicos e que causam varias patogenicidades (HAMANAKA;

CHANDEL, 2010). Um exemplo de fatores ambientais é a exposi¢cdo ao LPS, uma



18

endotoxina que pode atacar o sistema imunoldgico inato e as vias Toll, que irdo
responder a presenca desse patdgeno, e causar reagdes imunolédgicas (RAO; YU,
2010; SAMPATH, 2018).

2.2.1 Endotoxina Lipopolissacarideo (LPS)

O sistema imunoldgico inato desempenha um papel crucial no combate a
infeccbes microbianas, incluindo respostas humorais e mediadas por células a
microrganismos invasores. As respostas imuno inata do hospedeiro é ativada por
receptores de reconhecimento de padroes (RRPs), que reconhecemos componentes
microbianos (PERI et al., 2010). Podemos citar alguns RRPs j& identificados, como as
classes dos receptores do tipo proteinas de reconhecimento de peptidoglicano e
proteinas de ligacdo gram-negativas (PAL; WU, 2009). Os RRPs podem reconhecer
agentes microbianos, caracterizados como padrées moleculares associados a
patébgenos (PAMPs), como o lipopolissacarideo (LPS) bacteriano, peptidoglicano,
acido lipoteicoico (LTA) e B-1, 3-glucanos fungicos, presentes apenas em patdgenos,
mas ndo em células hospedeiras (RAO; YU, 2010).

Componentes microbianos podem ativar respostas imunes humorais e celulares
em insetos, as respostas imunes incluem fagocitose mediada por hemdcitos,
formacdo de nddulos, cascatas enzimaticas que regulam a coagulacdo e a
melanizacdo da hemolinfa e a producdo de espécies reativas de oxigénio (ROS) e
espécies reativas de nitrogénio (RNS), e sintese de peptideos antimicrobianos (AMPS)
(LEMAITRE; HOFFMANN, 2007; MARMARAS; LAMPROPOULQOU, 2009).

Os AMPs séo produzidos no corpo gorduroso D. melanogaster, que corresponde
ao figado dos mamiferos, e sdo secretados na hemolinfa, onde destroem os
microrganismos invasores (HOFFMANN; REICHHART, 2002). Em D. melanogaster,
a ativacdo de AMPs é regulada pelas vias Toll e via deficiéncia imune (Imd). A via imd
€ ativada por LPS, de bactérias gram-negativas (GEORGEL et al., 2001; POTTER et
al., 2021), enquanto a via Toll é ativada por exemplo, por peptidoglicano e LTA de
bactérias gram-positivas, (RAO; YU, 2010).

O LPS é uma importante endotoxina presente na parede celular de bactérias
gram-negativas, composto pela ancora hidrofébica conhecida como lipidio A

(endotoxina), um oligossacarideo (carboidrato) no centro, e um polissacarideo distal,



19

conhecido também como antigeno especifico de O (O-polissacarideo), ainda, o lipidio
A, é bem caracterizado em Escherichia coli (E. coli), e necessério para o crescimento
desta e da maioria das bactérias gram-negativas (RAETZ; WHITFIELD, 2002). O LPS
se liga a receptores especificos nas células hospedeiras, induzindo a resposta imune
em modelos experimentais (BING; LIU, 2011), assim como, induz estresse oxidativo,
inflamacé&o e apoptose (HOU; YANG; YIN, 2019).

Inquestionavelmente, o0s elétrons transportados na cadeia respiratoria
mitocondrial, corresponde a principal fonte de geracdo de EROs. Nesse sentido, sua
disfuncédo resulta no aumento da geracdo de EROs, que desenvolve o estresse
oxidativo (GALLEY, 2011; LAMBERT; BRAND, 2009). Sabe-se ainda, que a
diminuicdo na atividade do complexo | pode ser devido a perda de funcdo ocasionada
pelo estresse oxidativo (KEENEY et al., 2006). Em vista disso, o estudo em ratos,
verificou que os efeitos do LPS, causaram inibicdo na atividade dos complexos I, Ill e
IV (CIMOLAI et al., 2014). Assim como, a exposi¢ao intrauterina em ovelhas ao LPS,
induz estresse oxidativo e inibicdo complexo Il e IV (SONG et al., 2013). Além disso
0 LPS aumenta geracdo de 6xido nitrico e a imunoreatividade da proteina quinase
ativada por mitégeno p38 (p38 MAPK), proteina responsavel por regular o estresse
oxidativo (XING et al.,, 2008). Nesse sentido, esses dados nos confirmam o
envolvimento do LPS com a disfuncao da cadeia transportadora de elétrons, com a

inibicdo dos complexos e consequente aumento do estresse oxidativo.

2.3 Marcadores de estresse oxidativo

A avaliagdo da toxicidade € caracterizada por identificar o efeito de uma
determinada substancia em causar danos apds a exposi¢cao/administracdo a uma
dose, onde os efeitos adversos ocorridos em determinado intervalo de tempo séo
analisados (STRICKLAND et al., 2018). A exposicdo a produtos toxicos podem
ocasionar alteracbes na atividade da Acetilcolinesterase (AChE) e ocasionar a
reproducdo de comportamentos atipicos, assim como alterar as defesas antioxidantes
enzimaticas e ndo enzimaticas, sendo assim, a avaliacdo do desequilibrio redox vem
sendo estudado (FERNANDES et al., 2021; MUSACHIO et al.,2020).

O estudo direcionado a modulacdo da enzima AChE pode ser para fins de

investigar meios de inibir a atividade da AChE frente & exposicdo de diferentes
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compostos, podendo ser por meio da inducéo da toxicidade (AKINYEMI et al., 2017).
A AChE é a enzima responsavel por hidrolisar a acetilcolina (ACh) em colina e acetato,
a ACh é um neurotransmissor presente nas sinapses colinérgicas que atua na
transmissao sinaptica no sistema nervoso central, e tem papel vital na regulacéo das
atividades locomotoras e, portanto, alteragcbes na AChE pode comprometer a
neurotransmissao colinérgica (CRAIG; HONG; MCDONALD, 2011). Sabe-se que a
AChE esta diretamente relacionada ao comportamento locomotor e exploratério em
D. melanogaster e que esta enzima € sensivel a condi¢cdes de estresse oxidativo (DE
FREITAS COUTO et al., 2019; FERNANDES et al., 2021). Diante disso, evidencia-se
a importancia dessa enzima no entendimento das questbes relacionadas as
alteracbes motoras e toxicidade. Assim, sdo de suma importancia estudos que
avaliem a acdo de compostos bioativo capazes de regular a atividade da AChE (ZHU
et al., 2008).

Organismos aerobicos geram EROs como consequéncia da respiracdo e da
oxidacao de substratos, em niveis baixos sdo de grande importancia para as células
por possuirem funcdes em muitos processos bioquimicos, porém, niveis altos induz
estresse oxidativo, podendo causar danos severos a célula e até morte celular (YANG,;
LEE, 2015). As EROs incluem substancias toxicas contendo um ou mais atomos de
oxigénio ativo, decorrente da reducéo do oxigénio (ARAUJO, 2018). Niveis de RS e
TBARS sao exemplos de metabdlitos da oxidacédo de substratos, e sdo marcadores
de toxicidade ndo enzimaticos amplamente utilizados, seus niveis elevados séo
indicadores de peroxidacao lipidica e dano oxidativo (NIU et al., 2008).

O estresse oxidativo € uma situacao fisiologica caracterizada pelo desequilibrio
entre a producdo de espécies reativas de oxigénio e as defesas antioxidantes do
organismo. O desequilibrio entre EROs e defesa antioxidante é responsavel por
causar danos severos na célula, nessa situacdo critica, sdo produzidas EROs de
forma exacerbada como um subproduto da respiracdo aerobica, uma vez que, a
mitocondria a principal fonte endégena de EROs (FINKEL; HOLBROOK, 2000).

A mitocéndria € a organela celular encarregada pela producdo de adenosina
trifosfato (ATP) nas células eucaridticas. No espaco intermembranas, estdo presentes
as enzimas como a SOD, CAT e GPx, que integram a cadeia transportadora de

elétrons, onde equivalentes reduzidos doam seus elétrons, oriundos de moléculas
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organicas, para converter adenosina difosfato em ATP, através da fosforilacdo
oxidativa (Figura 3).

O complexo | é responséavel pela oxidagéo e transporte de nicotinamida-adenina-
dinucleotido reduzida (NADH) e dinucleétido de flavina e adenina (FADH2), utilizando
a ubiquinona (Q) como aceitador de elétrons, processos que contribuem para
fornecimento de energia pelo metabolismo aerdbico. Durante o transporte dos
elétrons, entre os complexos, o oxigénio molecular (O2) é usado como aceptor final de
elétrons. Esse transporte gera 0 bombeamento de protons da matriz mitocondrial para
0 espaco intermembranas, gerando o potencial eletroquimico necessario para a
sintese de ATP no processo de fosforilagdo oxidativa (FERREIRA; AGUIAR;
VILARINHO, 2008).

Figura 3. Defesas antioxidantes enzimaticas presentes na cadeia transportadora de
elétrons e fosforilacao oxidativa.
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Segundo estimativas, em condi¢cdes normais, cerca de 0,5% dos elétrons
escapam, principalmente nos complexos | e lll, logo, reagem com o Oz, formando o
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anion superoxido, o qual pode reagir com proteinas e lipidios de membrana,
acarretando em disfung¢des e danos celulares (MURPHY, 2009).

No entanto, as defesas antioxidantes enzimaticas, sdo responsaveis por
impedir o estresse oxidativo, como a enzima antioxidante SOD, que é responsavel por
catalisar a conversédo do anion superoxido (O2) em peroxido de hidrogénio (H202),
espécie menos reativa (WANG et al., 2018). Ja o H202 gerado, pode reagir com o ion
ferroso (Fe?*), formando o radical hidroxila (OH) e o ion férrico (Fe3*), evento
conhecido como reacdo de Fenton, e sabe-se que o OH, apresenta uma alta
instabilidade, sendo altamente reativo, que provoca danos oxidativos em proteinas,
peroxidacgéo lipidica e alteracdes no DNA, além disso, ndo existindo uma enzima que
possa catalisar sua degradacao (IMLAY; CHIN; LINN, 1988). Nesse caso, a enzima
CAT, catalisa a decomposicdo de H202 em oxigénio e agua, e desempenha papéis
criticos na protecao das células contra o estresse oxidativo (GLORIEUX; CALDERON,
2017). A concentragdo destes radicais € mantida pelo balanco entre a sua producéo
e sua eliminagéo por antioxidantes (DROGE, 2002).

Ainda, podemos citar a enzimas de detoxificagdo GST, uma familia de enzimas
de fase Il que catalisam a conjugacdo de intermediarios reativos de compostos
eletrofilicos com a GSH citosolica, processo importante na desintoxicacdo de
xenobiobtico, defesa contra o estresse oxidativo (OYETAYO et al., 2020), e modula da
proliferacdo celular (PALLARDO et al., 2009). Achados revelam que os genétipos
nulos de glutationa S-transferase teta-1 (GSTT1), uma classe de GST pode ser um
fator crucial em relacdo a mortalidade e letalidade da COVID-19 (SAADAT, 2020).
Niveis significativamente mais baixos das enzimas SOD, CAT, GSH e GPx sé&o
relatados em pacientes com COVID-19 comparados aos individuos saudaveis, 0s
qguais exibem maior chance de apresentar niveis reduzidos de defesas antioxidantes
devido ao aumento de sua utilizacdo para combater o estresse oxidativo na doenca
(MUHAMMAD et al., 2021). Ainda, a atividade dessas enzimas pode ser regulada pelo
Nrf2, o fator de transcricdo incumbido em ativar diversas enzimas antioxidantes,
atuando quando ha uma grande quantidade de EROs nas células (ISHII et al., 2000).

O Nrf2, é uma proteina que atua como um regulador chave do sistema de
defesa antioxidante, esta ligado a proteina 1 associada a ECH semelhante a Kelch
(Keapl) no citoplasma (JI et al., 2013). Foram descritas vias apoptoéticas que regulam
negativamente o Nrf2, incluindo a proteina p38 MAPK (YAMAMOTO; KENSLER,;
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MOTOHASHI, 2018). O estresse oxidativo causado, causado por agentes toxicos,
incluindo o LPS (XING et al.,, 2008), pode agir diretamente e induzir apoptose
(SAMARGHANDIAN; AZIMI-NEZHAD; SAMINI, 2014; XING et al., 2008), através das
vias quinases, incluindo a p38 MAPK, que é responsavel por fosforilar o Nrf2, em trés
residuos Ser (Ser215, Ser408 e Ser577), melhorando a interacdo Nrf2-Keapl, e
inibindo a translocacdo de Nrf2 para o nucleo e consequentemente, reduzindo o
acumulo de Nrf2 no nucleo celular (KEUM et al., 2006; YAMAMOTO; KENSLER;
MOTOHASHI, 2018). No entanto, a inibicdo da atividade das quinases p38 MAPK,
favorece a separacédo de Nrf2/keapl, e o fator de transcricdo Nrf2 tem maior facilidade
de translocar-se para o nacleo (NAIDU et al., 2009), onde o Nrf2 se liga ao elemento
de resposta antioxidante (ERA) e ativa enzimas antioxidantes ou de detoxificagcdo de
fase Il (BALOGUN et al., 2003). A inibicdo de p38 MAPK pode ser induzida pela
Curcumina (UZUN-GOREN; UZ, 2022).Esquema mostrado na figura 4.

Figura 4. Esquema da inibicdo de p38 MAPK por LPS e aumento de Nrf-2 induzido
pela curcumina
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Fonte: Arquivo pessoal.
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Assim, com base na literatura, pode-se especular que a diminuicdo de P38
MAPK e aumento de Nrf2, e consequentemente a atividade aumentada da SOD, CAT
e GST, pode ter efeitos benéficos, e que a curcumina quando administrada, poderia

modular essas vias, e consequentemente regular a resposta imune.

2.4  Modelo de Drosophila melanogaster

Entre os insetos, a mosca D. melanogaster tem sido usada como um modelo
anico e grandioso para estudos de genética e doencas humanas. Esse modelo,
apresenta cerca de 75% de homologia genética a mamiferos, incluindo estrutura e
funcionamentos cerebrais, somado a isso, 0 modelo pode ser utilizado para elucidar
mecanismos de efeitos de substancias téxicas a humanos (NAGOSHI, 2018;
PANDEY; NICHOLS, 2011). Além disso, 0 seu ciclo de desenvolvimento rapido
possibilita a replicacdo de varios experimentos, em tempo relativamente curto, e assim
contribui para uma avaliagdo dos efeitos toxicoldégicos dos compostos (PANDEY;
NICHOLS, 2011).

Nesse sentido, sabe-se que o desenvolvimento da D. melanogaster € composto
por 4 estagios: ovo (embrido), larva (1°, 2° e 3° estagio), pupa e mosca adulta, o
desenvolvimento embriondrio da acontece no meio em que o0 ovo € oposto
(BROOKHEART; DUNCAN, 2016), conforme é mostrado na figura 5. O embrido se
desenvolve no ovo por cerca de 1 dia. Apés, eclode como uma larva de 1° estagio,
apos mais 1 dia se desenvolve a larva de 2° estagio, depois de mais 1 dia, muda para
a larva de 3° estagio. A larva de 3° estagio fica no meio alimentar e continua se
alimentando, mas comeca a subir e explorar as laterais do frasco da dieta, procurando
um ambiente mais seco, apds 2 ou 3 dias, se desenvolve em pupa. Durante essa fase
de pupa, a larva metamorfoseia em mosca adulta, ao longo de 4 dias (JENNINGS,
2011). Em torno de 12 horas apos eclodir a fémea pode acasalar e em poucos dias
pode colocar centenas de ovos (NICHOLS, 2006) (NICHOLS,2006).
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Figura 5 - Desenvolvimento da Drosophila melanogaster
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Fonte: Arquivo pessoal.

As moscas tém requisitos fisiologicos semelhantes aos humanos, como
organizacgdo corporal, sistema nervoso, movimento, respiracédo, digestdo e excrecao
(HELD, 2017), como ilustrado na Figura 6.

Figura 6 - Homologia entre 6rgdos humanos e moscas
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Fonte: adaptado de https://droso4schools.wordpress.com/organ
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A Drosophila € modelo de organismo promissor para avaliar efeitos toxicos com
énfase em dano oxidativo, como os mediados por nanomateriais, devido a genética
bem documentada e biologia do desenvolvimento que permite avaliar os efeitos de
longo prazo em um curto periodo de tempo, e por apresentar menos objecdes éticas
e ter custo relativamente mais baixo, comparado a outros modelos experimentais
(AHAMED et al., 2010). Drosophila é depende de sistema imunoldgico de reacdes
imunes inatas para sua defesa, sendo um modelo prestigiado para estudar a
imunidade inata, que permanece conservada e bem desenvolvida, que permite uma
resposta geral e rapida aos agentes infecciosos em moscas (HOFFMANN;
REICHHART, 2002). O sistema imune inato de Drosophila depende de respostas
humorais que incluem varios peptideos antimicrobianos, cascatas enzimaticas que
regulam a coagulacdo e melanizacdo da hemolinfa, assim como, producdo de ROS e
espécies reativas de nitrogénio (ERN). Ja as respostas imunes celulares, incluem
fagocitose, nodulacéo e encapsulamento (MARMARAS; LAMPROPOULQU, 2009).
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3. JUSTIFICATIVA E HIPOTESE

O conhecimento de compostos que tenham potencial acdo sobre o estresse
oxidativo e a inflamacdo pode ser uma alternativa para tratar ou aliviar sintomas de
doencas ja estabelecidas e sem tratamentos. Devido ao fato de que a curcumina livre
e nanoencapsulada poderem apresentar toxicidade. Se faz necessério avaliar se
nanocapsulas carregadas com curcumina apresenta toxicidade, assim como
potencializar seus efeitos terapéuticos. Desse modo, levantamos a hipotese, de que
seria de fundamental importancia, verificar se a nanoencapsulacdo da curcumina em
P80, apresenta ou nao toxicidade, e se potencializa os efeitos terapéuticos desse
polifenol, em modelo pré-clinico induzido por LPS. Para que posteriormente, este
estudo possa alicercar outros que permitam a aprovacdo dessa nano formulacdo
como alternativa terapéutica segura. Dentre as estratégias que foram abordadas neste
estudo, encontram-se avaliacdo toxicologica da curcumina livre e associada a
utilizagéo de nanocarreadores P80, e o efeito dessa nano formulagéo sobre os danos
toxicolégicos induzidos por LPS, visando explorar o potencial de acdo das

nanocapsulas carregadas com curcumina e possiveis aplicacdes futuras.
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4. OBJETIVOS

4.1 Objetivo geral

Investigar um possivel efeito toxico da exposicao cronica de D. melanogaster a
nanocapsulas carregadas com curcumina e avaliar seu efeito protetor sobre a

toxicidade induzida por LPS.

4.2 Objetivos especificos

o Investigar uma possivel toxicidade induzida pela exposicdo crbénica de D.
melanogaster a nanocapsulas carregadas com curcumina, através avaliacdo do
consumo da dieta, porcentagem de sobrevivéncia, testes de desempenho locomotor
e exploratorio e atividade da enzima AChE;

o Investigar uma possivel toxicidade induzida pela exposicdo crénica de D.
melanogaster a nanocapsulas carregadas com curcumina, através da determinacéo
de indicadores de estresse oxidativo;

o Avaliar o efeito protetor de nanocapsulas carregadas com curcumina sobre a
toxicidade induzida por LPS, através da avaliacdo do consumo da dieta, porcentagem
de sobrevivéncia, testes comportamentais de desempenho locomotor e exploratério;
o Avaliar o efeito protetor de nanocapsulas carregadas com curcumina sobre a
toxicidade induzida por LPS, através da determinac@o de indicadores de estresse
oxidativo;

o Avaliar o efeito protetor de nanocapsulas carregadas com curcumina sobre a
toxicidade induzida por LPS, através da avaliacdo da imunoreatividade de Nrf2 e p38
MAPK.
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PARTE Il

5. RESULTADOS

Os resultados os quais fazem parte desta tese apresentam-se sob a forma de
um artigo, o qual encontra-se aqui sob o titulo: “Evaluation of oxidative stress
indicators as toxicity parameters after chronic exposure of Drosophila melanogaster to
free curcumin and curcumin-loaded nanocapsules”. O artigo ja foi publicado no ano de
2023 na revista “Food and Chemical Toxicologi”.

Além disso, os resultados apresentam-se sob a forma de um MANUSCRITO
CIENTIFICO, o qual encontra-se aqui estruturado sob o titulo: Curcumin-loaded
nanocapsules attenuate LPS-induced toxicity in Drosophila melanogaster: through the
mechanism of regulation of apoptosis and balance redox. Ainda constam nesse item,
a secOes: Materiais e Métodos, utilizada para a producdo dos Resultados obtidos,
assim como Introducdo, Discussdo, Conclusdo e Referéncias Bibliograficas. O
manuscrito apresenta-se formatado de acordo com as normas da revista que seré

submetido “Food and Chemical Toxicologi”



5.1

ARTIGO CIENTIFICO
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derived poclear factor 2 (NRf2) immunoeeactivicy, and cellular metabolic capacity, were assessed. Mo signifi-
camt difference in diet consemption, indicating that the flies equally consumed che diSerent concentrations of

nueureuunmdlhemmn-luhd les. W ob chat fres and It

I d servival, b and !

¥ pirformancs, decrased ACKE seovity, RS and

mﬂslml:.lwdﬁ']’ SO0 and CAT activicy, nrﬂnndmndhmn_p-mdmdtmnl_ﬂ'hedrme
et did Dot ey wodcity, Suggeing that gperela o, o comld be exploresd

1. Introduction

Unidative stress is a phrysiological condition that affects orgamisms
with an imbalance between the production of reactive oxygen species
(ROS) and anticoddant capacity. In this process, immacellular ROS bevels
exeesd the capacity of anrymes and sndogenmes antioxidant molsoalas
to neutralize or eliminate them Srom the body, resulting in the oxidation
of macromolecules and oucleic acids, causing damage and even cell
death (Hajam =t al., zz-;mapmmmhm
siress alters the physiclogical sovi af oncidartive,

imfl y and apoptosis pathways, scting & an etiological factor of
several pathologies (Fani = al,, 2006) Therefore, altrmatives that
protect the body agninst oxddative stress are relevant. In this context,
conecer, antimicrobial, anti-inflammatory and newroprotective action,
mch as curcumin, & corcuminoéd of yellow color with hydrophobic
charscteristics found in the rhizome of Carcrama longa, & representative
shrub of the Zingiberncese family, have been imvestigated as adjovant
altermative teermpies (Sueth-Samtings =t al., 2015; ¥Yovarpour-Bali =t al,
2019

* Cravesponding sethor. Universidade Faderal do Pampa, Cospes Taqui, fea Ll Maquiss de S8 Brito, £/, Togui, Rio Grande do Sul, CEF 97650-000, Beasil.

E-matil adddrsr gostrvoguina o pampd sdii b (0. Perl Geare).

brtpeae/ Adiod e 0100 6/ St 2023 114000

Received 17 Asgust 2023; Recsived in pevised fem 2 Oember 2023; Acospied 16 Ociober 2023

Available online 17 Ociober 2023
0275915, 2023 Elsewier Lad. ﬂmm



B2 Fermonder of ol

Chur E boadied

Fzond comad Sharraical Tazicology 187 (NERT) 114100

mmm]m-mmmmmsnum
lonic sarfactant (Santcs ef al., H21) The

(ManoBrook 90 Plus Zeta, BrookHaves®). The pH of the formulations
wias determined through meassrements of the formulations, nsing a

F i m}mdhﬂd&ﬂl?m-ﬂlm
To d ine the drog lations were dissolved in

amicmic surface charge and able to controlled oo "nm 4
Corcumin-loaded nanocapsules have not been demonstrated to alter
organogenssis in pregnant mts (Giscomeld =t sl 20200 and have not

induced teratogenesis in a Chick embryo modelo (de Carmlho = al.,
2021

However, mhwwdwm
they can | toaricity, g greatly on the duration of the
mﬂtl-d'ﬂ::ﬂnnﬂnud.mdmnfm produce pro-
oxidative, toxic, and carcinogenic effects (Loper-Lazara, 2008}, heps-

tocellular damage in rodests (Balaji and Chempakoam, 200 0), cybotoxie
damage to human gastric cancer cell Hpes (L =t al, 2007) amd
pon-cancercus ool lines (Nelsom =2 al | 201 7L I has also merensed the

maortality of zebrafich embryos, and deformities of the physical body of
larvae were observed among the hatched embryos at higher concen-
trations {Alafiatayo =t al, 2019 Ths, o definition of the toxoological
profile of bioactive compounds, especially for long-term freatments, is
extremehy

important.
h%mnmﬂdumﬂgenlmwmmﬂt
b ilahility of come L g therag Fects B 1

mqumdwmmmm
tography with diode armay detector (HPLC-PDA], using & method pre-

vinusly validated by the research group (de Oliveita Facheco et al,
Jl.d'l.memuq:ﬂ-im-ﬂumqrﬂdﬂﬂnmdhyhm
filtration,‘centrifugation techeigue (Ulrafes- im which the

saspension was centrifuged at 1960 g for 10 min at 4 °C, and the ul-
trafiltrate was quantified by HPLC-FDA, determining the: concentration

of cureumin. All anashyzes were performed in triplicsts.
23, Drosophila melanogester stock and culture

taimed from the Laftambi ipampa, Itaqui-RS) The
D.nuim'mwmkqthgl-ﬂuimnlhmmladmndiﬂmuf
light (light/dark cycle of 12/12 h), temperahare (25 + 1 °C), and ho-
midity (G- 70%), and fed with a standard diet containing, 76.59% com
flowr, 8.51% wheat germ, 7.23% sugar, 7_25% milk powder, 0.43% salt,
0L0#&% methylparak

dnﬂmd.mmuﬂnuu\.pr:ﬂﬂnglmmfhaﬂlanal HE).

[me to the toxicological risks of free curcumin, safe alternatives are
on evirems necessity, omd amessing whether nanosmcapsulation can
improve biclogical activity amd decreass toxicity. In that context, the By
Drosophila melanogaster is efficient for toxicity stedies (Ahamed et al.,
A’I I].Th.:.lhep'uﬂt:h:d]duhmuﬂpelpndhletndneﬁaﬂ:

24, Experimeninl methodological schedule

24.1. Comparison batween the effect of chromic expogmme i free cmomin
ond aurcurmin-loaded nanocgpsules & the modidation of diet consumpiion,

duced by chromic exp = to free curcumin and «
manccapsules in . melonogoster, bling fuhre & gt and
mafe applications of curcumin.

2. Materials and methods
21 Muoberials

Free curcumin wias parchased from Sigma-Aldrich (St Lounis, MO,
mﬂmnmmmmhwn&m
curcamin, it was lasted im it devices. The polymer
mmmm@m).mm“m from Sigma-
Aldrich (St Louds, MO, USA). All the other chemiicals and sobrents uti-
lizmed were of analyticsl grade.

22 Developmenst of corcumin-loodesd nomocapsides

Carcumin-loaded nanocapsules formulations were provided by the
Nmnbmdmulnguur-nqnfﬂuhdﬂllﬂlhuﬂtjnfﬂupm

URIPAMEA, Ur BS, Brazil C in-loaded
nlpﬂulﬂmpmp.‘odndﬂ:.pdj{:-ﬂpnhﬂnn:[ﬁfﬂupdj“-d
coated with polysorhate 80 (F&0) as nonionic surfactant, throngh the
imierfacial polymer deposition method, according to previous smdies
published by the research growp (Santos et 2l 20211 Following this
method, the organic phase was composed of Curcumin, PCL (1% wi'v],
medium chain trighyreerides (TCM) (2.3% w/'v), and Span 608 (0.78%
wv]), dissolved in acetons, at 40 = 2 °C, was injected into the

To eval the toxdcity of chronic sxposure to free curcumin amd
curcamin-loaded manccapsules, cohorts of adult D melonogaster (1-3
ﬁpdﬂdhﬂﬁmummmﬁﬁmﬂemﬂﬁnﬂem
each group. The free c in and loaded il
dissolved in 0.5% sthyl alcobol and water, respectively, mﬂﬂ::nmnnd
mlﬂﬂ.dﬁemmmw:pmpwmm
into a il group [ g 0.5% ethyl alechol),
deﬂuﬂ&umﬂﬂlmﬁﬁﬂ 30, 100, 040, e,
and 3000 pM), another control group (standard diet containing onhy
water), and groaps of different corcumin-londed namocapsules concen-
traticms (10, 30, 100, and 300 pML The fiss were kept under treatment
for 10 days. The carcumin doses used in this study were based on the
sty by Aldnyemi = al (2017, which showed that fres curcumin
concentrations up to 1 mg'g of diet did not comse obvious sSgns of
toxicity in D. melonogester, as evidenced in the sarvival ooree amd
biochemical assays. Imitially, the diet consumption test was svaluated in
fliss expossd to diferent comcentrations for 30 min The flies were
evaluated for survival percentage during the 10 days of exposure. After
the treatment period, behavioml tests of loromotor and exploratory
performance (negative geotayis and open fidld) were performed, as well
as biochemical evaluntions of acetylcholinesternse activity (AChE]);
oxidative stress markers, such a5 levels of reactive species (RS) amd
thicharbituric acid reactive substances (THARS); activity of the detoxi-
fication emzyme Glutnthione-5-transfernse (GST), and the antioxidant
eorymes  superoxide  dismutse (5000 and  catnlase  (CAT,
mmm&mzm—m‘ ity amd cellal

phase composed of distilled water and PS0 (0. 78% w'v), which were
maintainesd under megnetic stirring for 10 min Subssquently, & rotary
emporior was used to evaporate the acetone and to obtnin a fnal
desired concentration (Curcumin 006 mg ml~'). Manocapsules were
charscterized in terms of dismeter, polydispersity index (SPAN), pH,
drug content and encapenlation eficiency (Samtos = ol 2021 L Anal

lic capacity by the in test. These mssessments are

demonstrated in the experimental methodological schedule (Fig. 1)
25, Dnet consumption:

'I'hemufdﬂ the reatmest was
perf dimg to Sun =t al. (35013). Groups of 5 fies were tans-

were performed in triplicate. The diameter of the nanoparticles and the
polydispersity were analyzed by laser diffrection at room temperatuns
and dilution of the sample in deioaized water, using the Mastesizer 2000
equipment (Malvern®), and by dynamic light scattering in which the
suspensions were dilmted in Mol 0096 (wv) (previously filtered)

ferred to each fask contnining the trestment medium with the addition
of 0.5% dye (FD&C Blue dye #1, Sigma Aldrich), and allowed to feed on
this mesdinm for 30 min. After that time, feeding wes intermupted and the
fliess were immediately transferred to an microcentrifuge tube amd
enthanized on ice, and soon the body was separated from the head. The
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in D mel

5 bodies from each group were homogenized in 200 pl. of distilled water.
mehm“m&gudltllﬂﬂﬂgﬁrzmh..ﬂﬂtmpﬂh

clear tubes held vertically. After 10 min of recovery, the tubes come
inimimg the flies were tapped lightly om a bench so thet the fiesr imesd

matant was pipetted in duplicate. Absorbance was read on o microg
reader at 625 nm. The absorbance of the fly supematant who consumed
thee diet withsout dyes was used as & standard curve. The shsort

at the b of the tube, and then, with the aid of & stopwatch, the time
Ipmthjud:.&jmrnlnblhesmmtlﬂumpnfﬂumhem

results of five independent experiments were sxpressed as percentage in
relation to the control gromp.

26, Samidval parcentoge

The percentage of survival after exposure to free carcumin amd

period of 10 days. Esch group contained 50 adult flies of both sexes. Five
to six independent experiments were performed. The data wens
compared using the Log-rank test (Mantel -Cox), expresssd as percenings=
of surviving flies (Fermandes et al, 2021

247, Behervional ests

27.1. Negatfve geotoyis assay

To assess the: locomotion and climbing ability of D. melonogaster, the
megative gentaxis test was performed as described by Feany and Bender
(2001}, with some modifications. After 10 days of exposure to the
treatment, the assay was performed with five flies from each group. The:
flies were briefly anesthetized on ice and individually transferred to

l The evaluation time was 120 s for each fiy. The test
was repented five times for each fiy, with o time imberval of 3 min be-
tween repetitions, and the data wene analyzed acconding to individeal
time. Data are sxpressed as the ime mean of five to seven independent

expeTiments.

272 Open field test

according to the method of Coanolly (1964) with modifications by
Mmsachio et al. (20207, The Gies were brisfty anesthetized on jce, then
five flies from each group were separated and individually added to a
transparent polycartonate Petri dish messuring % mm in dismeter,
divided by squares messuring 1 cm® each. At the end of the 2 min re-
covery periosd, the: test was started. The seore of crossings travelsd by the
flie=s was recorded mampally and determined during 60 5, timed with the:
nid of a stopwatch. The activity was obtained by connting the oumbser of
squares that each By travelsd in 1 lﬂ:l."l'l::h‘t“pﬂhmd
duplicate and the mean values were calculated. Data
of five to six independent erperiments.
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.Hh'ﬂ:emdufﬂtt’udm.mtpﬂ'hdufll}d.l]:ﬂtﬂhm
ined om ice, | genized, and centrifuged acconding to each

amalysis to be performed. The resulting supematant was used for the
binchemical determinations.

2% Determunation of profan concentration

The determination of protein aticn in the Was car-
ried out according to the method of Bradford (1%76), using bovine serum
albumin (BSA) oz a sandard. Samples were resd in duplicate, using a
wavelength of 595 nm_

270 Aceylcholinsterose enoyme ooty

The activity of the (AChE) wis debers
mined according to the previousy deseribed method by Ellman et al.
(14961 For this, 10 fies were homogenized in 500 pl. of HEPES buffer
(20 M, pH 7.0}, and centrifuged at 78 g for 10 min. A resction mixture
was prepared with 0.1 M Kpi buffer (pH 8.00, 5, S-dithic-bis-2-nitroben-
mnddﬂ}mmﬂlmdm.dm In the moment of the

s, 30 pLaf th and 170 pl of the mixtune were
ldﬂ.:d.ndﬂ::nﬂﬂ:mmm‘hdwitlﬁﬂﬂlﬂyﬂﬂﬂm
(AcSCh) (7.25 mM) weed ns o substrate, which was added to the
microplate. The mte of hydrolysis of scetylthiocholine jodide was
mensured at 412 mm for 2 min. Each sample was evaluated in duplicate.

211 Ouantfication of lewds of reactive gpecies

The levels of reactive species (HS) were quantified wsing the method
proposed by PérerSeveriano et al. (2004), which consists of the
cxidation of 2,F-dichlorodl in di (D{FHDA) in s form
(IXCFH), im which emits flucrescence for rending. Ten flies were ho-
mogenized in N<(2-hydrogrethyl) piperazine-N-(2-ethape sulfonic acid)
buffer (20 M HEPES, pH 7.0, and then centrifuged at 1000 g for & min at
4 (. Sample supematant tissne was transferred to test tubes, together
with: 2890 pl. of HEPES buffer and fnally 10 pl. of DCFDA (1 mML The
reaction mixtures was incubated for 1 h in the dark at room temperatore.
In the end, the resding was performed in o fluorimeter, ot an excitation
wavelength of 482 nm and 520 nm of emission, using a light beam of 2.5

mm Six to seven independent experiments were performed and the
results were expressed as percentage in relation to the comtrol group.

212 PFwoiwstion of thinharbitunic acd renctive sufsimnces fnels

The analysis of thicbarbituric acid reactive species (TRARS) bevels
wis used to evahmte lpid peroxidation, through the quantification of

ondialdehopde (MDA, ding to Ohkawa et al. (1979), followed
in 400 pl of 20 mM HEFES buffer (pH 7.0), and the homogenate was
centrifsged at 78 g for 10 min. Sequentially, 260 pl of thicharbiric
acid (TEA, 0.5%, pH 3.2), 250 pl. of 045 M acetic acid (pH 2.4), 50 pl. of
distilled water, 100 pL of sample supernatant, and 100 pL of sodium
doderyl malfate (1.2%) were added to o test tube. The resction mixture
was incubated for 2 b in a water bath at 95 °C. After that time, the
smumples were cooled to room temperature and transferred to micno-
plates for the readings, which were performed at o wavelength of 532
ome Absorbence was comected to protein value, and the results of six to
mime independent experiments were expressed as nmol MDA&/mg
protein
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213 Fwa of ic acthvity: Ginsntfione-S: ferase,
sperovide dismutose, and ostolree
The preg of de=s o the activity of the detoxifi-

cation enryme GST, m.dlhendiundlﬂmzj‘mﬂﬂﬂﬂuﬂﬂhffnﬂnwﬂ]
the same procedures. Thus, 12 fie were homogenized in 600 pl of & 20
A HEPES buffer (pH 7.0), and centrifuged at 78 g for 10 min. The su-
pematant obtnined wes wsed for the analysis, acconding to the meth-
cadology ussd for esch snryme.

The assessment of GST activity was performied as described by Habig
and Jakoby (1941L From the obtained supematamt, 10 pl. was tmns-
ferred to a microplate, and then 185 pl. of the mixture was sdded,
compased of (L35 M Kpi/2.5 mM EDTA buffer (pH 7.00, 100 mM GSH,
and distilled water. Finally, & pl of 50 mM 1-chloro-2-4-dinitrobenzens
(CIONE) was added as a reaction initintor. The reading wes performed at
m 34 pm wavelength for 2 min. Absorbance results were commected to
protein value, and the results of six to eight independent experiments

were expresesd as mll/mg protein.
The evaluation of SO0 activity was performed according to the
protocol described by Misra and Fridovich (1972), with modifications

by Sum and Figman (19751 An aliguot of the sample sapernatant was
diluted in HEFES buffer, in a 1:10 ratio, respectively. The asay was
performed im microplates, where 6, 12, and 18 pl. of the sample were
pip=tted, as well as 254, 248, and 242 pl. of Na 00y scedium carbonate
Bufer, 57.7 mA{ (pH 11.40, kept at a temperature of 30 °C), respectivaly,
and 30 pl. of epinephrine (6 mM), dissobved in 0.1 M HC1 (200 plof HO,
over 9.8 ul of distilled water, pH 200, To prepars the blank, 260 pl. of
Ma 00, buffer was wsed, plus 30 pl. of the spinepbrine solution. This
method is based on the nbibition of the superoxids anion reaction in the
autoxidation of epineplbrine. The absorbance of different sample wol-
mmes wis determined by evahwating the formation of o pink adreno-
chrome product in a kinetic cycle with 12 readings of 10 5 ot a

wavelength of 480 am. The results d to the protein valee of
the sample, and the reslts six to sight independent experiments were
expressed a5 U/mg of profein.

For the evaluation of CAT activity, the method described by Ashi
(14984) was wsed, with some modifications. Hence, 5 pl of the sample
was sdded to the microplate along with 196 pl of the mivturs composed
of Epi buffer 0.25 M/EDTA 2.5 mM pH 7.0, distilled water, 3086 of
bydrogen peroadde (Hz0:z), and Triton X100 (0.012%). The reading of
the decompaosition of H Oy was performed ot & warvelength of 240 nm,
for 120 5. Thee results were expresssd as U/mg of protein, where one CAT
mmit (I} comresponds to the snxymatic sctivity requined to decompose 1
pmod of Haz/min at 37 “C Aesalts represent the mean of six to seven
imdependent sxperiments in each group.

274, Westem bot

Western blot analysis was performed as desoribed
Guerma et al. (2012) with slight modifications by Maitra et al. (2019,
Thirty fies were mpidly ewthanized amd in an jce-cold
buffer comsisting of KCI (10 mAf), MgCl; (2 mM), EDTA (1 mM), NaF
(1 mM), aprotinin {10 pg/mL), f-glycerolphosphate (10 mM), FMSF (1
mM], DTT (1 mM), and sodium orthovansdate (2 mA) in HEPES (10
mM, pH 7.9) The samples were then incubated on ice for 15 min and
centrifaged at 16,000 g for 45 min at 4°C. The supematant was collected
for further processing, amd the protein concentration was determined
wsing the method Bradford (1976). Equival of protein (80
m]mmhﬂﬂlnmludhghﬁummdﬂfm
(200 mM), ghresrol (10%), S0E (23], f-mercaptosthancsd (2,75 mM),
and bromophencd Blue (0.04%) i a 0.21 mto, asd boiled for 10 min.

The proteins were then separated by 12% SDS-FAGE, and the gels
were transfermed onto Amersham ™ Frotran @ Premium Western blotting
mitrocellulose membranes, nsmg Tramsfer-Blotd Turbo™ Transfer Sys-
tem (1.0 mA; 30 min). Ponossu stining was utilired as a positive con-
trol, an altermative to beactim, 85 described by Homeroecalvo et al
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(20107 After blocking the membrane with 1% BSA in TBS-T (0.05%
Tween 20 in Tris-borate saline), a specific primary polyelonal antibody
anti-Mrf2 (1:1000), anti-mouse, sc-36594%9; Sants Cruz Biotechnalogy,
Inc., Santa Cruz, CA, TSA) was incubated owvernight. The it was

Fzond comad Sharraical Tazicology 187 (NERT) 114100

compared with the comtrol group. The Log-ank test (Mantel-Cox)
revealesd that exposare to free coroumin [Fo= W0G03] and corcumin:
loadesd manocapsules [P < 000001 ], significantly incresssd the sarvival

then washed three times with THS-T and incubated with Horseradish
peroxidase-conjugnted  sscondary  antibedty  (1:5000, amb-monss
IgG-HEP; sc-516102; Santn Crux Biotechnology, Ine.) for 2 h

Protein bands were visualiped wsing 3,%,5,5 - Tetmmethylbenridine
(TME; Sigma-Aldrich], the TME was left at room temperafure, sddsd
enough to the membranes to cover them, and allowed to react for 15 min
in the dark. Manufacture’s recommendation (Sigma Abdrich). Finally,
thee mimmbrames weres dried, scanned, and quantified ucing the Image] PC
version (WIH, Bethesda, MD, USA) The resalts were normalized by
setting the demsitometry of the comtrol group as 1084,

275 A of cellular metmbolic capacity

Cellular metabolic capscity was d ding to the method
clogy used by Franco et al. (200%), where viable cells present in the
-mﬂ:.ﬂnuqhdd:ydmmu-mﬁumhmﬁl

flmoreseent mialecule, which can be quantified. First, 10 flies were ho-
mogenized in 500 pl of 20 M HEPES buffer (pH 7.0) and centrifiuged at
1000 g for 10 min. An aliguot of 20 pl. of supematant was used, it was
transferred to a microplate, and combined with a mixture of 180 pl. of
HEPES and 10 pl of resazrin. The samples wene kepe in the dark at
roeom temperatare for 1 band then resd at 8 wavelength of 573 nm. The
flmorescence intensity result of fve independent experiments was
expressed ns percentage in relation to the control group.

216, Stmhstical analysis

Far statistical anabysis of the data, the GraphPad Prism software
version & (San Disgo, CA, USA) was med, and o one-way anslysis of
wariance (ANOVA) was applied. Data normality was analyzed using the
Shapiro-Wilk test. For data that presented a normal distribution, the
Bonferroni test of multipls comparisons was ussd, and for data that did
mot have a normal distribation, the Eroskal-Wallis test was applisd.
Sarvival was determined using the log-mnk test (Mante-
Cox). Values of F < (.05 were considered statistically significant. AL
walues were expressed as mean <+ standard deviation (5D

3. EResults

41 K il and charecter

M les were fully d l by interfacial polymer
rlepndﬁumcﬂmd.ﬂnrlmﬂ'kmumil Table 1. Both for-

mulations showed namometric sime, popualation monodisperse and pH
dightly scid. Drug content was close 100% as well encapsulation mie

The statisticnl analysis showed that the mdﬁumpﬂm
coataining free curcumin (Fig. 2A) and curcamin-loaded

P e Comparisons showed that exposure to free curcamin at the
concentrations of 300 phd; [P = 00002]and 900 pM; [P = 0L0070]
(Fig. 2C), amd curcumin-loaded namocapsules at the concentrations of
10 pM; [F < 0.0001], 20 M [P = 0.0002], 100 ph; [F= 0.0015], and
300 pbE [P o= 0.0062] (Fiz. 20) improved the survival percentage
compared with the comtral groap.

A3 Performonce in foe negaiee geotos and open fidd befarvior] tests

To eval the I otor amd expl ¥ performance, negntive
geotnxis and open feld ﬂ:mpﬂ:ﬂuud.hm analysis
(one-wary ANOVA) showed that st the end of the 10th dey of exposure to
free cuncamin [P ag) = 4008; P = 0O00E1] and curcamin-losded nano-
upnjﬂﬂ'-‘tw—?.!ﬂiP-\: (03], there was a significant improve-
ment in the explomtory capacity in the negative geotmrs. The post hor
comparisons showed that free curcumin at the concenfrations of SO0 pA
[P = 0.048%] amd 3000 pM [F = 0.0059]; (Fig. 2A) and curcumin-loaded
manocapsules ot the concentrations of 30 phi; [P= 0.0031] and 100 phd;
[F = 0.0070] v Control; (Fig. JB) decreased the climbing time
compared with the comtrol group.

The statistical analysis (one-way ANOYA) showed that at the end of
hiﬁﬁ&rdwbh&m [Fisam = 12.71; P < 0L0001]
and losded des [Fiaas) = 5.05; P = 000040], there
was i significant mhmﬂm}m
in the open field test. The post hoe comparisons showed that free cur-
cumin at the concentrations of 300 pbM; [P = 0.000 1], S00 pM; [P =
LO02E], and 3000 pM [P = LOO0Z] vs Control; (Fig. 2C) and curcumin-
loade] nanorapsules ot the concentrations of 30 phf; [P= 0.0020] and
'Il]ﬂpL[.[,P = (0323] vs Control; (Fiz. 2D) incressed the number of

= pared with the | group.

A4, Effect of free aroumin and arcrmin-dooded nanocapaules on ACHKE

The statictival amnlysis (one-wry ANOVA) showed that the exposure
of fies to free curcamin [Fig o = 3570 P = 0.0125] and corcumin.
loadsd manocapsules [Fiy o0y = B.78; P = 000003 vs Comtrol], for 10
days, reducsd AChE sctivity. The post hoc comparisons showed that
exposure to free curcamin at the concentrations of S0 phd; [F- 0L0GGE]
and 3000 p; [F= 0.017%] vs Controk; (Fig. 1A) and carcumin-loaded
manocapsules at the concentrations of 30 pM; [F = 00037] and 100
pd; [P = 0.0 197 ws Coatral; (Fig. 1B) decrensed AChE activity.

.LT %ﬂdﬁummﬂmbﬂﬂm@nﬂsm

ks amd aretiooid

A5.1. Levels of renctive species (RS} and thisharbinsric acd reactive
species (THARS)

Fig. & shows the effect of the exposure of flies to free corcumin and
cuntumin-loaded nanocapsules on oxidative stress indicotors. The sta-
tistical amalysis (one-way ANOVA) revealed that at the end of the
Elpn_\epﬂﬂmdnfil}ﬁpmﬁ'mm[?m—mPc Loaea]

(Fig. mndﬁhmmmmnﬁﬁ:m

Tbbe 1

Charscterization of anocapsules.

Pemumsier Crrmrmmin-loaded manccagmle
Dameter (mn) F_FS ]

Ibior de polidimerasn 00 + 041

pH [T EY -]

Encapmlation min L

Lrzg oL 100 + 1

and car im-londed manocapsules [Fig sy = 2335, P= (L0001], there
was 0 statistically significant reduction in BS levels. The post hoo com-
parisons showed that exposure to free curcamin (900 ph; [P = 0L0006]
and 3000 M [P < O0O0E] vs Controd; Fig. SA) amd curcumin-loaded
manceapsules (30 pM; [P < 000001] and 100 pM; [F < 0.000] vs Cos-
trol; Fig. GB) decressed RS levels.

Furthermore, the statistical analysis | ¥ ANOVA) ded that
exposure fior 10 days to free coroumin [Fre ) = 7.38; F < 000001 ] and
mmmumhmq-iﬂ P-\: I}M'l] reduced
TBARS levels. The post hoc to free
mmﬂn[mpll[?-ﬂ.mi] SO0 pbd; [F = I}III:IE-] -daompu,
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Fig. 2. Evaluation of the exposene o free curcemin (A} af the concentrations of 10, 30, 100, 300, 900, and 3000 pM, and cercumin-kaded nasocapales (5] &t the
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of te

bosithes conraining the diet, it wes verifiel wherher the

pertive diets was sctually oocwring. Graph C and D expevss te servival curve in

pﬂnﬂd:ﬂﬂuqﬂdmmmdhmmmm e

by 10 days, respectively. Dath e exprosed as mean =

standard deviarion (50, for o = 5-6 in each resmment-exposed group. wumu-rrunsnm

[P = (U007 4] v Comtrol; Fig. 50T amd curcemin-losded nanocapasles
(10 MG [P = 00004, 30 puM [P = 0.0008], 100 pM; [F= 0.0012], and
300 pht; [P = 0.0188] vs Costrol; Fig. S0 reduesd THARS levels.

52 wmmrmsmmﬂmr

The effect of exp to free and ic-loaded nanc-
capsules on the enzymatic activity of GST, 200, and CAT in the flies was
mtd-d&emhmmdhl—‘:g &, The statisticnl

't v ANOVA) led thae for 10 days to frees

m_udldplﬂnmtmlnﬁﬁ"l' [Figam = 3.61; F =
LOAES], SOD [Fip, 4p = 32.1% P < 0.0001]), and CAT activity [F ) =
14.61; P < 0.0001], & well as curcuminsloaded for G&T
[Fpq = B62; P= O.0008], SO0 [Frg o = 1632 P < 0L0001], and CAT
activity [Flazm= ZL48 F < 0.0001]. The post hoc comparisons showed
that exposare to fres curcumin (900 pM; [F= 0.0054] and 3000 u6; [P
= (L0Z8%] vs Control; Fig. SA) incressed GET activity, and (300, 200 =
3000 pM; [F < 000001] vs Control; Fig. C) increasad S0 activity, and
(00 phd; [P= 0.0477] amd 3000 pM; [P < 0.0001] vs Comtrol; Fig. & E)
increased CAT activity, and curcumineload ed manocapsules (30 pM; [P
= (L0004 and 300 A [P = 0.0107) vs Comtral;, Fig. 6B), increased GET
activity, and {30 pb [P < CLO0E], 100 ph; [P = 000013] and 300 uh;
[P = 0.0001] vs Controd; Fig. 60 imeressad SO0 acthvity, and (30 pb; [P
< 0U0001] and 300 pM; [P = 0U037E] vs Control; Fig. ©F), increased CAT
activity.
453 Western blotting analysis

Fig. 7 shows the effect of the exposurs of Hies to free corcumin and
tistical analysis (one-way AROVA) revealed that at the end of the 10-day
exposure period to free cuncumin 3000 pM; [Fi o= 5.41; P < 00016]

and corcumin-losded namorapeules 3000 pM; [Foy = 563 P =
L0028E], there was a statistically significant increase in Mrf2 immunc-
reactivity. mmmmmmmm&um
cumin (3000 pM; Fig 74), and il peiles (304 A
Fig. 7H), incrensed NriZ immunorenctivity vs Control.

A5.4. Effect on cellulor metabolic copacity
Fig. H:hnwlheeﬁmnllhemdﬂutoﬁ-&-mh-d
1 A an Fals e m
the resamurin mduelinn method The shtistical -.lly:k: {one=wmy
ANOVA) revealed that at the end of the 10-day exposare pericd to free
curcamin [F= 15.0% P = m%]ndm-hddmmlu
[P yq oy = Buill; P o= OLO0O3T], cellal holic capacity
mmmmmmfmm-[mm
[P < 0.00%1] vs Comtral; Fig. SA) and curcumin csded
(30 M [P < 0.0122], 100 ph; [P < 0.0102], and 300 pM; [P < 0L0041]
vs Comtrol; Fig. 4KY; increased cellular metabolic capacity.

4. Disrussion

The present study svaluated the potentinl toxic effect induced by
chronic sxposare to free curesmin amd curcominslosded nanocspaales
coated with F&0 i wvo models of [, melonogoster. Knowing that free
cuncumin can be toxic, in this sense, nanoparticles emerge o5 & alter:
mative to obtain therapeutic effects from smaller doses and with bower
tnadcity.

The characterization af in-loaded des developed in
our stady, mmmfﬂ&tﬂm}.pdjﬂimhh
<2 {0.0%8 = 0.041), negative zeta potential, pH slightly scid (6.6 = 0L2)
and drug losding close to 100%. Initially, dist comsumption was
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growup. Significancs i presented as * P - 0.05 v Comteal.

investigated to verify whether the free curcemin and curcumin-loaded
manceapsules wounld be readily sccepied by the Hies based on inste
Our results showed that there was no significant difference in diet
comsumption betwesn the evaluated groups. This is o fmvorshl=

A deviation (SD), for n— 5 in each meatment-expomed

d s mean =

et al. (017), which showed that exposing [r. melanogester to 1 mgsg of
free curcumin for 14 days did not result in any toxic effects. Likewise, a
dose-dependent increase in the lifespan of [, mdonogaster was observed
with a dist comtaining 1 ez of coreumin (Suekow and Sweleow, D006,
Bl , our study is consistent with Santos = al. (2021), who eval-

outcome, & it indicates there was neither pref nar inm to-
warnds the trestments. Therefore, amy subsequent significant differenee

wmabed the in vitne action. of different coatings of curcumin-loaded nano-
le=, including those coated with the amionic polymer P80, amd

chserved in the experiments cannot be sttributed to greater or small
comsumption of corncumin by the Sies.

Curcumin has been found to exhibit toxicity when administered in
high doses and with prolonged exposure (Alafiatayo et al, 20190
However, in this smdy, expaosnare to free curcamin and curcumin-loaded
manccapsules increased survival mtes. This not only suggestss the
absence of any toxic =ffects comsed by curcumin but sl indicates s
potential to enhamce the survival of healthy flies when compared to the
control group. This finding aliges with the study condwcted by Akinyemi

hmdlntmecﬂnﬂ:.l-lu‘llzm since in viino studies may not acoarmtely
reflert i wivo effects, our @ weo study becomes crocial. The resulis
in [ melmmogester.

Behavioral essessment related to locomotor and explomtory perfor-
manee in [ melonogoster is am important toxicity indieator (Musachio
etal, mm].hﬂ:empmm It'lrl:nl:mvdﬂ:ﬂlmﬂ:il\m

and ! ¥ juced the climbing time
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of the flies. This test evaluates the ability of fies to climb,

factors such as reflexes and mosele tope (Musachio =t al | z':lzﬁll.ﬂut
only were these chamecteristics unaffected, but an improvement in re-
flexes and climbing shility was actually observed. The exploratory ca-
pascity of the flies was also svaluated through the open fisld test, where
-mhhmﬂfm“mmﬂmﬁum
cumin and im-loadad To d these ob-
servations, mmmmmmmt-muymm
in toxicalogical smdiss, in addition to predicting exploratory behmviors
(Femandes et al., 2021} In our study, free

e is positively associabed with the ability to neutralize
mmﬂmmmm.mmmm
Abdaollahzadeh Estakhri et ol (3019), showed that curcumin mano-
micelles decrensed lpid peroxidation and BS, and attributed this effect
to the better direction of action of the substance when
mancencapsulated.

In addition, the smrymatic activity of GET, 500, and CAT, and the
immumnoresctivity of MriZ were evaluated in order to observe the de-

mﬂmmhmm
decreased AChE activity, showing that
mmhmummmdﬂmmm
from the open field test A decresce in AChE sctivity may lesd o an
increase in acetylcholine in the symaptic clefft, a neurotransmitter
respomsible for modulating motivation and attemtion  behmviors
(explomatory behandors) (Faure et al, 2014, which may explain the
improwed behavicral activity observed in this smdy throagh the negs.
tiwve geotaxis and open fisld tests. Locomotor alterations can also be
developed due to the exscerbated production of Reactive oxygen species
{HOS), 2 observed in models of degenerative di {de Freitns Coufn
et al, 201% Musachio et al, 2030) making the iovestigation of this
marker quite pertinent 85 & toxie mechenizm.

AOS hanve unpaired electrons in their structure that react with
wvarions macromolscales in ocells (Birken =t al | 2002 According to
Hamanaka and Chandel (2000), ROS are toxic metabolic by-prodocts
m@mwmmmmﬂ

im.ﬂ:gllutnpu_\ebime im mnad im-londed mano-
im in higher idering that the sappression of these enxy amd Mre2
m.mmmmmuwmhum
cumin and im-} les increased GST, 50D, and CAT

mmmmmm;:mmhu-mm
against oxidative damage in both mis and fies, ncressing the activity of
antioxidamt amd detoxifying emzymes mach as 500, CAT, apd GST
(Crpetmya et al., 20207 Samarghemdian =t al, 200170

Additionally, fres im amd im-loadsd l
mmm&, Flrﬂ:ﬂml\e.l:k:ﬂerntbm
that 1 les at a fon 10 times lower

mmmmmmmmmm. At
large, lower comcemtrations temd to hawe less toxde efects. In this sens=, it
s seen that curcumin can serve &5 an indocer of Nrf2 activaiion, as it is
Imown that its stractaral conformation fmvors the slimination of free
mdicals, restoring redox homenstasis, tansactivating a group of anti-
oxidsnt snrymes and preventing inflammstory migration (Trgillo =t al,
20139) The offect of free curcamin is already well described in the
[iterature, however, the =ffect of curoumin mancencapsulated in P8O

it oo the activity of these enrymes and of Nrf2 evaluated in cur

mon-enrymatic anticoidant systems that geserally pr ] the P
toxic effects of BOS (Uirben =t al., 'I.I1..£‘.L'I'.budnu.ltnr:lmml:b
I P &b antioxid o H. in I

the present study, the groups of flies exposed to free curcumin and
curcumin-loaded manccaprules showed decrensed levels of the
mon-enrymatic markers RS and TBARS. These results suggest that

study had not yet been elucidated fior in vivo models, which makes these

data unprecedented.
Moreover, in the resazurin reduction assay to evaluate the cellalar
l:eldmlinvnq:ld:ly nmpﬂnbmuﬁum-ﬂ.
1 the  cellul 1
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capacity, excluding any evidence of toadcity. These datn corroborate the
sty by Abdicllshzadeh Estalchn et sl (207%9) where corcumin mmae-
micelles had greater antioxidant pared o fres i

mctivity
mmmum:ﬂnﬂqmqmm
stion. The effects of fres i
nmmmmp@u}ummm
defenses.
hmmmhmh-lmnmﬁum
effects after 10 days of suppl Hao , it is warth
mum-wmmm:m
lower concentrations, while fres curcumin showed efect at higher
mury hanve fated the beneficial effects of in. Ths, the use of
low concentrations can represent o treatment, avoiding toxic efects,
which can derive from losger treatments.

8. Conchmsion

Our data provide evidence that with low doses of curcumin-loaded
it is already possible to positively modulate survival,
mmﬂq-ﬂ.mlﬂﬂymﬂﬁvﬂmndﬁhmb

activating and ddative stress in
D. melmnogaster. m:ﬁnﬂnﬁmhﬂmhdh
concentrations, observed in the eval was possibly asso-

mmmnmmmh-mn
mhhﬂwmﬂ;-ﬂmhmdm
This study ds whed that e bo cur
wﬂ!ﬁmmmﬁdmuﬂmﬁuﬁm
D. meanogaster, suggesting that curcumin nancencapsulation can be
explored.
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5.2 MANUSCRITO CIENTIFICO

Curcumin-loaded nanocapsules attenuate LPS-induced toxicity in Drosophila
melanogaster: through the mechanism of regulation of apoptosis and balance
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Abstract

The objective was to determine whether curcumin-loaded nanocapsules can protect
against damage induced by lipopolysaccharide (LPS), aiming to elucidate their
mechanisms of action in Drosophila melanogaster. Fifty flies (25 females and 25
males) were added to each treatment flask, and it was divided into the following 4
experimental groups: control (standard diet), LPS (250 pg/kg diet), curcumin-loaded
nanocapsules (10 pM), and the co-exposure to LPS and curcumin-loaded
nanocapsules. After 7 days of exposure, the LPS group was maintained with a
standard diet and the co-exposure group was maintained only with curcumin-loaded
nanocapsules, until the end of 10 days. The first analysis to be carried out was the
food consumption test, evaluated after 30 minutes of exposing the flies to the
treatment. The survival of flies was counted daily until the end of the 10 days of the
experiment. At the end of the 10th day of exposure, the flies were subjected to negative
geotaxis and open field tests, which were also used for biochemical dosages of
oxidative stress indicators, such as levels of reactive species (RS) and quantification
of malondialdehyde (MDA); activity of enzyme Glutathione-S-transferase (GST),
superoxide dismutase (SOD) and catalase (CAT); immunoreactivity of nuclear factor
erythroid-derived 2 (Nrf2) and of apoptotic marker the p38 mitogen-activated protein
kinases (MAPK), and cellular metabolic capacity by the resazurin test. No statistically
significant in diet consumption between the groups evaluated. Exposure to curcumin-
loaded nanocapsules protected against decreased survival, behavioral damage, and
changes in indicators of oxidative stress induced by LPS, in addition to increasing the
Nrf2 immunoreactivity, and decreased phospho-p38 MAPK immunoreactivity and
phospho-p38 MAPK/p38 MAPK ratio, and increased viability cell. These results
promote greater knowledge about the protective effect of curcumin-loaded
nanocapsules against LPS-induced damage through antiapoptotic activity and
antioxidant defenses.

Keywords: Curcumin; lipopolysaccharide; Antioxidant defenses; Antiapoptotic.
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1. Introduction

Some diseases and toxic agents act through different mechanisms that increase
oxidative stress and inflammatory processes (Ansari et al., 2020; Ramos-Gonzalez et
al., 2024; Sul and Ra, 2021). In this context, knowledge of compounds that have
potential action on oxidative stress and inflammation can be an promising alternative
to treat or alleviate symptoms of already established and untreated diseases, such as
osteoarthritis and multiple sclerosis (Ansari et al., 2020; Ramos-Gonzalez et al., 2024).
And still, stand out in the treatment of emerging diseases, as Coronavirus 2019
(COVID-19) (Huang et al., 2020; Polonikov, 2020), Zika virus (ZIKV), an infectious
agent that has also been was associated with inflammatory processes (Franca et al.,
2023; Morais et al., 2020).

In this sense, curcimn stands out as a notable exogenous antioxidant, the main
active component of the Curcuma longa rhizome, a bioactive compound, with a large
presence of polyphenolic substances that give it strong antioxidant and anti-
inflammatory properties, which comes being described as exogenous source due to its
ability to avoid free radical overload and protect biological systems (Aggarwal et al.,
2014; Pizzo et al., 2010). However, the high rate of metabolism and consequently
limited absorption (Kocaadam and Sanlier, 2017), as well as dose-dependent toxicity
(Alafiatayo et al., 2019; Balaji and Chempakam, 2010), significantly limit the use and
therapeutic effects of this compound. Thus, the use of nanoparticles has been an
alternative method proposed to control these limitations (Kamaly et al., 2016; Nazila et
al., 2016).

Nanoparticles can enhance circulation, and permeability and control metabolic
processes and interactions induced by curcumin (Mohamed et al., 2017). In recent

study, chronic treatment with high concentrations of curcumin nanoencapsulated in
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poly(E-caprolactone) (PCL) as polymer and polysorbate 80 as anionic surfactant, did
not cause toxicity, at the same time low concentrations showed an antioxidant effect,
and it was suggested that nanoencapsulation of curcumin could be explored
(Fernandes et al., 2023). These results demonstrated that it would be interesting to
evaluate the antioxidant potential of curcumin-loaded nanocapsules after exposure,
and the ability to protect D. melanogaster from toxicological damage. In view of this,
studies use lipopolysaccharide (LPS), an endotoxin present in the outer wall of gram-
negative bacteria to induce oxidative stress, inflammation, and apoptosis (Hou et al.,
2019; John et al., 2022), an endotoxin that can activate innate immune system and
Toll pathways and cause immunological reactions also of invertebrates (Okun et al.,
2011; Rao and Yu, 2010).

Associated with this, nuclear factor erythroid-derived 2 (Nrf2), a protein that acts
as a key regulator of the antioxidant system, is linked to Kelch-like ECH-associated
protein 1 (Keapl) in the cytoplasm. When exacerbated reactive species (RS)
production occurs, Nrf2 dissociates from Keapl and translocates to the nucleus, where
it transactivates genes responsible for the antioxidant response (Ji et al., 2013).
Apoptotic pathways that negatively regulate Nrf2 have been described, including p38
mitogen-activated protein kinases (MAPK) (Yamamoto et al., 2018). Therefore,
proteins that regulate Nrf2 should also receive special attention and be investigated.
Furthermore, the decrease in Nrf2 has been considered, therefore strategies that
protect or restore the Nrf2 pathway are a promising alternatives.

In this sense, we determined indicators of oxidative stress and apoptosis with
the objective of identifying whether curcumin-loaded nanocapsules protect against
damage induced by LPS, aiming to explore the action potential of curcumin-loaded

nanocapsules and possible future applications.
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2. Materials and methods

2.1 Chemicals

Free curcumin was purchased from Sigma-Aldrich (St. Louis, MO, USA) and
nanoencapsulated with the polymer P80, purchased from Sigma-Aldrich (St. Louis,
MO, USA). LPS from Escherichia coli 0111:B4, Sigma-Aldrich), at a concentration (250
Mg/kg of diet) was prepared by dissolving in distilled water and used in the treatment

(JOHN et al., 2022). The other reagents utilized were of analytical grade.

2.2  Production and characterization of curcumin-loaded nanocapsules

For the production of curcumin-loaded nanocapsules, the poly (e-caprolactone
(PCL) was utilized as polymer and coated with polysorbate 80 (P80) as nonionic
surfactant, through the interfacial polymer deposition method, according described by
(Santos et al., 2021), provided by the Nanobiotechnology Laboratory of the Federal
University of the Pampa, UNIPAMPA, Uruguaiana campus, RS, Brazil. Following this
method, the organic phase was composed of Curcumin, PCL (1% w/v), medium chain
triglycerides (TCM) (3.3% w/v), and Span 60® (0.78% w/v), dissolved in acetone, at
40 + 2 °C, was injected into the aqueous phase composed of distilled water and P80
(0.78% wi/v), which were maintained under magnetic stirring for 10 min. Subsequently,
a rotary evaporator was used to evaporate the acetone and obtain the desired final
concentration (Curcumin 0.6 mg. mL™1). Nanocapsules were characterized in terms of
diameter, polydispersity index (SPAN), pH, drug content, and encapsulation efficiency
(Santos et al.,, 2021). Analyzes were performed in triplicate. The diameter of the

nanocapsules and the polydispersity were analyzed by laser diffraction at room
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temperature and dilution of the sample in deionized water, using the Mastesizer 2000
equipment (Malvern®), and by dynamic light scattering in which the suspensions were
diluted in NaCl 0.9% (w/v) (previously filtered) (NanoBrook 90Plus Zeta,
BrookHaven®). The pH of the formulations was determined through measurements of
the formulations, using a potentiometer (HANNA®) previously calibrated with pH 7.01
and 4.01. To determine the drug content, the formulations were dissolved in methanol,
filtered, and quantified by high-performance liquid chromatography with a diode array
detector (HPLC-PDA), using a method previously validated by the research group de
Oliveira Pacheco et al. (2022). The encapsulation efficiency was determined by the
ultrafiltration/centrifugation technique (Ultrafree-Millipore®), in which the suspension
was centrifuged at 1960 g for 10 min at 4°C, and the ultrafiltrate was quantified by
HPLC-PDA, determining the concentration of curcumin. All analyses were performed

in triplicate.

2.3 Drosophila melanogaster stock and culture

D. melanogaster (Harwich strain) flies obtained from the Laboratory of
Pharmacological and Toxicological Evaluations Applied to Bioactive Molecules, of the
Federal University of Pampa (Campus Itaqui, Rio Grande do Sul State, Brazil). The
flies were reared and maintained under 12 h dark/light cycle conditions, temperature,
and relative humidity (25 + 1°C; 60-70%). The flies were kept in glass flasks, standard
diet containing (76.59% corn flour, 8.51% wheat germ, 7.23% sugar, 7.23% milk

powder, 0.43% salt, 0.08% methylparaben).

2.4 Experimental methodology
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The experiment schedule was carried to determine the effect of curcumin-
loaded nanocapsules on LPS-induced damage. For that our study used D.
melanogaster (1-3 day old). Fifty flies were added to each treatment flask (25 females
and 25 males). Curcumin-loaded nanocapsules and LPS (dissolved in water) were
homogeneously mixed in 10 mL of standard diet and divided into the following
experimental groups: control (a standard diet), a standard diet with LPS (250 ug/kg
diet), curcumin-loaded nanocapsules (10 uM) and the co-exposure to LPS and
curcumin-loaded nanocapsules, maintained for 10 days in the treatment flask. Flies
were exposed to LPS for 7 days, after the LPS group was maintained on a standard
diet. Flies were exposed to curcumin-loaded nanocapsules for 10 days, to the
curcumin-loaded nanocapsules (10 uM) and the co-exposure (LPS and curcumin-
loaded nanocapsules) groups.

The concentration of LPS (250 pg/kg diet) and experimental period were
selected based on the study of John et al. (2022), which showed that 75% of flies died
during the experimental period and increased oxidative stress when compared to
control. The concentration of curcumin-loaded nanocapsules was chosen based in our
previous study (Fernandes et al.,, 2023), which showed that curcumin-loaded
nanocapsules in concentration of 10 uM did not alter oxidative stress markers and
increased the survival percentage of the flies. In this sense, we tested whether this
concentration 10 uM of curcumin-loaded nanocapsules protects the damage induced
by LPS to understand its effectiveness.

The first analysis to be carried out was the food consumption test. The survival
of flies from each experimental group was counted daily until the end of the 10 days of
the experiment. At the end of the 10th day of treatment, the flies were subjected to

negative geotaxis and open field tests to evaluate locomotor and exploratory activity,
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as well as were euthanized on ice for the determination of oxidative stress indicators,
such as RS levels and MDA content; activity of enzyme Glutathione-S-transferase
(GST), superoxide dismutase (SOD) and catalase (CAT), immunoreactivity of Nrf2 and
apoptotic marker p38 MAPK; and cellular metabolic capacity by the resazurin test.

These assessments are demonstrated in the experimental methodologies (Figure 1).

2.5 Food consumption

The food consumption was assessed according to Sun et al. (2013). Five flies
per group were transferred to each flask containing the treatment medium with the
addition of 0.5% blue dye (FD&C Blue dye #1, Sigma Aldrich). The flies were fed in
this medium for 30 minutes, after exposure time, flies were rapidly transferred to a
microcentrifuge tube and euthanized on ice, and the body was separated from the
head, and only the body was used. The Five bodies from each group were
homogenized in 200 pL of distilled water and centrifuged at 12,000 g per 2 min. The
absorbance of the supernatant was measured on a microplate reader at 625 nm. The
absorbance of the fly supernatant who consumed the diet without dyes was used as a
standard curve. A total of 40 flies were used per group. For this experiment, eight
independent experiments were carried out (n = 8). The absorbance results of eight

independent experiments were expressed as percentage compared with the control

group.

2.6  Survival percentage
The percentage of survival was evaluated during 7 days of exposure, counting
the number of live flies every 24 hours, counting was carried out until the end of the

10-day experimental period. Each group contained 50 flies. A total of 300 flies per
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group were utilized. For this experiment, 6 independent experiments were carried out
(n = 6). The data were compared using the Log-rank test (Mantel-Cox), and results

were expressed as the percentage of surviving flies (Fernandes et al., 2021).

2.7 Behavioral tests

2.7.1 Negative geotaxis

Assessment of locomotor and climbing performance, in the negative geotaxis
test was evaluated according to the methodology described by Feany and Bender
(2000), with some modifications. At the end of 10 days of exposure to the treatment,
five flies from each group were used for the test. The flies were individually transferred
to clear tubes. After 10 min of recovery, the tubes containing the flies (one at a time)
were tapped lightly on a bench so that the flies remained at the bottom of the tube, with
the aid of a stopwatch, the time spent by each fly to reach the 8 cm, measured from
the base of the tube. Each fly had a time maximum of 120 seconds to scroll the
apparatus until reaching 8 cm. The test was repeated five times for each fly, and the
time interval between one repetition and another for each fly was 3 min. A total of 250
flies per group were utilized. For this experiment, 5 independent experiments were
carried out (n = 5). The data were analyzed according to individual time. Data are

expressed as the time mean in seconds of five independent experiments.

2.7.2 Open field
To evaluate the exploratory activity, the open field test was performed as
described by Connolly (1966) with modifications by Musachio et al. (2020). The flies

were briefly anesthetized on ice, were separated five flies from each group, and
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individually added to a transparent polycarbonate Petri dish (9 mm in diameter),
divided by squares measuring 1 cm2 each, slightly marked with a thin line. After the 2-
minute recovery period, the test was started. This time is indicated to restore the flies'
anesthesia and acclimatize them to the plate. The number of crossings covered by
each fly was observed and visually counted, and determined during 60 seconds, timed
using a stopwatch. The activity was obtained by counting the number of squares that
each fly traveled in 60 seconds. A total of 250 flies per group were utilized. For this
experiment, 5 independent experiments were carried out (n = 5). The test was
performed in duplicate and the mean values were calculated. Data represent the mean

of the number of squares of five independent experiments.

2.8 Samples preparation for biochemical analysis

Samples were prepared to perform biochemical analysis at the end of the 10th
day of exposure, the flies were euthanized on ice, homogenized, and centrifuged
according with the protocol for each analysis. The supernatant for each sample was

used in the analysis.

2.9 Determination of protein concentration
The determination of protein concentration in the samples was carried out as
described by Bradford (1976), and bovine serum albumin (BSA) was used as a

standard. Samples were read at a wavelength of 595 nm and read in duplicate.

2.10 Quantification of reactive species (RS)
The levels of RS were quantified according to the technique of Pérez-Severiano

et al. (2004). The technique is based on the oxidation of 2,7-dichlorofluorescein
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diacetate (DCFHDA) in the presence of RS, forming dichlorofluorescein (DCFH).
Initially, ten flies were homogenized in N-(2-hydroxyethyl) piperazine-N-(2-ethane
sulfonic acid) buffer (20 M HEPES, pH 7.0), and centrifuged at 1000 g for 5 min at 4°C.
Sequentially, 100 puL of sample supernatant tissue was transferred to a test tube,
together with 2890 pL of HEPES buffer and finally 10 uL of DCFHDA (1 mM). The
mixture was incubated for 1 hour in the dark at 36°C. After this incubation time, the
mixture was transferred to a quartz cuvette, and the fluorescence emitted by the
mixture reaction was read in a fluorimeter, using a 2.5 mm light beam, at an excitation
wavelength of 488 nm and 520 nm of emission. Seven independent experiments were

performed and the results were expressed as percentage compared with the control

group.

2.11 Quantification of lipid peroxidation

The evaluation of the lipid peroxidation was performed using the thiobarbituric
acid reactive species (TBARS), which measures the MDA content in the sample,
according to the method of Ohkawa et al. (1979), followed by some adaptations for D.
melanogaster. First, 12 flies were homogenized in 600 uL of HEPES buffer (20 M, pH
7.0), and the homogenate was centrifuged at 78 g for 10 min. Sequentially, 250 uL of
thiobarbituric acid (TBA, 0.8%, pH 3.2), 250 L of acetic acid (0,45 M, pH 3.4), 50 uL
of distilled water, 100 pL of sodium dodecyl sulfate (1.2%), and 100 pL of sample
supernatant tissue, in that order they were added to a test tube. After 2 hours of
incubation in a water bath at 95 °C, the samples were cooled to room temperature and
transferred to microplates. The samples were read in a microplate reader at a

wavelength of 532 nm. The results were corrected to the protein value of the sample,
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and the results of seven independent experiments were expressed as nmol MDA/mg

protein.

2.12 Determination of the activity of detoxifying enzyme Glutathione-S-
transferase (GST)

The activity of the GST enzyme was performed according to the method
described by Habig and Jakoby (1981). To prepare the samples, 12 flies were
homogenized in 600 uL of a HEPES buffer (20 M, pH 7.0), and centrifuged at 78 g for
10 min. After, the sample supernatant tissue was removed and used for analysis. Was
added, 10 uL of the supernatant was transferred to a microplate, and 185 pL of the
mixture was added, consisting of 0.25 M Kpi/ EDTA buffer (2.5 mM, pH 7.0), 100 mM
GSH, and distilled water. To finish, 5 pL of 50 mM 1-chloro-2-4-dinitrobenzene (CDNB)
was added to initiate the reaction. The reading was performed at a 340 nm wavelength
for 2 min. The protein value of the sample was used to correct the absorbance results,

and the results of seven independent experiments were expressed as mU/mg protein.

2.13 Determination of the activity of antioxidant enzymes superoxide

dismutase (SOD) and catalase (CAT)

The evaluation of SOD activity was performed according to the protocol
described previously by Misra and Fridovich (1972), with modifications by Sun and
Zigman (1978). In preparation of samples, 12 flies were homogenized in 600 pL of a
HEPES buffer (20 M, pH 7.0), and centrifuged at 78 g for 10 min. The analysis was
performed in microplates, where 6, 12, and 18 uL of the sample were pipetted, as well

as 254, 248, and 242 pL of Na2COs sodium carbonate buffer (57.7 mM, pH 11.40, kept
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at a temperature of 30°C), respectively, and 30 pL of epinephrine (6 mM), dissolved in
0.1M HCI (200 pL of HCI, over 9.8 pL of distilled water, pH 2.0). The blank was
prepared with 260 pL of Na2COs buffer was used, plus 30 pL of the epinephrine
solution. The 3 different sample volumes are applied due to the need to achieve a delta
capable of observing that SOD can inhibit the auto-oxidation capacity of epinephrine
in adrenochrome by 50%. Therefore, each unit of the enzyme corresponds to the
amount of enzyme necessary for this to happen (50% inhibition). This method consists
on the inhibition of the superoxide anion reaction in the autoxidation of epinephrine.
The absorbance of different sample volumes was determined by evaluating the
formation of a pink adrenochrome product at a wavelength of 480 nm, and a kinetic
cycle with 12 readings of 10 seconds. The protein value of the sample was used to
correct the results, and the results of seven independent experiments of each group

were expressed as U/mg of protein.

The evaluation of CAT activity was assessed according to the methodology
used by Aebi (1984). For this, 5 uL of the sample and 195 pL of the mixture consisting
of 0.25 M Kpi buffer/2.5 mM EDTA pH 7.0, distilled water, 30% hydrogen peroxide
(H202), and Triton X100 (0.012%) were added to the microplate. The reading of the
decomposition of H202 was evaluated at a wavelength of 240 nm, for 120 seconds.
The protein value of the sample was used to correct the results. The results of seven
independent experiments of each group were expressed as U/mg of protein, where
one CAT unit (U) refers to the enzymatic activity necessary to decompose 1 umol of

H202/min.

2.14 Western Blot Analysis
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The Western blotting analysis in samples of D. melanogaster was conducted
according with the methodology of Guerra et al. (2012) with some modifications by
Maitra et al. (2019). For the analysis, 30 flies were used, which were immediately
transferred to a microcentrifuge tube, euthanized in ice, and homogenized in 300 uL
of ice-cold buffer. The buffer constituting of 10 Mm KCI, 2 mM MgCl2, 1 mM EDTA, 1
mM NaF, 10 yg/mL aprotinin, 10 mM B-glycerolphosphate, 1 mM PMSF, 1 mM DTT,
and 2 mM sodium orthovanadate in 10 mM HEPES (pH 7.9). The samples were then
incubated on ice for 15 min and centrifuged at 16,000 g for 45 min at 4 °C, and the
sample supernatant was used, and the protein concentration was evaluated using the
protocol of Bradford (1976). The amounts of 80pug protein were mixed with a
concentrated loading buffer composed of 200 mM Tris, 10% glycerol, 2% sodium
dodecyl sulfate (SDS), 2.75 mM B-mercaptoethanol, and 0.04% bromophenol blue in
a 0.2:1 ratio, and boiled for 10 min.

The proteins were subjected to electrophoresis and were then separated by
12% SDS-PAGE, and the gels were transferred onto Amersham™ Protran® Premium
Western blotting nitrocellulose membranes, using Transfer-Blot® Turbo™ Transfer
System (1.0 mA; 30 min). B-actin staining was utilized as a positive control. First, the
membrane was blocked with 1% BSA in TBS-T (0.05% Tween 20 in Tris-borate saline),
and overnight was incubated with a specific primary polyclonal antibody anti-Nrf2
(1:1000, anti-mouse, sc-365949; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA), and anti-mouse p38 MAPK (1:1000; Cell Signaling Technology, Beverly, MA,
USA), anti-mouse phospho-p38 MAPK (1:1000; Cell Signaling Technology, Beverly,
MA, USA). After three washes in TBST for 10 min each, the membranes were
incubated for 2 hours with Horseradish peroxidase-conjugated secondary antibody

(1:5000, anti-mouse IgG-HRP; sc-516102; Santa Cruz Biotechnology, Inc.).
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Protein bands were visualized with 3,3',5,5-Tetramethylbenzidine (TMB;
Sigma-Aldrich), the TMB was left at room temperature, added enough to the
membranes to cover them, and allowed to react for 15 min in the dark. Manufacturer's
recommendation (Sigma Aldrich). To complete the analysis, the membranes were
dried, scanned, and quantified using the Imaged PC version (NIH, Bethesda, MD,
USA). The results were normalized by setting the densitometry of the control group as

100%.

2.15 Evaluation of Cellular Metabolic Capacity
For the evaluation of cellular metabolic capacity, the method described by

Franco et al. (2009), was used. The method is based on the ability of viable cells
present in the sample, through dehydrogenases, to reduce resazurin to resorufin,
which presents fluorescence and can be quantified. Ten flies were homogenized in
500 pL of Tris buffer (20 mM, pH 7.0) and centrifuged at 1000 g for 10 min. An aliquot
of 20 pL of supernatant was used, it was added to a microplate, combined with 180 pL
of Tris (20 mM, pH 7.0) and 10 pL of resazurin, and sequentially quantified at a
wavelength of 573 nm. The result of eight independent experiments was expressed as

percentage in relation to the control group.

2.16 Statistical analysis

Statistical analyses of the data were carried out using the GraphPad Prism
software version 8 (San Diego, CA, USA). The analyses of the data were performed
by two-way analysis of variance (ANOVA). Bonferroni’s post hoc test was used.
Analyses of data for survival were carried out using the log-rank test (Mantel-Cox). In

all the groups, differences were considered statistically significant among groups with
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values of P < 0.05. All data values were expressed as mean and standard error of the

mean (SEM).

3. Results

3.1 Curcumin-loaded nanocapsules development and characterization
Nanocapsules were developed by interfacial polymer deposition methodology.

The characterization of curcumin-loaded nanocapsules is shown in Table 1. The

curcumin-loaded nanocapsules presented nanometric size, population monodisperse,

negative zeta potential, acidic pH, and drug content was 100%.

Table 1. Characterization of curcumin-loaded nanocapsules

Parameter D1

Diameter 43, (hm) (LD) 199.33+ 1.3

SPAN (LD) 1.744 £ 0.019
Diameter (nm) (DLS) 228.76 £ 1.20
Polydispersity index (DLS) 0.095 + 0.013

Zeta potential (mV) -15.13 £ 0.35
pH 5.83 £ 0.02
Absolute Drug Content (%)100.23 + 0.67

3.2 Food consumption and survival percentage.
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The effects of exposure to curcumin-loaded nanocapsules and LPS in food
consumption and survival percentage of D. melanogaster are shown in Figure 2 (A and
B). Statistical analysis revealed that there was no significant difference for the
interaction factor (curcumin-loaded nanocapsules vs LPS) on the food consumption
[F,16) = 29.37; P < 0.0001] (Figure 2A). The Log-rank test (Mantel-Cox) showed that
exposure to LPS (250 ug/kg), significantly decreased the survival of flies over
experimental period compared to the control group [P < 0.0001]. Post hoc comparisons
revealed that exposure to LPS decreased the survival (Figure 2B) of flies. The co-
exposure with curcumin-loaded nanocapsules protected against the survival decrease

induced by LPS.

3.3 Performance in behavioral tests

Negative geotaxis and open field behavioral tests are shown in Figures 3 (A and
B). Statistical analysis revealed a significant difference for the interaction factor
(curcumin-loaded nanocapsules vs LPS) on the negative geotaxis test [F(1,16) = 64.59;
P < 0.0001] and open field test [F,16) = 29.37; P < 0.0001]. Post hoc comparisons
revealed that the exposure to LPS increased the climbing time (Figure 3A) and
decreased the crossing number (Figure 3B) of flies. The co-exposure with curcumin-

loaded nanocapsules protected against the damage locomotor induced by LPS.

3.4 Protective effect of curcumin-loaded nanocapsules on oxidative stress

and antioxidant defenses after exposure to LPS

3.4.1 Reactive species (RS) and lipid peroxidation
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The protective effect of curcumin-loaded nanocapsules on RS e e lipid
peroxidation in D. melanogaster exposed to LPS are shown in Figure 4 (A and B).
Statistical analysis showed a significant difference for the interaction factor (curcumin-
loaded nanocapsules vs LPS) on the RS levels [Fa.24) = 19.52; P = 0.0002] and MDA
content [F(1,24) = 21.65; P = 0.0001]. Post hoc comparisons showed that the exposure
to LPS increased RS levels (Figure 4A) and MDA content (Figure 4B) of flies. The co-
exposure with curcumin-loaded nanocapsules protected against the increase RS

levels and MDA content induced by LPS.

3.4.2 Activity of the GST detoxifying enzyme, and antioxidant enzymes SOD and

CAT

The activity of GST, SOD and CAT enzymes are shown in Figure 5 (A, B and
C). Statistical analysis showed a significant difference for the interaction factor
(curcumin-loaded nanocapsules vs LPS) on the GST activity [F@24 = 12.60; P =
0.0016], SOD activity [F@a,24) = 23.03; P < 0.0001] and CAT activity [F@a,24) = 28.64; P <
0.0001]. Post hoc comparisons revealed that the exposure to LPS decreased the GST
activity (Figure 5A), SOD activity (Figure 5B) and CAT activity (Figure 5C) of flies. The
co-exposure with curcumin-loaded nanocapsules protected against the decrease in

the GST, SOD, and CAT activity induced by LPS.

3.4.3 Western Blotting
3.4.3.1 Regulation of Nrf2: Balance redox

The evaluation of Nrf2 immunoreactivity is shown in Figure 6. In statistical
analysis was possible to observe that there was a significant difference for the

interaction factor (curcumin-loaded nanocapsules vs LPS) on Nrf2 immunoreactivity
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[F(,12) = 80.55; P < 0.0001]. Post hoc comparisons revealed that the exposure to LPS
decreased Nrf2 immunoreactivity. The co-exposure with curcumin-loaded
nanocapsules protected against the decrease in the Nrf2 immunoreactivity induced by

LPS.

3.4.3.2 Regulation of apoptotic markers

The evaluation of the total p38, phospho-p38 and phospho-p38 MAPK/p38 MAPK ratio
immunoreactivity, are shown in Figure 7 (A, B and C). Statistical analysis showed that
there was no significant difference for the interaction factor (curcumin-loaded
nanocapsules vs LPS) on the total p38 [Fa,12) = 49.75; P = 0.4941]. Still, the statistical
analysis showed a significant difference for the interaction factor (curcumin-loaded
nanocapsules vs LPS) on the phospho-p38 [Fa,12) = 56.13; P < 0.0001] and phospho-
p38 MAPK/p38 MAPK ratio immunoreactivity [Fa.12) = 17.32; P = 0.0013]. Post hoc
comparisons revealed that exposure to LPS increased the phospho-p38 MAPK
immunoreactivity (Figure 7B) and phospho-p38 MAPK/p38 MAPK ratio
immunoreactivity (Figure 7C). The co-exposure with curcumin-loaded nanocapsules

protected against the damage apoptotic induced by LPS.

3.4.4 Cellular Metabolic Capacity

The evaluation of cellular metabolic capacity is shown in Figure 8. Statistical
analysis showed a significant difference for the interaction factor (curcumin-loaded
nanocapsules vs LPS) on cellular metabolic capacity [F(1,28)= 39.89; P < 0.0001]. Post
hoc comparisons revealed that exposure to LPS decreased cellular metabolic capacity.
The co-exposure with curcumin-loaded nanocapsules protected against the decrease

in the cellular metabolic capacity induced by LPS.
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4. Discussion

It is important to highlight that this is the first study to determine the potential
protective effect of curcumin-loaded nanocapsules on changes in apoptosis and redox
balance induced by LPS in D. melanogaster. In the present study, we obtained
promising results regarding the protective effect of nanocapsules containing curcumin
in D. melanogaster exposed to LPS. It was observed that curcumin-loaded
nanocapsules at a concentration of 10uM were able to protect against LPS-induced
damage, through the regulation of oxidative stress indicators, the apoptosis and redox
balance pathways, mediated by p38 MAPK/Nrf2.

In relation to the characterization, curcumin-loaded nanocapsules presented
adequate size, with nanometric values, and formation of monodisperse systems,
indicating uniformity of the nanoparticles. Furthermore, was obtained a negative value
for the zeta potential, attributing lower surface tension between the nanoparticles and
the cells and 100% encapsulation efficiency. These results show that nanocapsules
can be safely used as a carrier for the bioactive compound curcumin.

Additionally to the characterization of nanocapsules, the food consumption of
the four treatment groups was then evaluated, as a form of control, seeking to prevent
any result obtained from being attributed to the properties of the curcumin-loaded
nanoparticles. It was observed that there was no significant difference in food
consumption between the groups evaluated. It was found that the flies from the
different groups were consuming the food equally. From this result, we can state that
any subsequent significant differences observed in the study cannot be attributed to
greater or lesser consumption of the diet by the flies. When evaluating survival, our

results show that curcumin-loaded nanocapsules protected against LPS-induced
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damage in survival percentage. Corroborating our study, it was described that
curcumin prevented mortality after exposure to the toxic compound copper sulfate in
D. melanogaster (Abolaji et al., 2020), and increased survival in D. melanogaster under
heat stress conditions (Chen et al., 2018).

Moreover, we observed that exposure to LPS compromised locomotor and
exploratory performance in negative geotaxis and open field tests. It has been
described that exposure to LPS promotes greater vulnerability to degeneration of
dopaminergic neurons and locomotor damage (Frank-Cannon et al., 2008). The toxic
effect of LPS has been attributed to oxidative damage, which damages all major
cellular constituents and activates toll-like receptor complexes that lead to neuronal
cell death (Okun et al. 2011), and giving inflammatory and immunological responses
(Hsieh et al., 2021).

It was observed with great significant difference that curcumin-loaded
nanocapsules protected against LPS-induced damage in locomotor performance of D.
melanogaster. These data provide us with evidence of the protective effect of
nanocapsules containing curcumin at a concentration of 10 uM against LPS toxicity in
D. melanogaster. The effect was possibly obtained by a mechanism related to the
modulation of the redox balance. Corroborating our study, it was described that
curcumin prevented mortality after exposure to the toxic compound copper sulfate
(Abolaji et al., 2020), and increased survival in D. melanogaster under heat stress
conditions (Chen et al., 2018). Just as curcumin prevented behavioral damage induced
by LPS in rats (Reis et al., 2022).

To confirm the protective mechanism of curcumin-loaded nanocapsule
curcumin against oxidative stress, we evaluated oxidative stress markers RS and

peroxidation lipidic. We observed that exposure to LPS increased RS levels and MDA
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content. Exposure LPS also increased RS levels and increased MDA content in D.
melanogaster, induceded oxidative stress (Liu et al., 2023). Regarding the protective
effect of curcumin, favorable, we observed that curcumin-loaded nanocapsules
protected against the increase RS levels and MDA content induced by LPS.
Corroborating our study, it was proven that curcumin exerts antioxidant activity,
eliminating RS and inducing an antioxidant response (Dai et al., 2017). Likewise, it was
described that curcumin decreased MDA levels in Drosophila under heat stress
conditions (Chen et al., 2018), and decreased RS and MDA levels in rats treated with
Rotenone (Cui et al., 2016). In contrast, curcumin in low and medium doses reduced
the levels of MDA and RS, but in high doses, it increased the production of MDA and
RS (Lin et al., 2019), indicating that high doses can intensify oxidative stress. In this
sense, nanoencapsulation can be a strategy. Our previous study showed that
curcumin-loaded nanocapsules decreased RS and MDA levels, without causing a toxic
effect on D. melanogaster (Fernandes et al., 2023). In our current research, according
to the results obtained, we can suggest that curcumin-loaded nanocapsules protected
against oxidative stress.

It is known that oxidative stress is characterized as the accumulation of reactive
species (RS) or free radicals, which override antioxidant protection, decompensating
redox homeostasis (Guan and Lan, 2018; Halliwell, 2011), causing oxidative damage
to the cell and subsequently activating apoptosis signaling pathways (Guan and Lan,
2018; Redza-Dutordoir and Averill-Bates, 2016). The organism has antioxidant
systems that protect it against the increase in free radicals. The first line of defense is
the endogenous enzyme pathways, constituted primarily by enzymes antioxidants, and
detoxification, and through exogenous pathways, basically consisting of antioxidants

from food (Pisoschi and Pop, 2015; Soares et al., 2015).
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In our study, it was also observed that curcumin-loaded nanocapsules protect
the detoxifying and antioxidant defenses of D. melanogaster. The statistical results
demonstrated that LPS decreased the activity of the detoxifying enzyme GST, and
decreased the activity of the antioxidant enzymes SOD and CAT. It is known that LPS
induces oxidative stress and those enzymes that are modulated negatively under
conditions of oxidative stress (Hou et al., 2019). Exposure to curcumin-loaded
nanocapsules were able to significantly protect against LPS-induced decrease the
activity of these enzymes. The SOD enzyme catalyzes the superoxide anion (O %°) to
form H202, which is catalyzed by CAT to form H20, a non-toxic producer (McDermott,
2000). Based on our results, we can suggest that the effect of curcumin-loaded
nanocapsules on SOD and CAT activity, resultin less H202 and O 27, protecting against
LPS-induced damage. Curcumin-loaded nanocapsules neutralized free radicals and
modulated the activity of SOD, CAT and GSH enzymes. To further understand the
antioxidant effect of curcumin-loaded nanocapsules, we assessed Nrf2
immunoreactivity. We observed that LPS decreased Nrf2 immunoreactivity and that
curcumin significantly restored the immunoreactivity of this protein. These data confirm
the results obtained, where curcumin activates the Nrf2 signaling pathway and protects
cells against oxidative damage.

According to Balogun et al. (2003), curcumin stimulates the activity of the
hemoxygenase-1 (HO-1) gene, responsible for the inactivation of the Nrf2-Keapl
complex, which results in the release of Nrf2 from its suppressor Keap-1 allowing its
translocation to the nucleus, leading to increased binding of the Nrf2 transcription
factor to DNA in the antioxidant response element (ARE), a signaling pathway that
regulates the expression of a variety of enzymes. The antioxidant potential of curcumin

has been attributed to its structural conformation that contains two methoxyphenol
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rings joined by a B-diketone, groups that favor the elimination of free radicals, restoring
redox homeostasis, activating Nrf2 and consequently the antioxidant and detoxifying
enzymes (Balogun et al., 2003; Singh et al., 2011). Here, we suggest that curcumin-
loaded nanocapsules could neutralize free radicals, protect against oxidative stress
caused by LPS, and activate the Nrf2 signaling pathway and consequently SOD, CAT,
and GST enzymes, return to their normal activity.

Additionally, knowing that oxidative stress can induce apoptosis
(Samarghandian et al., 2014), and that the p38 MAPK protein that phosphorylates Nrf2
on three Ser residues (Ser215, Ser408, and Ser577), improving its interaction with
Keapl and reducing accumulation in the nucleus (Keum et al., 2006; Yamamoto et al.,
2018). However, Nrf2 does not accumulate in the cytosol, as Keapl only maintains it
in the cytosol to generate a complex with the E3-ubiquitin ligase based on Cullin 3
(Cul3)/Rbx1, inducing Nrf2 ubiquitination and its degradation by the proteasome
(Cores et al., 2020). Moreover, considering that p38 MAPK also stimulates the
oxidation of fatty acids (Shen et al., 2004). In this study, we evaluated the apoptosis
marker p38 MAPK and cellular metabolic capacity. We observed that LPS increased
phospho-p38 MAPK immunoreactivity and phospho-p38 MAPK/p38 MAPK ratio,
decreased cellular metabolic capacity and that curcumin-loaded nanocapsules was
able to restore these alterations. As in our research, other studies also demonstrate
the anti-apoptotic effects of curcumin (Fang et al., 2018; Uzun-Goren and Uz, 2022).
On the other hand, it has been described that free curcumin in higher doses caused
apoptotic, through increasing p38 MAPK activation (Hsiao et al., 2020), the effect that
may be related to the metabolism of free curcumin, but the metabolization mechanism
was not analyzed in these studies. It is known that free curcumin can have a high

metabolism rate (Kocaadam and Sanlier, 2017).
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The p38 MAPK proteins can phosphorylate and negatively regulate Nrf2, so the
decreased signaling of this pathway observed in our results may suggest that there
was no phosphorylation of Nrf2, which may have contributed to the increase in Nrf2
immunoreactivity and increased activity of GST, SOD and CAT enzymes in D.
melanogaster. Suppression of p38 MAPK signaling negatively regulates RS
homeostasis and increases fatty acid oxidation, and consequently cell survival (Zhao
et al., 2017). Based on our results, co-exposure to curcumin-loaded nanocapsules
reduced signaling in the p38 MAPK pathway, observed in the decrease of phospho-
p38 MAPK immunoreactivity and phospho-p38 MAPK/p38 MAPK ratio, which may
have contributed to the decreased RS and MDA levels. The curcumin-loaded
nanocapsules protected against increased p38 MAPK signaling, preserving cellular
integrity, protecting against apoptosis, and regulating redox balance, which could
potentially have promoted increased fly survival.

In this sense, markers of oxidative stress and redox balance, as well as markers
of apoptosis, provide us with evidence of the mechanism of action of curcumin-loaded
nanocapsules on the toxicological damage of LPS at the cellular level in D.

melanogaster.

5. Conclusion

The innovative results show that curcumin-loaded nanocapsules protected
against alteration in survival, locomotor performance, Nrf2 immunoreactivity, activity of
the enzymes GST, SOD, and CAT, phospho-p38 MAPK immunoreactivity and
phospho-p38 MAPK/p38 MAPK ratio, RS and MDA levels and cell viability LPS-
induced. Regulated the redox balance and presented antiapoptotic effects in D.

melanogaster exposed to the toxic agent LPS. These results demonstrate the potential
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of curcumin-loaded nanocapsules in combating oxidative stress and apoptosis,
suggesting that this mechanism of action can in the future be used in the search for

the treatment of many diseases and toxic agents that act through a similar mechanism.
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Legends

Figure 1. Graphical summary of experimental methodologies used.

Figure 2. Effect of exposure to LPS (250 ug/kg diet), curcumin-loaded nanocapsules
(10 yM), and the co-exposure to LPS and curcumin-loaded nanocapsules on (A) food
consumption and (B) survival percentage. Results are expressed as mean and
standard error of the mean (SEM), for n = 6-8 in each group. * Indicates statistically
significant differences (P < 0.05) compared to the control group. # Indicates statistically

significant differences (P < 0.05) compared to the LPS group.

Figure 3. Effect of exposure to LPS (250 ug/kg diet) for 7 days, curcumin-loaded
nanocapsules (10 uM) for 10 days, and the co-exposure to LPS and curcumin-loaded
nanocapsules for (7 and 10 days respectively) on (A) Negative geotaxis test and (B)
Open field test. Results are expressed as mean and standard error of the mean (SEM),
for n = 5 in each group. * Indicates statistically significant differences (P < 0.05)
compared to the control group. # Indicates statistically significant differences (P < 0.05)

compared to the LPS group.

Figure 4. Effect of exposure to LPS (250 ug/kg diet) for 7 days, curcumin-loaded
nanocapsules (10 uM) for 10 days, and the co-exposure to LPS and curcumin-loaded
nanocapsules for (7 and 10 days respectively) on (A) RS and (B) MDA content. Results
are expressed as mean and standard error of the mean (SEM), for n =7 in each group.
* Indicates statistically significant differences (P < 0.05) compared to the control group.

# Indicates statistically significant differences (P < 0.05) compared to the LPS group.
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Figure 5. Effect of exposure to LPS (250 ug/kg diet) for 7 days, curcumin-loaded
nanocapsules (10 uM) for 10 days, and the co-exposure to LPS and curcumin-loaded
nanocapsules for (7 and 10 days respectively) on the activity of the enzymes (A) GST,
(B) SOD, and (C) CAT. Results are expressed as mean and standard error of the mean
(SEM), for n =7 in each group. * Indicates statistically significant differences (P < 0.05)
compared to the control group. # Indicates statistically significant differences (P < 0.05)

compared to the LPS group.

Figure 6. Effect of exposure to LPS (250 ug/kg diet) for 7 days, curcumin-loaded
nanocapsules (10 uM) for 10 days, and the co-exposure to LPS and curcumin-loaded
nanocapsules for (7 and 10 days respectively) on Nrf2 immunoreactivity. Results are
expressed as mean and standard error of the mean (SEM), for n = 4 in each group. *
Indicates statistically significant differences (P < 0.05) compared to the control group.

# Indicates statistically significant differences (P < 0.05) compared to the LPS group.

Figure 7. Effect of exposure to LPS (250 ug/kg diet) for 7 days, curcumin-loaded
nanocapsules (10 uM) for 10 days, and the co-exposure to LPS and curcumin-loaded
nanocapsules for (7 and 10 days respectively) on apoptotic markers (8A) p38 MAPK
immunoreactivity, (8B) phospho-p38 MAPK immunoreactivity and (8C) phospho-p38
MAPK/p38 MAPK ratio immunoreactivity. Results are expressed as mean and
standard error of the mean (SEM), for n = 4 in each group. * Indicates statistically
significant differences (P < 0.05) compared to the control group. # Indicates statistically

significant differences (P < 0.05) compared to the LPS group.
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Figure 8. Effect of exposure to LPS (250 ug/kg diet) for 7 days, curcumin-loaded
nanocapsules (10 uM) for 10 days, and the co-exposure to LPS and curcumin-loaded
nanocapsules for (7 and 10 days respectively) on cellular metabolic capacity. Results
are expressed as mean and standard error of the mean (SEM), for n = 8 in each group.
* Indicates statistically significant differences (P < 0.05) compared to the control group.

# Indicates statistically significant differences (P < 0.05) compared to the LPS group.
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6. DISCUSSAO

Com os resultados obtidos na presente tese, obtivemos um conjunto de
informagdes, que nos fornecem evidéncias de que a exposicdo cronica a
nanocapsulas carregadas com curcumina revestidas com P80, nas concentracdes
avaliadas, ndo causou efeitos toxicos em D. melanogaster, e que com baixas doses
ja é possivel modular positivamente os marcadores avaliados, sugerindo que a
nanoencapsulagdo da curcumina pode ser explorada. Nesse contexto, dando
seguimento ao estudo, determinamos se nanocapsulas carregadas com curcumina na
menor concentracdo avaliada, poderia proteger D. melanogaster contra um agente
toéxico, nesse sentido, utilizamos a endotoxina LPS. Foi evidenciado informacdes
importantes, quanto ao efeito protetor de nanocapsulas carregadas com curcumina na
concentracédo de 10uM contra as alteragdes no perfil comportamental e moleculares
induzidas pela endotoxina LPS em D. melanogaster, através da regulacdo das vias
p38 MAPK/Nrf2. Vale destacar que este estudo é pioneiro em determinar o potencial
efeito protetor das nanocépsulas carregadas com curcumina nas alteracdes de
apoptose através da via p38 MAPK e no equilibrio redox pela via Nrf2, induzidos por
LPS em D. melanogaster

Inicialmente, tende em vista que a curcumina livre pode ser toxica, as
nanoparticulas surgem como alternativa. Em vista disso, o primeiro artigo foi
direcionado a avaliar o possivel efeito toxico induzido pela exposi¢cdo crbnica a
curcumina livre e nanocapsulas carregadas com curcumina revestidas com P80 em
modelos in vivo de D. melanogaster, através dos parametros de toxicidade.

Foi observado que com baixas doses de nanocapsulas carregadas com
curcumina ja é possivel aumentar a sobrevivéncia, diminuir a atividade da AChE e
logo aumentar o desempenho locomotor e exploratorio, diminuir o0 estresse oxidativo,
ativar as defesas antioxidantes, e aumentar as células viaveis. Os resultados sugerem
gue os presentes efeitos antioxidantes de nanocapsulas carregadas com curcumina
em baixas concentragdes, observado nos marcadores avaliados, foi possivelmente
associado a nanoencapsulacao, pois o revestimento parecia ser uma estratégia para

aumentar a atividade biolégica e diminuir a toxicidade da curcumina. E 0 mecanismo
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pelo qual a curcumina agiu, pode estar atribuido ao aumento de Nrf2, que ativou as
enzimas GST, SOD e CAT, favorecendo com a diminui¢ao dos niveis de RS e TBARS,
cooperando com a diminuicdo da atividade da enzima AChE e posteriormente
aumentando o desempenho comportamental, podemos ver, um conjunto de efeitos
protetores, que ativou as defesas antioxidantes e diminuiu o estresse oxidativo em D.
melanogaster.

Estes resultados estdo de acordo com o estudo, que mostrou que a curcumina
teve a capacidade de neutralizar o estresse oxidativo causado pela Zearalenona em
células da granulosa suina em um estudo in vitro (QIN et al., 2015), além de ativar a
via de sinalizacdo Nrf2 e proteger as células contra os danos oxidativos
(ASHRAFIZADEH et al., 2019), e também foi capaz modular as enzimas antioxidantes
em ratos (POAPOLATHEP et al., 2015).

No entanto, apesar das propriedades benéficas da curcumina, ela pode
apresentar toxicidade, dependendo muito da duracdo do tratamento e das doses
utilizadas. Altas doses de curcumina produzem efeitos pré-oxidantes e téxicos
(LOPEZ-LAZARO, 2008), danos no figado de roedores (BALAJI; CHEMPAKAM,
2010), aumentam a mortalidade e deformidades em embrides de peixe-zebra
(ALAFIATAYO et al., 2019). Nesse contexto, as nanocapsulas sdo consideradas uma
estratégia para aumentar a biodisponibilidade dos compostos, obtendo efeitos
terapéuticos a partir de doses menores e, apresentando menor toxicidade e evitando
os efeitos indesejaveis causados pela curcumina livre (NAZILA et al., 2016).

Dessa forma, os dados do presente estudo evidenciam que a exposicao cronica
de nanocapsulas carregadas com curcumina nas concentracdes avaliadas, nao
causou efeitos toxicos, e sdo alternativas seguras, e que com baixas doses ja é
possivel regular positivamente os marcadores avaliados. Podemos observar, que 0s
efeitos da curcumina livre, sé foi observado em concentra¢cdes maiores (300 e 900
MM), enquanto que os efeitos de nanocapsulas carregadas com curcumina, foi
observado nas concentracdes menores (10, 30 e 100 uM). Nos sugerindo, que
nanocapsulas surgem como alternativa para obter efeitos terapéuticos a partir de
doses menores, e que sdo capazes de melhorar a atividade biolégica da curcumina.

Quanto ao efeito protetor de nanocapsulas carregadas com curcumina em D.
melanogaster expostas ao LPS, no presente estudo, constatamos que a exposicéo a

nanocapsulas carregadas com curcumina foi capaz de regular a via p38 MAPK/Nrf2,
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combater a geracdo de compostos oxidantes, ativou o mecanismo de defesa
antioxidantes e controlou a ocorréncia de apoptose na célula.

Dessa forma, nossos achados permitem dizer, que tais efeitos observados,
principalmente antiapoptética e antioxidantes, estariam relacionados com a
diminuicdo da imunoreatividade da proteina phospho-p38 MAPK (p-P38 MAPK),
consequentemente, combatendo o estresse oxidativo causado pelo LPS, ao limitar os
niveis de metabdlitos da oxidagdo RS e malondialdeido (MDA), contribuindo para o
aumento da capacidade metabdlica celular das D. melanogaster. Assim como, a
diminuicdo de p-p38 MAPK, regulou a via do equilibrio redox, por meio do aumento
da imunoreatividade de Nrf2, contribuindo para a ativagdo da atividade da enzima
detoxificante e das enzimas antioxidantes, corroborando com o aumento da
sobrevivéncia e do desempenho locomotor e exploratério de D. melanogaster
expostas ao LPS. Nesse contexto, nanocapsulas carregadas com curcumina eliminou
0 excesso de radicais livres e aumentou as defesas antioxidantes.

Estes dados confirmam os resultados obtido por (FANG et al., 2018), onde a
curcumina reduziu a proteina p38 MAPK em fibroblastos cardiacos humanos. Assim
como, a curcumina atenuou a nefrotoxicidade induzida pela gentamicina em ratos,
diminuiu p-P38 MAPK e aumentou a imunorreatividade de Nrf2 no tecido renal em
ratos (UZUN-GOREN; UZ, 2022). Ademais, esses resultados sao corroborados com
os dados do estudo de REIS et al. (2022b), que mostrou que a curcumina preveniu
contra déficits comportamentais de ratos expostos ao LPS, e aumentou a translocacao
de Nrf2 para o nucleo celular, e propds que a prevencdo observada, pode ter sido,
possivelmente por um mecanismo ligado a modulacdo de Nrf2. Ainda, a curcumina
ativou a via Nrf2-Keapl e aumentou atividade das enzimas SOD, CAT e GPx, e em
doses baixas e médias diminuiu os niveis de MDA e RS, protegendo contra o estresse
oxidativo induzido por H202 em células RAW264.7 (LIN et al., 2019).

Com base nas evidéncias atualmente relatadas, sabe-se que 0 estresse
oxidativo decorre de um desequilibrio entre a manifestacéo sistémica de radicais livres
e a capacidade do sistema de defesa antioxidante, em inativar as espécies reativas e
reparar o dano celular (SCHIEBER; CHANDEL, 2014). As células, possuem a
presenca de sistemas antioxidantes, que catalisam a remocédo ou impedem a
formacédo de EROs (POLJSAK, 2011). Entre os sistemas antioxidantes e de resposta

celular ao estresse oxidativo, podemos destacar o Nrf2, o qual participa da ativagao
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de uma variedade de enzimas mediante ligacdo ao ERA (CHEN et al., 2015). A partir
dessa ligacdo sé&o expressas enzimas antioxidantes SOD e CAT, e de detoxificacéo
(GST e GPX, entre outras (LEE; PARK, 2021), que atuam eliminando EROs.
Sabendo da importancia desses sistemas, e que quando ocorre um
desequilibrio, tendo uma producéo excessiva de EROs ou deficiéncia nos sistemas
de defesas antioxidantes, manifesta-se 0 estresse oxidativo, que pode levar a
disfuncdes e morte celular (ZINCZUK et al., 2020). Sendo assim, podemos dizer que
nanocapsulas carregadas com curcumina avaliadas nesse estudo, atuaram nesses
sistemas de defesa, regularam positivamente as vias p38 MAPK/Nrf2, ativando

enzimas de defesa, catalisando a remoc¢ao de metabdlitos toxicos.
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7. CONCLUSOES

Nosso estudo mostra que a exposi¢ao crénica a curcumina livre e nanocapsulas
carregadas com curcumina ndo causou efeitos toxicos. Outro achado importante é
que baixas doses de nanocapsulas carregadas com curcumina modularam
positivamente todos os marcadores de toxicidade avaliados, essa vantagem foi
associada possivelmente a nanoencapsulagdo, que € proposta para aumentar a
atividade biolégica e diminuir a toxicidade da curcumina. A partir da auséncia de
toxicidade, foi possivel avaliar o efeito protetor de nanocapsulas carregadas com
curcumina. Onde podemos identificar, que nanocapsulas carregadas com curcumina
protegem contra danos induzidos por LPS. Regulou positivamente as vias p38 MAPK/
Nrf2, mostrando ter um efeito antiapoptético, e antioxidantes ao regular o equilibrio
redox em D. melanogaster exposta ao agente téxico LPS. Podemos sugerir que
nanoencapsulagao de curcumina em P80 potencializou positivamente seus efeitos e

pode ser explorada de forma segura em possiveis aplica¢des futuras.
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Figura 7: Resumo dos resultados
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