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Resumo

RODRIGUES, Emilly Fiuza. Potencial Antioxidante e Anti-inflamatério do
Extrato Nanoencapsulado de Araga Vermelho (Psidium cattleianum) em
Tecido Cerebral e Cultura Primaria de Astrécitos. 2025. 72 f. Dissertagao
(Mestrado em Bioquimica e Bioprospec¢ao) - Programa de Pds-Graduagao em
Bioquimica e Bioprospecgéao, Centro de Ciéncias Quimicas, Farmacéuticas e de
Alimentos, Universidade Federal de Pelotas, Pelotas, 2025.

O araga vermelho (Psidium cattleianum) destaca-se pelo seu elevado teor de
compostos fendlicos, reconhecidos por suas propriedades antioxidantes e anti-
inflamatdrias. Entretanto, a baixa biodisponibilidade e estabilidade desses
compostos podem limitar sua eficacia biolégica. A nanotecnologia surge como
uma estratégia promissora para potencializar sua eficacia e aplicabilidade
terapéutica. Este estudo investigou os efeitos do extrato livre e nanoencapsulado
de araca-vermelho sobre parametros oxidativos e inflamatérios em tecido
cerebral de ratos e em cultura primaria de astrocitos expostos ao
lipopolissacarideo (LPS). As nanocapsulas revestidas com zeina contendo 0%,
30% (100 e 200 pg/mL) e 50% (v/v) (100 e 200 upg/mL) de extrato de P.
cattleianum, assim como o extrato livre (100 e 200 pg/mL), foram avaliadas em
um protocolo de estresse oxidativo in vitro, induzido por peroxido de hidrogénio
e sulfato ferroso, em tecido cerebral de ratos. No protocolo de cultivo celular, os
astrécitos foram tratados com o extrato livre (100 pg/mL) ou nanoencapsulado
de 50% (100 pyg/mL) por 72 horas e expostos ao LPS por 3 horas. Nestas células,
foram avaliados parametros de estresse oxidativo, atividade da
acetilcolinesterase (AChE) e niveis de interleucina-10 (IL-10). No modelo in vitro
de estresse oxidativo, apds uma hora de incubacgao, tanto o extrato livre quanto
0 nanoencapsulado reduziram os niveis de substancias reativas ao &cido
tiobartiturico (TBARS) de forma semelhante. Em relacédo aos niveis de nitrito, o
extrato nanoencapsulado mostrou-se mais eficaz que o extrato livre. Apds trés
horas de incubagao, o extrato nanoencapsulado apresentou maior efetividade na
reducdo dos niveis de TBARS em comparacgao ao extrato livre. Em astrdcitos, o
LPS reduziu a viabilidade celular e os niveis de IL-10, promoveu dano oxidativo
e aumentou a atividade da AChE. Ambos os tratamentos (extrato livre e
nanoencapsulado) preveniram essas alteragcbes, sendo que o extrato
nanoencapsulado demonstrou maior eficacia na prevencao das alteracées da
atividade da catalase (CAT), superoxido dismutase (SOD), AChE e dos niveis de
IL-10. Esses achados evidenciam o potencial antioxidante, anti-inflamatério e
glioprotetor do extrato de araca vermelho, reforcando a nanotecnologia como
estratégia promissora para potencializar as atividades biolégicas de compostos
bioativos no contexto da neuroinflamacao.

Palavras-chave: Nanocapsulas; Neuroprotecao; Fruto; Polifendis, Astrocitos,
antioxidante



Abstract

RODRIGUES, Emilly Fiuza. Antioxidant and Anti-inflammatory Potential of
the Nanoencapsulated Extract of Red Araca (Psidium cattleianum) in Brain
Tissue and Primary Astrocyte Culture. 2025. 72 f. Dissertation (Master’s in
Biochemistry and Bioprospecting) — Graduate Program in Biochemistry and
Bioprospecting, Center for Chemical, Pharmaceutical, and Food Sciences,
Federal University of Pelotas, Pelotas, 2025.

Red araca (Psidium cattleianum) stands out for its high content of phenolic
compounds, which are known for their antioxidant and anti-inflammatory
properties. However, the low bioavailability and stability of these compounds may
limit their biological effectiveness. Nanotechnology emerges as a promising
strategy to enhance their efficacy and therapeutic applicability. This study
investigated the effects of the free and nanoencapsulated extracts of red
strawberry guava on oxidative and inflammatory parameters in rat brain tissue
and in primary astrocyte cultures exposed to lipopolysaccharide (LPS). Zein-
coated nanocapsules containing 0%, 30% (100 and 200 ug/mL), and 50% (v/v)
(100 and 200 pg/mL) of P. cattleianum extract, as well as the free extract (100
and 200 pg/mL), were evaluated in an in vitro oxidative stress protocol induced
by hydrogen peroxide and ferrous sulfate in rat brain tissue In the cell culture
protocol, astrocytes were treated with the free extract (100 ug/mL) or the 50%
nanoencapsulated extract (100 ug/mL) for 72 hours and exposed to LPS for 3
hours. In these cells, oxidative stress parameters, acetylcholinesterase (AChE)
activity, and interleukin-10 (IL-10) levels were assessed. In the in vitro oxidative
stress model, after one hour of incubation, both the free and nanoencapsulated
extracts similarly reduced thiobarbituric acid reactive substances (TBARS) levels.
Regarding nitrite levels, the nanoencapsulated extract was more effective than
the free extract. After three hours of incubation, the nanoencapsulated extract
showed greater effectiveness in reducing TBARS levels compared to the free
extract. In astrocytes, LPS reduced cell viability and IL-10 levels, promoted
oxidative damage, and increased AChE activity. Both treatments (free and
nanoencapsulated extracts) prevented these alterations, with the
nanoencapsulated extract demonstrating greater effectiveness in preventing
changes in catalase (CAT) and superoxide dismutase (SOD) activity, AChE
activity, and IL-10 levels. These findings highlight the antioxidant, anti-
inflammatory, and glioprotective potential of red strawberry guava extract,
reinforcing nanotechnology as a promising strategy to enhance the biological
activities of bioactive compounds in the context of neuroinflammation

Keywords: Nanocapsules; Neuroprotection; Fruit; Polyphenols; Astrocytes;
Antioxidant
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1. INTRODUCAO

O araca, de nome cientifico Psidium cattleianum Sabine € uma pequena
fruta nativa do Brasil. A planta, pertencente a familia Myrtaceae, é amplamente
distribuida desde o estado da Bahia até o Rio Grande do Sul e possui capacidade
de se adaptar facilmente a diferentes condi¢cdes climaticas e tipos de solo. O
araca € uma fruta com sabor levemente acido e adocicado, podendo se
apresentar em dois diferentes morfotipos quando maduro, o amarelo e o
vermelho. As frutas podem ser consumidas in natura ou de forma processada
como doces, sucos e chas (Munieweg et al., 2023).

O fruto de P. cattleianum é rico em compostos bioativos, incluindo acido
ascorbico, carotenoides e terpenoides (Munieweg et al., 2023), sendo os
compostos fendlicos ou polifendis seus constituintes majoritarios. Estes podem
ser classificados em trés grupos principais: acidos fendlicos, flavonoides e nao
flavonoides (Swallah, 2020). Entre os acidos fendlicos presentes no fruto,
destacam-se os acidos galico, elagico, vanilico e p-cumarico. No grupo dos
flavondides, encontram-se a quercetina, mirecitina, catequina e kaempferol,
enquanto os compostos nao flavonoides incluem os taninos, como vescalagina
e castalagina (Lacorte et al., 2023; Mallmann, 2020).

A presenca desses compostos bioativos tem despertado o interesse da
comunidade cientifica devido aos seus potenciais beneficios a saude humana.
Estudos indicam que esses compostos possuem acao citotdxica contra células
cancerigenas, além de apresentarem atividades antifungica (Munieweg et al.,
2023), antimicrobiana (Filho et al., 2022), antidiabética (Cardoso et al., 2023) e,
principalmente, antioxidante (Filho et al, 2022; Pereira et al., 2020). Os
polifendis, provenientes do metabolismo secundario vegetal, sdo reconhecidos
por sua capacidade de combater diversas doencgas, devido a sua agao na
prevencdo da formacdo de radicais livres e na neutralizacdo dos danos
oxidativos que essas moléculas podem causar (Sharifi-rad et al., 2020; Swallah,
2020).

Durante os processos biologicos naturais, diversos compostos pro-
oxidantes sdo constantemente gerados. O organismo dispdée de um sistema
antioxidante enddgeno, constituido predominantemente pelas enzimas CAT,

SOD, glutationa peroxidase (GPx) e glutationa redutase (GSH), que regulam o
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equilibrio redox, evitando o acumulo excessivo de espécies reativas
(Olufunmilayo, Gerke-Duncan, Holsinger, 2023). No entanto, quando esse
equilibrio € rompido, ocorre o estresse oxidativo, que pode desencadear danos
as células, comprometendo a integridade da membrana plasmatica, inativando
enzimas essenciais, interferindo na divisdo celular e causando danos ao acido
desoxirribonucleico (DNA) (Sharifi-rad et al., 2020). Além disso, 0 estresse
oxidativo pode bloquear a geragao de energia e favorecer o desenvolvimento de
doencas metabdlicas e crénicas, incluindo diferentes tipos de cancer, bem como
a neuroinflamacao (Oliveira et al., 2020; Sharifi-rad et al., 2020; Aminjan et al.,
2019).

A elevada atividade metabdlica no sistema nervoso central (SNC) torna
neurdnios, astrocitos e micrdglias altamente vulneraveis ao estresse oxidativo
(Wrébel-Biedrawa et al., 2022). Os astrocitos exercem fungdes essenciais, como
a modulacao das respostas inflamatoérias, mas em condi¢des patoldgicas podem
contribuir para a liberagcdo exacerbada de mediadores pro-inflamatorios
amplificando a neuroinflamacéo (Zhao et al., 2024; Olufunmilayo, Gerke-Duncan
& Holsinger, 2023; Alvez, et al., 2021). Em contrapartida, moduladores anti-
inflamatdrios, como IL-10 e a acetilcolina (ACh), sao fundamentais na regulagcéo
da resposta glial, sendo que a enzima AChE constitui um alvo estratégico por
controlar a disponibilidade de ACh e, consequentemente regular a
neuroinflamacéao (Salkeni, Naing, 2023; Pacheco et al., 2018; Alvez et al., 2021).

O estilo de vida moderno, caracterizado por uma alimentacao
desequilibrada, sedentarismo, exposi¢ao a metais pesados, radiacao, aditivos
alimentares e poluicdo ambiental, contribui significativamente para o
desenvolvimento do estresse oxidativo (Kostoff et al., 2020). Diante desse
cenario, cresce a busca por produtos naturais como alternativas terapéuticas,
tanto pelo potencial de promocdo da saude quanto pelo valor econémico
associado ao aproveitamento sustentavel de recursos vegetais (Lacorte et al.,
2023).

Para otimizar a estabilidade, a biodisponibilidade e a bioatividade dos
constituintes bioativos extraidos dessas matrizes naturais, a nanotecnologia tem
sido aplicada, especialmente por meio do uso de nanocapsulas, estruturas
esféricas que carregam em seu nucleo agentes terapéuticos. Essas estruturas

microscopicas protegem os compostos ativos da degradacdo, aumentam sua
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solubilidade e permitem uma liberagdo controlada, maximizando a eficacia dos
fitoterapicos (De Oliveira, Araujo, Mosqueira, 2023; Guillén-Meléndez et al.,
2023).

Dentro dessa abordagem, o uso de produtos naturais como material
encapsulante tem se destacado. Um exemplo é a zeina, principal proteina de
armazenamento do milho, que pode ser convertida em nanoparticulas por
diferentes técnicas, incluindo métodos baseados em eletrofiacdo e
dessolvatagao. Essa proteina vegetal € capaz de encapsular moléculas bioativas
através de ligagbes de hidrogénio ou interagdes hidrofébicas conferindo maior
estabilidade aos compostos e simulando sistemas naturais. Tendo em vista que
de estudos sobre P. cattleianum encapsulado ainda sao escassos na literatura,
torna-se promissora a aplicagdo da nanotecnologia neste contexto, permitindo
assim, ampliar sua funcionalidade, além de possibilitar novas estratégias para o
desenvolvimento de terapias inovadoras e sustentaveis (Gali, Pirozzi, Donsi,
2023).
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2. OBJETIVOS

2.1 Objetivo geral

Avaliar os efeitos in vitro do extrato livre e nanoencapsulado de aracga
vermelho em parametros inflamatérios e oxidantes em cortex cerebral de ratos

e em cultura primaria de astrdcitos.

2.2. Objetivos especificos

¢ Avaliar o potencial antioxidante do extrato livre e nanoencapsulado de aracga
vermelho em parametros de estresse oxidativo em cortex cerebral de ratos
em um modelo in vitro de dano oxidativo induzido por peréxido de hidrogénio
(H203) e sulfato ferroso (FeSO,).

e Investigar a citotoxicidade do extrato livre e nanoencapsulado de araga

vermelho em cultura primaria de astrécitos expostas ou ndo ao LPS.

e Avaliar os efeitos do extrato de araca vermelho livre e nanoencapsulado
sobre parametros de estresse oxidativo em cultura primaria de astrocitos

expostas ao LPS.

e Avaliar a atividade da enzima AChE em cultura primaria de astrécitos exposta

ao LPS e tratadas com extrato livre e nanoencapsulado de araca vermelho.

e Avaliar os niveis de IL-10 em cultura primaria de astrécitos expostas ao LPS

e tratadas com extrato livre e nanoencapsulado de araga vermelho.

12



3. REFERENCIAL TEORICO

3.1. Potencial bioativo do araga vermelho

O aragca é um fruto apresentado na forma de uma pequena baga,
pertencente a familia Myrtaceae (Munieweg et al., 2023). Popularmente, é
conhecido por diversos nomes, como araga, araga-do-campo, goiaba-morango,
goiaba-cereja, goiaba-cattley, araga-amarelo, araga-vermelho, araga-de-comer,
araca-da-praia, araga-de-coroa e araca-do-mato (Elsayed et al., 2023; Correia et
al., 2022; Rosario et al., 2021).

A familia Myrtaceae € composta por aproximadamente 121 géneros e
5.800 espécies (Farias et al., 2020), sendo amplamente distribuida em regides
tropicais e subtropicais, com predominancia significativa na Mata Atlantica.
Dentro dessa familia, destaca-se o género Psidium, originario das Américas
tropicais e subtropicais abrangendo a espécie cattleianum (Correia et al., 2022).
A planta encontra-se na forma de arvores ou arbustos, estando amplamente
distribuida no territério brasileiro, além de ser encontrado no Uruguai (Machado
et al., 2023). Possui notavel capacidade de adaptacao a distintas condi¢des
climaticas o que contribui para sua ampla ocorréncia geografica (Munieweg et
al., 2023).

Em relagcdo ao cultivo, o araga é geralmente encontrado em hortas
domésticas (Rosario et al., 2021). Esses frutos sdo caracterizados por seu
pequeno tamanho, formato ovoide, polpa translucida e sabor que varia do doce
ao levemente acido. Cada fruto contém numerosas sementes, que podem variar
de 22 a 250 por unidade (Correia et al., 2022). Em seu aspecto morfoldgico, o
epicarpo pode apresentar coloracdo amarela ou vermelha. Os frutos com
epicarpo e endocarpo vermelhos sdo menos frequentes, sendo que
aproximadamente 80% apresentam endocarpo branco ou creme (Machado et
al., 2023). Estudos apontam que as variedades vermelhas concentram maiores
teores de compostos fendlicos, 0 que aumenta seu valor nutricional e funcional
(Beltrame et al., 2023).

O fruto de P. cattleianum é reconhecido por sua riqueza em compostos
bioativos. Estudos ja demonstraram que o extrato do araga vermelho apresenta

concentracdes expressivas de quercetina e acido elagico (Pereira et al., 2020).
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Além disso, em menores quantidades, sdo encontrados os acidos fendlicos
galico, vanilico e p-cumarico, os flavonoides miricetina, catequina e kaempferol,
bem como as antocianinas cianidina, malvidina e delfinidina (Mallmann et al.,
2020; Pereira et al., 2020). O elevado potencial bioativo desses compostos
fendlicos deve-se, principalmente, a presenca de grupos hidroxila em suas
estruturas quimicas, os quais contribuem para a estabilizagdo de radicais livres
(Zandona et al.,, 2020). Os polifendis, metabdlitos originados das rotas
biossintéticas do chiquimato e/ou acetato-malonato, apresentam notavel
diversidade estrutural e estdo amplamente presentes em alimentos de origem
vegetal (Gentile et al., 2023).

Apesar do seu expressivo potencial fitoquimico, o araca ainda € uma
espécie vegetal pouco explorada cientificamente. No entanto, seus frutos tém
ganhado destaque devido a abundancia de compostos fendlicos com
comprovadas atividades anti-inflamatdrias, citotdxicas, antiproliferativas e
neuroprotetoras (Filho et al., 2022; Wrébel-Biedrawa et al., 2022). Além disso, o
consumo do araga tem sido associado a prevencao de sindrome metabdlica
(Oliveira et al., 2018), bem como a sua elevada capacidade antioxidante
(Cardoso et al., 2023; Machado et al., 2023; Pereira et al., 2020).

3.2 Estresse oxidativo

3.2.1 Geragao de espécies reativas

O estresse oxidativo é o resultado de um acumulo excessivo de espécies
reativas de oxigénio (EROs) e de nitrogénio (ERNs). Essa condi¢ao surge devido
a um desequilibrio entre a geragao dessas espécies reativas e a capacidade do
sistema antioxidante celular em neutraliza-las (Nishimura et al., 2021).

A propensdo do oxigénio a participar de reagdes que levam a formacéao
de radicais livres esta relacionada a sua configuragéo eletrdénica, que inclui dois
elétrons desemparelhados em sua camada mais externa. Essa caracteristica o
torna apto a aceitar elétrons de outras moléculas, oxidando-as enquanto é
simultaneamente reduzido (Teleanu et al., 2022; Olufunmilayo, Gerke-Duncan,
Holsinger, 2023). Dentre as principais EROs destacam-se o oxigénio singlete
(O3), 0 anion superoxido (O,+7), o radical hidroxila (HO+) e 0 H,O,, uma ERO né&o
radicalar (Tabela 1) (Haider, Jaskani, Fang, 2021).
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Embora exergam fungbes fundamentais na fisiologia celular, como a
regulacdo da homeostase por meio da sinalizagdo redox, a defesa contra
patogenos, facilitacdo do dobramento proteico e a produgcdo de adenosina
trifosfato (ATP), o excesso de EROs pode danificar as estruturas celulares, como
DNA, acido ribonucleico (RNA), proteinas e lipidios. Esses danos estabelecem
0 quadro de estresse oxidativo, caracterizado pela faléncia dos mecanismos
reguladores que normalmente mantém o equilibrio entre processos oxidativos e
antioxidantes (Olufunmilayo, Gerke-Duncan, Holsinger, 2023; Nishimura et al.,
2021).

A principal fonte de espécies reativas sao as mitocondrias, uma vez que
a maioria dos radicais livres sdo formados como subproduto das reacdes da
cadeia de transporte de elétrons. Esse sistema é responsavel pela geracédo de
ATP por meio da fosforilagdo oxidativa, processo que envolve uma série
coordenada de reagdes de transferéncia de elétrons, durante as quais ocorre a
producao de EROs (lonescu-Tucker, Cotman, 2021; Nolfi-Donegan, Braganza,
Shiva, 2020).

A fosforilagdo oxidativa se da através da passagem de elétrons por cinco
complexos (I a V), localizados na membrana mitocondrial interna. Os complexos
| e Il iniciam o processo ao oxidar NADH em NAD* e FADH, em FAD*,
respectivamente. Os elétrons sao entao transferidos para o complexo Il por meio
da coenzima Q, e posteriormente para o citocromo c (Nishimura et al., 2021).
Uma vez que é reduzido, o citocromo c transporta elétrons do Complexo Il para
o Complexo IV. No complexo IV, encontram-se grupos heme e atomos de cobre,
onde o oxigénio molecular se liga recebendo quatro elétrons e é entao, reduzido
a duas moléculas de agua. Durante esse processo, os complexos |, lll e IV
bombeiam prétons da matriz mitocondrial para o espago intermembranar,
estabelecendo um gradiente eletroquimico. O complexo V (ATP sintase) utiliza
esse gradiente para sintetizar ATP a partir de adenosina difosfato (ADP) e fosfato
inorganico (Nolfi-Donegan, Braganza, Shiva, 2020; Nishimura et al., 2021). A
formagao de O, pode ocorrer como subproduto do transporte eletrénico,
envolvendo o vazamento de elétrons individuais dos complexos I, Il e Ill da
cadeia, levando a reducdo parcial do oxigénio molecular podendo, portanto,

gerar a produgao anormal de O,*~ e posteriormente, H,O, e OH®, contribuindo
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diretamente para o estresse oxidativo (lonescu-Tucker, Cotman, 2021; Nishimura
et al., 2021; Nolfi-Donegan, Braganza, Shiva, 2020).

Os radicais O, reagem com outro radical superéxido em uma reacao de
dismutagao, na qual um radical € oxidado a O, enquanto o outro é reduzido a
H,O, (Tvrda, Benko, 2020). Pode ainda, ser gerado através de processos
enzimaticos mediados por enzimas como NADPH oxidase, xantina oxidase e
peroxidases (Olufunmilayo, Gerke-Duncan, Holsinger, 2023). O H,0O,, por sua
vez, é produzido por varias oxidases, incluindo D-aminoacidos oxidases e a
prépria xantina oxidase. Frequentemente a partir do H,O, é gerado OHe« na
presencga de ions metalicos, particularmente o Fe?*, que atua como catalisador
na reagao de Fenton. O OH' também pode ser formado pela reagdo de Haber
Weiss, que compreende interagdes entre O, e H,0,. Esse radical livre é

considerado o mais reativo em sistemas bioldgicos (Tvrda, Benko, 2020).

Tabela 1. Principais espécies reativas de oxigénio.

Espécie Reacao Bioquimica

Formado pela reducdo univalente do oxigénio

Superoxido molecular:
(©:) 0,+e — 0y
Peréxido de hidrogénio Formado pela dismutagao do superoxido:
(H.0,) 20, + 2H" — O, + H,0,
Formado na reacao de Fenton:
Radical hidroxila H,O, + Fe** — Fe3** + OH™+ OH-
(OH-) e na reagao de Harber-Weiss:

Oz°_ + H202 — OH_ + OH‘ + 02
Fonte: Adaptado de Olufunmilayo, Gerke-Duncan, Holsinger, 2023.

Além dos processos enddégenos que impulsionam o estresse oxidativo,
também podem ocorrer mecanismos responsaveis pela geracao de radicais
livres. Nesses processos, moléculas de oxigénio reagem com compostos
organicos em resposta a exposicao das células a fatores exdégenos, como
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xenobidticos, radiacdo ionizante, infecgbes virais e bacterianas, dieta
inadequada, consumo de alcool e tabagismo (Olufunmilayo, Gerke-Duncan,
Holsinger, 2023).

3.3 Mecanismos antioxidantes

Uma barreira antioxidante apropriada €& necessaria para limitar a
concentracdo de espécies reativas a um nivel fisiolégico. Sendo assim, as
enzimas antioxidantes atuam convertendo as EROs em espécies mais estaveis,
representando um importante mecanismo de defesa contra o estresse oxidativo,
bem como esta ilustrado na Figura 1. Esse sistema é composto majoritariamente

pelas enzimas SOD, CAT e GPx (Olufunmilayo, Gerke-Duncan, Holsinger, 2023).

02-
H:0 + O,
HO +«
GSH GSSG

J

Figura 1. Mecanismo de acdo das enzimas antioxidantes SOD, CAT e GPx.

Fonte: Autoria propria.

A SOD atua na defesa do organismo contra agentes oxidantes
biolégicos. Essa enzima contém metais de transicdo e esta presente em todos
0s organismos que dependem de oxigénio. Sua fungao consiste em converter
duas moléculas de O,-~ em H,0, e O,, contribuindo para a manutencédo do

equilibrio redox celular (Jomova et al., 2024).
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A CAT exerce predominantemente uma atividade catalitica através da
dismutaggo de H,O, em HO e 0O, Além disso, pode
decompor peroxinitrito (ONOO ~), oxidar 6xido nitrico (NO) em diéxido de
nitrogénio (NOz2) e metabolizar espécies reativas de sulfeto (Glorieux, Calderdn,
2024). A GPx é uma familia de enzimas antioxidantes que apresenta diferentes
isoformas, ela atua em conjunto com a SOD e a CAT para formar a primeira linha
de defesa contra o estresse oxidativo. A GPx catalisa a reducdo de
hidroperéxidos, como o H,0O,, em H20 por meio da oxidagdo da GSH em sua
forma oxidada (GSSH) (Jomova et al., 2024).

O sistema antioxidante pode ser ainda, ndo enzimatico incluindo
substancias como a GSH, vitaminas A, E e C, tioredoxina (Trx), flavonoides,
proteinas como a albumina, ceruloplasmina e metalotioneina e oligoelementos.
Estes, exercem influéncia direta no sequestro das EROs reduzindo assim seus

efeitos deletérios (Olufunmilayo, Gerke-Duncan, Holsinger, 2023).

3.4 Estresse oxidativo e inflamag¢ao no SNC

O SNC é formado por milhdes de neurdnios e células gliais conectados
entre si, compondo uma rede complexa que estd em constante atividade,
desempenhando um papel fundamental na regulagao das fungdes do organismo.
O comprometimento da integridade funcional dos neurdnios e células gliais esta
relacionado ao surgimento de varias doengas neuroldgicas (Gentile et al., 2023).

O estresse oxidativo € amplamente reconhecido como um dos principais
mecanismos associados a neurodegeneragao, podendo afetar fungées como
memoria, aprendizagem e cognigdo. Esses danos estdo relacionados com o
acumulo de EROs, disfungao mitocondrial e ativagdo de processos inflamatorios
(Gentile et al., 2023; Nishimura et al., 2021;). O tecido cerebral é altamente
susceptivel ao dano oxidativo pois apresenta elevada concentragdo de acidos
graxos poli-insaturados propensos a peroxidagao lipidica, a abundancia de ions
metalicos pro-oxidativos e a capacidade limitada dos sistemas antioxidantes
enzimaticos (Wrébel-Biedrawa et al., 2022).

O SNC possui alta demanda energética, o que exige intensa atividade
mitocondrial devido a sua elevada taxa metabdlica. Isso torna neurdnios,
astrécitos e microglia mais suscetiveis a producado excessiva de EROs. Os
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astrocitos sao ceélulas gliais importantes em processos relacionados ao
desenvolvimento cerebral, manutengcdo, modulagdo da transmissao sinaptica,
suporte tréfico para neurdnios e oligodendrécitos e defesa contra lesées. Ainda,
desempenham um papel essencial na imunidade inata e nas respostas
inflamatorias do SNC (Zhao et al., 2024; Olufunmilayo, Gerke-Duncan, Holsinger,
2023; Alvez, et al., 2021).

3.4.1 Papel da enzima AChE na modula¢ao da neuroinflamagao

Um dos mecanismos investigados nas ultimas décadas para o controle da
neuroinflamacédo é a sinalizagcdo mediada pela ACh. Esse neurotransmissor,
liberado por neurénios colinérgicos, exerce suas fungdes por meio da ativagao
de receptores muscarinicos e nicotinicos, modulando processos neuronais e
imunologicos no SNC. A enzima AChE desempenha um papel essencial na
neurotransmissao colinérgica, sendo responsavel pela rapida hidrélise do
neurotransmissor ACh. Alteragcdes na atividade dessa enzima estao associadas
a diversas condigdes patoldgicas, como doenga de Alzheimer, onde a inibigdo da
AChE é uma estratégia terapéutica para aumentar os niveis de ACh e melhorar
a fungao cognitiva (Ferreira, Vieira et al., 2016).

Os receptores nicotinicos de acetilcolina a7 (a7 nAChRs) sdo expressos
em astrocitos, e evidéncias da literatura indicam que sua ativagdo reduz a
secrecao de citocinas inflamatdrias induzida pelo LPS por meio da inibicdo da
via de sinalizacdo do NF-kB (Patel et al., 2017). Além disso, a ativagao desses
receptores aumenta a expressao de Nrf2, apontando para um potencial efeito
antioxidante do a7 nAChR em astrécitos (Patel et al., 2017). Esses achados
sugerem que a ativagdo do a7 nAChR em astrocitos pode exercer um papel
neuroprotetor, atenuando a inflamacgao e o estresse oxidativo.

Em consonancia, dados prévios do nosso grupo de pesquisa
demonstraram que astrécitos expostos ao LPS apresentaram um aumento na
atividade da AChE, associado a maior dano oxidativo e elevacédo nos niveis de
citocinas inflamatérias (Lopez et al., 2021). Esse aumento da atividade da AChE
pode reduzir a disponibilidade de ACh contribuindo para o agravamento do
estresse oxidativo e da resposta inflamatéria destacando assim o papel crucial

desta enzima no contexto da neuroinflamacao.
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Complementando esses achados, Oliveira e colaboradores (2018)
demonstraram que o tratamento com extrato de araga vermelho em um modelo
in vivo de sindrome metabdlica preveniu o aumento da atividade da AChE,
evidenciando suas propriedades neuroprotetoras. Assim, a investigacdo de
compostos capazes de modular esses mecanismos surge como uma estratégia
promissora para o0 desenvolvimento de abordagens terapéuticas

neuroprotetoras.

3.4.2 Papel da IL-10 na modulag¢ao da neuroinflamagao

A IL-10 €& uma citocina imunossupressora sendo considerada um
modulador anti-inflamatério da ativagdo glial (Salkeni, Naing, 2023). Essa
citocina € capaz de inibir a producao de varias citocinas pro-inflamatérias como
o TNF-q, IL-1B, IL-6 e IFN-y, contribuindo para o controle da neuroinflamacéao
excessiva e a prevengao de danos neuronais (Porro et al., 2020).

O estresse oxidativo pode ativar vias inflamatérias em astrdcitos,
estimulando a liberacdo de mediadores inflamatérios. Como astrocitos e
microglia mantém comunicagdo constante, as citocinas pré-inflamatorias
liberadas pelos astrécitos podem ativar a microglia, propagando o estado
neuroinflamatério (Olufunmilayo, Gerke-Duncan, Holsinger, 2023).

Diversos estudos tém demonstrado os efeitos anti-inflamatorios e
antioxidantes de frutos vermelhos, em que foram capazes de modular a
producao de citocinas pro-inflamatérias e reestabelecer o equilibrio redox celular
tanto em tecido cerebral quanto em culturas primarias de astrécitos (De Mello et
al., 2023; Spohr et al., 2023; Pacheco et al., 2018;). Ainda, no estudo de Alami e
colaboradores (2023) foi reportado que os polifendis da roma exercem efeitos no
combate a inflamagéo induzida por A 142, evidenciado por um aumento na

expressao da IL-10 em astrécitos humanos U373-MG.

3.5 Nanocapsulas

A nanotecnologia tem sido consolidada como uma estratégia para
aprimorar a solubilidade, estabilidade e biodisponibilidade de compostos
bioativos. Neste contexto, destaca-se a nanoencapsulagido, técnica na qual

substancias ativas sao envoltas por uma matriz formada por um material
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secundario, resultando na formagao de nanoestruturas com diametro entre 1 nm
e 1000 nm. Essa reducado de escala aumenta significativamente a relagéo
superficie-volume, favorecendo a interacdo com o meio biolégico e, como
consequéncia, promovendo maior absorgdo e eficacia terapéutica (Grabska-
Kobytecka et al., 2023).

As nanoparticulas apresentam propriedades que favorecem seu
desempenho farmacolégico em relagdo a moléculas maiores. Por essa razao,
diversas pesquisas tém se concentrado na modificacdo de parametros como
tamanho, forma, area superficial e composi¢cao quimica dessas particulas, com
0 objetivo de potencializar suas aplicagbes médicas (Yusuf et al., 2023).

Diversos sistemas de liberagdo em nanoescala tém sido utilizados para
encapsular moléculas (Luduvico et al., 2024) e extratos (de Oliveira et al, 2021;
Feridoni, Shurmasti, 2020) incluindo nanocapsulas, nanoesferas, micelas,
ciclodextrinas, nanoparticulas lipidicas soélidas e lipossomas. Esses sistemas
oferecem protegao contra degradacao enzimatica e condigdes adversas no trato
gastrointestinal, além de permitirem o controle da liberagdo de sua carga no local
de absorgéao, o que pode reduzir efeitos toxicos em 6rgaos periféricos e preservar
a atividade biolégica do composto encapsulado (Grabska-Kobytecka et al.,
2023).

3.5.1Técnica de Electrospraying

Entre os métodos de encapsulamento esta a técnica de electrospraying,
também conhecida como eletropulverizacdo ou atomizacdo eletro-
hidrodinadmica, que consiste na utilizacdo de forca eletrostatica para a obtengao
de micro e nanoestruturas (Tanhaei et al., 2021). No processo eletro-
hidrodinamico, o fluido é impulsionado com vazao controlada através de um
capilar condutor, sobre o qual se aplica uma alta tens&o. Essa aplicagao promove
forcas eletrostaticas repulsivas no interior do fluido. Quando tais forcas excedem
a tensao superficial do fluido, um jato eletricamente carregado é emitido na
diregao de um eletrodo coletor, normalmente aterrado. Durante o percurso até o
coletor, o solvente se volatiliza rapidamente devido a alta razéao

superficie/volume, além da influéncia das forgas repulsivas, o que culmina na
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formagao e deposi¢cdo de material seco sobre o coletor (Gémez-Mascaraquea,

Lopez-Rubio, 2019). Esse mecanismo encontra-se representado na Figura 1.
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Figura 2. Representacdo do processo de electrospraying. Fonte: Adaptado de

Gdémez-Mascaraquea, Lopez-Rubio, 2019.

A morfologia, tamanho da particula, viscosidade e densidade do material
formado, bem como alta condutividade elétrica para a formagao estavel do jato
depende dos parametros operacionais como voltagem, fluxo e distancia do
coletor. Assim, a técnica permite a obtengdo de nanoparticulas como matrizes
que fornecem protecao potencial a farmacos, contra fatores ambientais (Campos
et al., 2023).

3.5.2 Zeina

A zeina é uma proteina vegetal extraida do milho (Zea mays L.),
pertencente ao grupo das prolaminas que sao insolluveis em meio aquoso, sua
principal composicao € de acido glutamico, leucina, prolina e alanina, com uma
quantidade relativamente alta de aminoacidos apolares (Campos et al., 2023).

Essa proteina tem se mostrado promissora para a sintese de nanoparticulas
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devido as suas propriedades, incluindo reprodutibilidade, biodegradabilidade,
biocompatibilidade e capacidade de fixar farmacos e ligantes hidrofébicos e
hidrofilicos em sua superficie, em comparagdo com outras nanoparticulas
proteicas (Campos et al., 2023). As propriedades unicas do polimero de zeina
permitiram o encapsulamento de diferentes bioativos, incluindo luteina (Li et al.,
2020), quercetina (Campion et al, 2023), acido tanico (Simdes et al, 2024) e acido
galico (Xu, Wei, Xue, 2023).

O interesse pela zeina deve-se ainda, a sua solubilidade em etanol, um
solvente com caracteristicas fisico-quimicas mais adequadas ao processamento
eletro-hidrodindmico em comparacdo a agua. O etanol apresenta menor
condutividade elétrica, tensao superficial e ponto de ebulicdo, fatores que
favorecem a formacgado de particulas uniformes e facilitam a evaporacdo do
solvente, além de ser permitido para aplicagdes alimenticias (Gémez-
Mascaraquea, Lopez-Rubio, 2019). Além disso, as nanoparticulas a base de
proteinas sao importantes na nanotecnologia porque esses nanocarreadores
sdo biodegradaveis, ndo antigénicos e metabolizaveis, além de apresentarem
diversas possibilidades de funcionalizagdo e modificacdo de superficie para
fixacao covalente de farmacos (Campos et al., 2023).

O potencial antioxidante de formulagdes baseadas em nanotecnologia
utilizando o polimero zeina é evidenciado no estudo de Zou e colaboradores
(2021) onde foi produzido nanoparticulas de zeina contendo quercetina. Em
comparagao com a quercetina livre, observou-se in vitro um maior potencial
antioxidante e uma redugdo na producdo de espécies reativas de oxigénio
intracelular pela linhagem celular de hepatoblastoma com a quercetina
encapsulada. Ademais, Tavares e colaboradores (2021) encapsularam o acido
elagico em nanoparticulas de zeina e demonstraram que o acido elagico
apresenta uma alta e imediata atividade antioxidante enquanto as nanoparticulas
de zeina carregadas com &acido elagico, uma atividade antioxidante sustentada.
Ainda, o encapsulamento de nanoparticulas de zeina apresenta alta eficiéncia
de encapsulamento, boa retencdo e distribuicdo das moléculas, acao
potencializada e protegédo contra degradagéo no sistema digestivo (Campos et
al., 2023).
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4. MANUSCRITO

Os resultados apresentados nesta dissertagdo estdo estruturados na
forma de manuscrito cientifico de acordo com as normas da revista

BioNanoScience (fator de impacto 3.2).
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Abstract

Psidium cattleianum is a fruit rich in phenolic compounds, recognized for its antioxidant
and anti-inflammatory properties, which provide significant therapeutic potential in
conditions associated with oxidative stress and inflammation in the central nervous
system (CNS). In this context, astrocytes play a central role in neuroinflammation,
modulating the immune response in the CNS through the release of cytokines and free
radicals, which can contribute to both neuroprotection and neuronal damage. However,
the limited bioavailability and stability of the phenolic compounds from P. cattleianum
may reduce their biological efficacy. This study evaluated the effects of free and
nanoencapsulated of P. cattleianum extract on oxidative and inflammatory parameters in
rat brain tissue and in primary astrocyte cultures exposed to lipopolysaccharide (LPS).
The nanocapsules, coated with zein and containing 0%, 30% (100 and 200 pg/mL), and
50% (v/v) (100 and 200 pg/mL) of hydroalcoholic extract, as well as the free extract (100
and 200 pg/mL), were tested in in vitro oxidative stress protocols induced by hydrogen
peroxide and ferrous sulfate. In the cell culture experiments, astrocytes were treated with
free extract (100 pg/mL) or 50% nanoencapsulated extract (100 pg/mL) for 72 hours and
exposed to LPS for 3 hours. In these cells, oxidative stress parameters,
acetylcholinesterase (AChE) activity, and interleukin-10 (IL-10) levels were assessed. In
the in vitro oxidative stress protocol, after one hour of incubation, both free and
nanoencapsulated extracts reduced thiobarbituric acid reactive substances (TBARS)
levels similarly. Regarding nitrite levels, the nanoencapsulated extract proved more
effective than the free extract. After three hours of incubation, the nanoencapsulated
extract showed greater effectiveness in reducing TBARS levels compared with the free
extract (200 pg/mL). LPS exposure reduced astrocyte viability and IL-10 levels, induced
oxidative damage, and increased AChE activity. Both the free and nanoencapsulated
extracts were able to prevent these alterations; however, the nanoencapsulated extract
demonstrated greater efficacy in preventing changes in catalase (CAT) and superoxide
dismutase (SOD) activity, AChE activity, and IL-10 levels. These findings highlight the
glioprotective potential of the P. cattleianum extract, reinforcing nanotechnology as a
promising strategy to enhance the biological activity of bioactive compounds in the

context of neuroinflammation.

Keywords: Nanocapsules; Nanoencapsulation; Neuroprotection; Fruit; Polyphenols,
astrocytes
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1. Introduction

Psidium cattleianum is a fruit rich in phenolic compounds with well-documented
biological activities, including anti-inflammatory, neuroprotective, and antioxidant
effects [1,2,3,4], as well as anti-hyperglycemic and anti-hyperlipidemic properties [1].
Although the free extract exhibits notable effects, its limited solubility, stability, and
bioavailability can restrict efficacy. Incorporating these compounds into nanostructured
delivery systems provides an effective strategy to enhance their stability, absorption and
potentially biological activities [5].

Among the available techniques, nanoencapsulation via electrospraying stands out
for producing stable nanoparticles suitable for food and pharmaceutical applications [6,7].
Zein, a plant protein extracted from corn, has proven to be a versatile nanocarrier due to
its biocompatibility, high encapsulation efficiency, stability, protection against
degradation in the digestive tract, and potential for the controlled release of bioactive
compounds [8].

In the brain context, astrocytes are the most abundant glial cells in central nervous
system (CNS) and play a critical role in maintaining brain homeostasis [9]. They
contribute to neuronal protection by providing antioxidant support primarily through the
regulation of the Nrf2 pathway, which controls the expression of numerous antioxidant
genes [10]. Beyond these physiological functions, astrocytes are also key modulators of
neuroinflammation. Following CNS injury, they become activated and release a variety
of molecules, including reactive species and cytokines, which can either exacerbate or
mitigate inflammatory responses [11].

Oxidative stress is closely linked to neuroinflammation and plays a central role in
the onset and progression of neurodegenerative disorders [12,13]. It arises from an
imbalance between the production of reactive oxygen and nitrogen species (ROS/RNS)
and the capacity of antioxidant defenses to neutralize them [12]. Major ROS, including
singlet oxygen, superoxide anion, hydroxyl radical, and hydrogen peroxide, can cause
significant damage to brain tissue when present in excess [14]. Under pathological
conditions, oxidative stress activates inflammatory pathways, promoting the release of
pro-inflammatory cytokines. This process triggers astrogliosis and amplifies
neuroinflammation through astrocyte—microglia interactions [15,16]. Conversely, anti-
inflammatory modulators such as IL-10 and acetylcholine (ACh) play a fundamental role

in regulating the glial response. The enzyme AChE is a strategic therapeutic target
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because it regulates the availability of ACh and, consequently, modulates
neuroinflammatory processes [17].

Thus, the aim of the present study was to investigate the effects of hydroalcoholic
P cattleianum extract, in both free and nanoencapsulated forms, on cell viability,
oxidative stress parameters, AChE activity, and IL-10 levels in primary astrocyte cultures
exposed to the LPS, a potent inducer of inflammation. Additionally, we also evaluated the
effects of both free and nanoencapsulated extract on brain tissue homogenates in an in

vitro oxidative stress model induced by hydrogen peroxide and ferrous sulfate.

2. Materials and Methods

2.1 Reagents

LPS from Escherichia coli (0127:BY8), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), sodium bicarbonate (NaHCO3), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), sulforhodamine B
(SRB), Coomassie Brilliant Blue G, and 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) were
obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). Hydrogen peroxide were
purchased from Synth® (Brazil). Dulbecco’s Modified Eagle’s Medium (DMEM),
fungizone, penicillin/streptomycin, 0.5% trypsin/ethylenediaminetetraacetic acid
(EDTA) solution, and fetal bovine serum (FBS) were obtained from Gibco (Gibco BRL,
Carlsbad, CA, USA). All other reagents used in the experiments were of analytical grade.

2.2 P, cattleianum extract

P cattleianum fruits were obtained from Empresa Brasileira de Pesquisa
Agropecudria de Clima Temperado (EMBRAPA) in Pelotas, RS, Brazil (31° 40" 50.6" S;
52°26'23.1" W). After collection, the fruits were stored at —20 °C, protected from light,
until use. The P. cattleianum extract was prepared following Bordignon et al. [18]. Briefly,
30 g of chopped fruit were macerated with 1 L of 70% ethanol (pH 1.0) and sonicated for
30 min at 25 °C. The mixture was filtered, and the extraction was repeated four times on
the residue with fresh ethanol. The combined filtrate was adjusted to pH 4.0 and stored at
—20 °C in the dark. Afterwards, the extract was concentrated via rotary evaporation at 37
°C with gradual adjustment of rotation speed (60—100 rpm) and pressure (165—110 bar)
until dripping ceased. The resulting extract was then stored at — 80 °C, protected from

light, until lyophilization. The phytochemical composition of the P. cattleianum extract
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was previously characterized by our research group. The total phenolic content was 16.72
+ 0.26 mg/g of dried extract, while the total flavonoid content was 15.24 + 2.09 mg/g.
The extract contained 2.48 + 0.09 mg/g of anthocyanins, with cyanidin-3-O-glucoside

identified as major component [1].

2.3 P. cattleianum nanocapsules

For nanocapsule preparation, the hydroalcoholic extract was first lyophilized
without prior rotary evaporation. A 9% (v/v) zein solution was then prepared in 70%
ethanol under continuous stirring. Polymeric mixtures containing the crude extract and
zein solution were formulated in the following volume ratios: 0/100 (empty zein
nanocapsules), 30/70 (30% extract), and 50/50 (50% extract), following Radiinz et al.
[19]. Electrospraying was performed in a horizontal chamber equipped with a high-
voltage power supply, infusion pump, and metallic collector. The process was conducted
at ~18 °C and ~40% relative humidity, using a flow rate of 1 mL/h, a 10 cm distance
between the needle and collector, +16 kV at the needle tip, and —8 kV at the collector. A
1 mL syringe with a 0.45 mm needle was employed, yielding the final product as a fine
powder. The analysis of the average diameter showed sizes within the nanometric range,
with the following values: empty nanocapsule: 760 nm; 30% P. cattleianum nanocapsule:
480 nm; 50% P. cattleianum nanocapsule: 320 nm. Encapsulation efficiency (50% extract

— 87.0%).

2.4 Animals

Neonatal (1-2 days old) and adult (60 days old) male Wistar rats were used in this
study. All animals were obtained from the Central Animal Facility of the Federal
University of Pelotas and housed under a controlled temperature (22 + 2 °C) with a
standard 12 h light/dark cycle. All experimental procedures were approved by the Animal
Ethics and Experimentation Committee of the Federal University of Pelotas (protocol
CEUA 035420/2022-89) and conducted in accordance with the Brazilian Guidelines for
the Care and Use of Animals in Scientific Research (DCBA) and the standards of the
National Council for the Control of Animal Experimentation (CONCEA).
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2.5 In vitro antioxidant potential of free and nanoencapsulated P. cattleianum extract

in brain tissue

In this experimental protocol, five adult male rats were used. The animals were
previously anesthetized using isoflurane and euthanized. The brains were carefully
removed and the cerebellum was discarded, and the remaining brain tissue was
homogenized in sodium phosphate buffer (20 mM, pH 7.4) supplemented with KCI (140
mM). The homogenates were centrifuged at 3500 rpm for 10 min at 4 °C, and the resulting
supernatant was used for oxidative stress analyses, as described by De Mello et al. [20]
with minor modifications. To induce oxidative stress in vitro, 20 pL of hydrogen peroxide
(H203, 5 mM) and 10 pL of ferrous sulfate (FeSO,, 20 uM) were added to 440 pL of
brain tissue homogenate. For antioxidant potential assessment, 25 pL of free and
nanoencapsulated extract solutions (100 and 200 pg/mL; 30% and 50%, respectively), 25
uL of empty zein nanocapsules (200 pg/mL), and 30 puL of ascorbic acid (AA, 0.1 mol/L,
diluted in DMSO) were tested. Samples were incubated at 37 °C for 1 and 3 hours.
Ascorbic acid was used as the standard antioxidant. The experimental conditions were
defined as follows: Control (C), homogenates not exposed to H,O, + FeSO,; Induced
Control (IC), homogenates exposed to H,O, + FeSO,, AA, extract free or extract
nanocapsules and zein nanocapsules. After the time of 1 and 3 hours the incubation, the
samples were used to evaluate the levels of TBARS and nitrites. Protein concentration in
the samples was determined according to the method of Lowry ef al. [21], using bovine

serum albumin as the standard.

2.6 Evaluation of free and nanoencapsulated P. cattleianum extract in astrocytes

culture exposed to LPS
2.6.1 Primary astrocyte culture

Primary astrocyte cultures were prepared as described by Gottfried et al. [22].
Neonatal Wistar rats were euthanized, after which the encephalon was removed and the
cerebral cortex dissected. Cortical tissue was mechanically dissociated by pipetting in a
balanced saline solution (pH 7.4) containing calcium and magnesium to obtain a cell
suspension. The suspension was centrifuged at 1000 rpm for 10 min, and the pellet was
resuspended in Dulbecco’s Modified Eagle Medium (DMEM, pH 7.6) supplemented with

10% fetal bovine serum (FBS). Cells were seeded into 6- and 96-well plates previously
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coated with poly-L-lysine. Four hours after plating, cells were washed with phosphate-
buffered saline (PBS), and fresh medium was added. Cultures were maintained at 37 °C
in a humidified atmosphere with 5% CO, for 20 days, allowing cell confluence and
maturation, with medium replaced every 4 days. All procedures were performed in three

independent experiments (n = 3).

2.6.2 Astrocyte exposure to LPS and treatment with free and nanoencapsulated P.

cattleianum extracts

P cattleianum extracts, in both free and nanoencapsulated (50%) forms, as well
as zein, were initially dissolved in DMSO (10 mg/mL) and subsequently diluted in
DMEM supplemented with 10% FBS to achieve final concentrations of 50, 100, and/or
200 pg/mL [23]. To assess their potential in preventing neuroinflammation, primary
astrocyte cultures were pretreated with either the free or nanoencapsulated extracts, or
with zein. After 72 h of exposure, cells were stimulated with LPS (1 ug/mL) for 3 h to
induce the inflammatory response [23,24,25]. Control cells received only DMSO
(0.05%).

In this culture, cell viability as well as oxidative and inflammatory parameters
were evaluated. For biochemical analyses, cell cultures were carefully washed twice with
sterile water to remove residual medium. Cellular lysates were then prepared manually
using a cell scraper and centrifuged at 1000 rpm for 10 min [26]. The resulting pellet was
discarded, and the supernatant was collected for the determination of AChE activity,
oxidative stress markers, and IL-10 levels. Protein concentration in the samples was
determined according to the method of Lowry ef al. [21], using bovine serum albumin as

the standard.

2.6.3 Cell viability assay

Cell viability was assessed using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide) assay, which evaluates cellular metabolic activity through
the reduction of the MTT salt to formazan crystals, catalyzed by mitochondrial
dehydrogenase enzymes [27]. For this purpose, the cultures were first washed with CMF
and then incubated with an MTT solution (0.5 mg/mL per well) at 37 °C in a humidified
atmosphere containing 5% CO, for 90 minutes. After this period, the medium was

carefully removed, and the formed formazan crystals were solubilized in DMSO. The
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optical density (OD) was measured at a wavelength of 492 nm using a microplate reader.
Data are expressed as mean + standard error of the mean (SEM). Cell viability was
expressed relative to the control group according to the following equation: Cell viability

(%) = (OD of treated cells / OD of control) % 100.
2.6.4 AChE Activity

AChE activity in primary astrocyte cultures was evaluated using the
spectrophotometric as previously described [26]. The assay is based on the reaction that
produces the yellow (DTNB anion, with its formation monitored by measuring
absorbance at 412 nm every 30 seconds over a period of 2 minutes at 27 °C. Results were

expressed as pmol of AcSCh/h/mg of protein.
2.6.5 Determination of I1L-10 levels

IL-10 levels were assessed in the cell culture supernatant using an enzyme-linked
immunosorbent assay (ELISA) kit. IL-10 concentration was determined according to the

manufacturer’s instructions and expressed in pg/mL.
2.6.6 Evaluation of oxidative stress parameters

In brain tissues and cells culture were evaluated oxidative stress parameters. The
levels of TBARS were evaluated following the protocol described by Esterbauer and
Cheeseman [28]. Samples supernatant were mixed with trichloroacetic acid (10 %)
followed by centrifugation. The supernatant was collected and mixed with thiobarbituric
acid (TBA) (0.67%) and incubated at 100°C for 30 min. TBARS levels were determined
by absorbance at 535 nm The results were expressed as nmol TBARS/mg protein.

Nitrite levels were quantified using the method of Stuehr and Nathan [29], in
which nitrite in an acidic medium reacts with sulfanilamide to form a diazo intermediate,
which subsequently reacts with N-1-naphthylethylenediamine dihydrochloride (NED) to
produce a red-colored compound. Absorbance was measured at 540 nm, and nitrite
concentrations were determined using a sodium nitrite standard curve, with results
expressed as uM nitrite/ mg of protein. Total thiol (SH) content was determined following
the method of Aksenov and Markesbery [30], based on the reaction of thiols DTNB,
forming 1,3,5-trinitrobenzene (TNB), and results were reported as nmol TNB/mg protein.

SOD activity was determined according to the method described by Misra and

Fridovich [31], which assesses the inhibition of adrenaline auto-oxidation in an alkaline,
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superoxide-dependent medium. Results were expressed as SOD units/ mg of protein. CAT
activity was measured following the method of Aebi [32], based on the decomposition of
H>0:> in the samples. Absorbance was recorded at 240 nm, and results are reported as CAT

units/mg of protein.

2.7 Statistical analysis

Statistical analyses were performed using one-way analysis of variance (ANOVA)
with GraphPad Prism 8 software (Prism GraphPad Software, San Diego, USA). Data
were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons test. A p-
value < 0.05 was considered statistically significant. Measured values are presented as

mean + SEM.

3. Results

3.1 Free and encapsulated P. cattleianum extracts in brain tissue exposed to oxidant

medium in vitro

Brain samples exposed to H,O, combined with FeSO, by 1 hour showed a
significant increase in TBARS levels (TBARS/mg/protein) (CI group: 17.01 + 1.793; P <
0.0001) compared to the control (8.154 &+ 0.532). The extract free in both concentrations
100 and 200 pg/ml (9.754 + 0.938 and 10.14 + 0.908 respectively; P < 0.0001) and
nanoencapsuled (7.152 £ 0.184 and 7.316 + 0.1552 for 30% respectively; 7.216 + 0.338
and 7.264 + 0.197 for 50%; P < 0.0001) prevented the increase in TBARS levels when
compared to CI group. The results were similar to antioxidant standard AA (5.952 +
0.342). Additionally, zein also prevented the TBARS levels (7.990 + 0.354; P < 0.0001)
(Figure 1A).

Similarly, nitrite levels (WM nitrite/mg/protein) were also was increased in
cerebral tissue exposed to H,O, combined with FeSO, (6.925 + 0.4846) when compared
to control (4.314 + 0.3091 P < 0.0004). Only free extract in the concentration of 200
ng/ml was capable to prevent this alteration P < 0.0001). Nanoencapsulated (100 and 200
png/ml) extract also prevent the increase in nitrite levels (3.769 + 0.1073; 3.260 + 0.3773
uM for 30% in their respective concentrations; 4.062 + 0.3213 uM and 3.526 + 0.2719
uM for 50% in their respective concentrations P < 0.0001) when compared to CI. Similar
effect was obtained when zein was used (4.070 = 0.1696 uM P < 0.0001) (Figure 1B).
The effects of free and naoencapsuled were similar the AA (3.699 + 0.2374).
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Analysis of SH content, expressed in TNB/mg protein, showed an increase in the
levels in the CI group (82.85 £ 4.360) in relation to control (47.34 + 3.109 P < 0.0001).
Treatment with AA (62.79 + 6.448 P < 0.0393), free extract at 200 pg/mL (57.48 + 5.477
P <0.0032), 30% nanocapsules at both concentrations (41.99 + 3.283;43.86 £2.839 P <
0.0001), 50% nanocapsules at both concentrations (37.63 + 1.827; 41.27 + 1.847 P <
0.0001), and zein (43.30 £ 0.5394 P < 0.0001) prevented this alteration. Nanocapsules
containing 50% extract (100 and 200 pg/mL) and 30% (100 pg/mL) were more effective
in preventing this alteration compared to AA. Moreover, 50% nanocapsules (100 and 200
pg/mL), 30% nanocapsules (100 and 200 pg/mL), and zein showed superior effects
compared to the free extract (100 pg/mL), while the 50% nanocapsule (100 pg/mL) was
more effective than the free extract at 200 ug/mL (Figure 1 C).

Brain samples exposed by 3 hours with H,O, combined with FeSO, showed an
increase in TBARS levels (21.19 £ 0.577 P < 0.0001) when compared to control (12.33
+ 0.348). Treatment with AA (11.04 +0.248 P <0.0001), free extract (100 pg/mL) (12.03
+ 0.5108 P < 0.0001), nanoencapsulated extract (12.61 + 0.939; 11.70 + 0.534 (30%);
12.19 £ 0.455; 13.93 = 0.630 (50%) at both concentrations P < 0.0001), and zein (16.06
+ 1.524 P < 0.0067) prevented this increase (Figure 2A). In contrast, nitrite levels
increased only in the group CI and nanoencapsulated extract (30% 100 pg/mL) (Figure
2B). An increase in SH levels was observed in CI group (89.26 + 3.944 TNB/mg protein)
were significantly increased compared to the control group (74.41 + 3.944 P < 0.0482).
Treatment with nanoencapsulated extract 30% (200 pg/mL) (67.33 + 1.506) and 50%
(100 pg/mL) (67.39 + 1.840) reduced SH content (P < 0.0005) (Figure 2C).

3.2 Effects of free and nanoencapsulated red araca extract on astrocyte viability

exposed to LPS

First, we showed that neither the free nor the nanoencapsulated form of P.
cattleianum extract induced cytotoxicity in primary astrocyte cultures after 72 h of
treatment (Figure 3). On the other hand, LPS exposure markedly reduced astrocyte
viability to 31.41% compared to the control group (P < 0.0001). The concentration of 200
ng/ml de free P. cattleianum extract also reduced the cell viability to 20%. On the other
hand, both free and the nanoencapsulated forms of araca extract (50 and 100 ug/mL) and

zein increased cell viability when compared to the LPS group. No significant effect was
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observed at the highest concentration tested of extract nanoencapsulated form (200

nug/mL) (Figure 4).

3.3 Nanoencapsulated P, cattleianum extract prevents the increase of AChE activity

in primary astrocyte cultures exposed to LPS

LPS increased the AChE activity in astrocytes (0.312 £ 0.034 pumol of
AcSCh/h/mg of protein) compared to the control (0.120 £ 0.005 P <0.0004). Treatment
with P, cattleianum free (0.208 = 0.0104 P <0.0295) and nanoencapsulated (0.1107 +
0.0148 P <0.0003) forms, as well as with zein (0.089 + 0,0228 P <0.0001) prevented
these effects. Furthermore, the nanoencapsulated extract and zein formulations exhibited
greater efficacy in preventing AChE elevation compared to the free extract (P <0.040 and

P <0.0128, respectively) (Figure 5).

3.4 Nanoencapsulated P. cattleianum extract protects against LPS-induced oxidative

stress in astrocytes

LPS increased the nitrite levels in astrocyte (16.15 £ 2.043 uM nitrite/mg/protein;
P <0.001) when compared to control cells (3.255 + 0.4733). P. cattleianum free (4.084 +
1.236 uM nitrite/mg/protein uM P < 0.0016) and nanoencapsulated (3.851 + 0.606 uM
nitrite/mg/protein; P < 0.0014) prevented this change (Figure 6A). LPS decreased the SH
levels (TNB/mg protein) (6.742 + 0.337) in relation to control cells (19.35 + 2.386 P <
0.0081) and only P. cattleianum nanoencapsulated (17.49 = 3.416 P < 0.0221) and zein
(17.98 £ 1.453; P <0.016) preventend this reduction (Figure 6B). Regarding antioxidant
enzyme activities, a decreased in SOD activity was induced by LPS (78.31 + 4.011
units/mg of protein) compared to control cells (120.1 £+ 4.143 units/mg of protein P <
0.0039), and only treatment with P. cattleianum nanoencapsulated protected against this
change (115.2 £ 4.299 units/mg of protein P < 0.0092) (Figure 6C). Free (2.585 £ 0.263
units/mg of protein; P < 0.0083) and nanoencapsulated extract (4.554 + 0.299 units/mg
of protein P < 0.0001) were able to prevent the LPS-induced reduction in CAT activity
(0.5300 = 0.06813 units/mg of protein). Moreover, the nanocapsule was more effective

in preventing this alteration compared to the free extract (P < 0.0110) (Figure 6D).

3.5 Nanoencapsulated P. cattleianum extract prevents LPS-induced changes in IL-

10 levels in astrocytes
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Regarding IL-10 levels, exposure to LPS (9.387 + 1.201 pg/mL) caused a
significant decrease in astrocytes when compared to control (51.32 + 7.893 pg/mL P <
0.0290). Notably, only the nanoencapsulated P. cattleianum increased the IL-10 levels
(90.20 £ 9.821 pg/mL; P < 0.0003) (Figure 7).

4. Discussion

This study employed two complementary experimental models: (I) an in vitro
model of oxidative stress in brain tissue, in which combined exposure to H,O, and FeSO,
triggers Fenton-type reactions, lipid peroxidation, and nitrosative imbalance, thereby
reproducing biochemical processes characteristic of CNS pathologies [20,33]; and (I) a
neuroinflammation model using primary astrocyte cultures exposed to LPS, in which cell
viability, cholinergic activity (AChE), oxidative stress markers (nitrite levels, sulfhydryl
groups, and SOD and CAT activity), and the anti-inflammatory response (IL-10 levels)
were evaluated.

It is well established in the literature that polyphenol-rich extracts are associated
with therapeutic potential in CNS-related disorders [20,33,34]. P. cattleyanum fruit
extract is particularly notable for its high content of flavonoids (e.g., quercetin), phenolic
acids (e.g., ellagic and gallic acid), and anthocyanins, especially cyanidin derivatives such
as cyanidin-3-O-glucoside [1,4]. These molecules exert multifaceted actions: they
neutralize free radicals, chelate transition metals and reduce radical formation through the
Fenton reaction, thereby promoting the expression of antioxidant enzymes and
suppressing pro-inflammatory mediators [35,36,37]. Recent evidence suggests that
cyanidin-3-glucoside can attenuate processes associated with ferroptosis by limiting free
iron accumulation and lipid peroxidation [38,39].

However, the instability of anthocyanins under environmental factors such as
light, pH, and temperature limits their practical application [40]. To overcome these
limitations, nanoencapsulation has emerged as a promising strategy to protect phenolic
compounds, control their release, and improve their bioavailability and interaction with
target cells. In this context, zein-based nanostructures, derived from corn protein, have
demonstrated considerable potential [41-43]. Thus, comparing P. cattleyanum fruit
extract with its nanoencapsulated formulation provides valuable insights into how
pharmaceutical stabilization can potentiate its biological effects.

Building upon this rationale, it becomes crucial to elucidate how such

nanostructured systems interact with neural cells, particularly under conditions of
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oxidative and inflammatory stress. Astrocytes, given their central role in maintaining
redox balance and modulating neuroinflammatory responses, represent a valuable cellular
model for these investigations. Understanding their response to bioactive compounds and
nanocarriers not only informs potential neuroprotective mechanisms but also contributes
to the development of targeted strategies against neurodegenerative processes.

In the acute oxidative stress model (1 h exposure to H,O,/FeSO,), a marked
increase in TBARS levels was observed, a classical marker of lipid peroxidation,
suggesting *OH generation through the Fenton reaction and subsequent membrane lipid
oxidation [44]. Treatment with both free and nanoencapsulated P. cattleyanum extract was
effective in preventing this effect. In fact, previous studies have described that phenolics
present in P. cattleyanum fruits may act by neutralizing reactive species, protecting
membranes, chelating iron, and thereby reducing the progression of Fenton-type reactions
[1, 2, 45,46]. Moreover, the nanoencapsulated formulation may enhance this effect. The
analysis of nitrite levels and sulthydryl groups further corroborated these findings. The
reduction in nitrites indicates modulation of the iNOS/peroxynitrite pathway [47], while
the preservation of SH groups reflects protection of protein cysteine residues and
maintenance of the glutathione reserve, the major intracellular antioxidant [48].

Considering that the one-hour period may not have been sufficient for the release
of bioactive compounds from P. cattleyanum, in this study, brain tissue samples were also
incubated with H,O,/FeSO,, free extract, and nanoencapsulated extract for a period of
three hours. After this time the protective effect of the extract is particularly in its
nanoencapsulated form remained evident in the lipid peroxidation axis, as indicated by
reduced TBARS levels. Moreover, nanocapsules, especially the 50% formulation (100
ng/mL), restored sulthydryl group levels. Therefore, while the AA and free extract groups
lost their effects, the nanocapsules enhances antioxidant efficacy by protecting and
sustaining the bioavailability of phenolic compounds. This formulation also outperformed
the 30% version, likely due to its higher phenolic content [49].

Furthermore, the 100 ng/mL concentration proved to be more effective, this may
be related to a hormetic behavior, in which the dose—response relationship is not linear
but rather biphasic. Therefore, better effects may occur at lower concentrations. Several
phytochemicals, including curcumin, resveratrol, and tomatidine, have been reported to
exert beneficial effects at low concentrations and may become harmful at higher levels

[50,51].
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Regarding the experiments with astrocytes, our results showed that LPS reduced
cell viability, decreased SOD and CAT activities as well as thiol content, increased nitrite
levels, and elevated AChE activity [24,25]. These alterations have been associated with
TLR4 activation, which initiates NF-kB—mediated pro-inflammatory cascades, resulting
in excessive production of pro-inflammatory cytokines as well as ROS and RNS. This
combined oxidative and inflammatory milieu compromises the metabolic and structural
integrity of astrocytes, leading to functional impairment and the perpetuation of
neuroinflammation [52].

While none of the formulations induced cytotoxicity in healthy astrocytes, the 100
png/mL concentration demonstrated the most pronounced protective effect on cell
viability. Also the better results using 50% extract nanoencapsulated formulation
supported its choice for subsequent experiments aimed at evaluating anti-inflammatory
and antioxidant activities. The results demonstrated that P. cattleyanum extract
particularly the nanoencapsulated formulation, effectively mitigated key aspects of LPS-
induced damage: it reduced nitrite levels, prevented thiol depletion, and restored SOD
and CAT activities. Notably, only the nanoformulation preserved SOD and CAT activity
and thiol levels. These findings are consistent with previous reports on phenolic
nanostructures, which enhanced astrocyte protection under inflammatory stress by
preserving antioxidant defenses [24, 53].

Moreover, the maintenance of IL-10 levels observed in this study represents a
highly relevant finding in the context of neuroinflammation. IL-10 is a key anti-
inflammatory regulator in the CNS, limiting excessive inflammatory responses through
activation of the JAK/STAT3 pathway and induction of regulatory gene expression,
thereby contributing to the restoration of tissue homeostasis [54].

Astrocytes express relatively high levels of the IL-10 receptor. Upon IL-10
stimulation, astrocytes secrete TGF-f3, a mediator that can attenuate microglial activation
and reduce the release of pro-inflammatory cytokines, including IL-1B and IL-6. This
astrocyte—microglia crosstalk is considered crucial for the regulation of inflammation in
neural tissue, as pharmacological blockade of TGF-f3 signaling restores pro-inflammatory
responses [55]. Here, we demonstrated that nanoestrutured P. cattleianum extract exerts
a more pronounced effect in elevating IL-10 levels compared with the free extract.

The effect of the nanosystems used in this study may be explained by two main
factors. First, the bioactive profile of P. cattleianum: El-Deeb et al. [56] demonstrated

that extracts of this species contain high levels of phenolic compounds such as quercetin,
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kaempferol, and gallic acid, associated with significant antioxidant and anti-inflammatory
activity. These metabolites reduced pro-inflammatory mediators in LPS-challenged
macrophages, favoring a regulatory environment compatible with IL-10 upregulation.
Second, the use of zein as an encapsulation matrix enhanced these effects, as zein protects
phenolics from degradation and promotes controlled release, prolonging their action in
the glial microenvironment [56].

ACh, a neurotransmitter released by cholinergic neurons, exerts its effects
through muscarinic and nicotinic receptors and is rapidly terminated by the activity of
AChE [57]. Astrocytes express a7 nicotinic acetylcholine receptors (a7 nAChRs), and
studies have shown that their activation can suppress LPS-induced secretion of
inflammatory cytokines by inhibiting NF-kB signaling. In addition, a7 nAChR
stimulation promotes Nrf2 expression, indicating also a potential antioxidant role in
astrocytes [58]. Corroborating our findings, previous data from our research group
demonstrated that astrocytes exposed to LPS exhibited increased AChE activity, which
was associated with oxidative damage and elevated IL-6 levels [25]. This rise in AChE
activity induced by LPS may decrease ACh availability, thereby contributing to enhanced
inflammatory responses and underscoring the critical role of this enzyme in the context
of neuroinflammation. Importantly, P. cattleyanum extract, particularly in its
nanoencapsulated form, demonstrated a more pronounced ability to inhibit AChE activity,
suggesting a protective mechanism that may help preserve cholinergic signaling and
attenuate both oxidative stress and inflammatory processes in astrocytes.

In conclusion, our findings underscore the enhanced biological efficacy of P.
cattleyanum extract when delivered in a nanoencapsulated formulation. By improving
stability, bioavailability, and targeted cellular interactions, nanoencapsulation not only
preserved antioxidant defenses, IL-10 levels, and acetylcholine signaling in astrocytes but
also potentiated the extract’s ability to mitigate LPS-induced oxidative and inflammatory
insults. These results highlight the potential of nanostructured phenolic compounds as a
promising strategy to amplify the therapeutic effects of natural bioactive agents in CNS
disorders characterized by neuroinflammation. However, it is important to emphasize that
these findings are based on in vitro models, which, despite their relevance for mechanistic
insights, do not fully replicate the complexity of the CNS in vivo. Therefore, additional
studies employing animal models are essential to validate the translational potential of

these nanoformulations.
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Figure 1 - Oxidative stress parameters (TBARSnitrite and SH content) in brain
homogenates incubated with H,O, + FeSO, and treated with free extract (100 and 200
png/mL), 50% nanoencapsuled Psidium cattleianum extract (100 and 200 pg/mL) and zein
(200 pg/mL) for 1 hour. Values are expressed as mean = SEM from three independent
experiments (n = 3 in triplicate). Data were analyzed by ANOVA followed by Tukey’s
post hoc test. *** P < 0.001 and *** P < 0.0001 when compared to control. *P <0.05; * P
<0.01 and ¥ P < 0.0001 when compared to induced group (IC). ¥¢ P < 0.01; && p <

0.001 and ¥%&& P < (0.0001 when compared to the extract free in both concentrations.
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Figure 2 - Oxidative stress parameters (TBARS nitrite and SH content) in brain
homogenates incubated with H,O, + FeSO, and treated with free extract (100 and 200
png/mL), 50% nanoencapsuled Psidium cattleianum extract (100 and 200 pg/mL) and zein
(200 pg/mL) for 3 hours. Values are expressed as mean = SEM from three independent
experiments (n = 3 in triplicate). Data were analyzed by ANOVA followed by Tukey’s
post hoc test. * P <0.05; ** P <0.01; ** P <0.001 and ****P < 0.0001 when compared to
control group. *P <0.01; P <0.001 and *** P < 0.0001 when compared to IC. ¥*P <
0.01 and #4%& P < 0.0001 when compared to extract free in both concentrations. * P <

0.01when compared to 30% nanocapsule group.
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Figure 3 - Astrocyte viability after treatment with free extract (50, 100, and 200 ug/mL),
50% nanoencapsulated Psidium cattleyanum extract (50, 100, and 200 pg/mL), or zein
(200 pg/mL) for 72 h. Data are expressed as mean £ SEM from three independent

experiments, each performed in triplicate (n = 3).
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Figure 4 - Astrocyte viability after treatment with free extract (50, 100, and 200 pg/mL),
50% nanoencapsulated Psidium cattleyanum extract (50, 100, and 200 pg/mL), or zein
(200 pg/mL) for 72 h, followed by exposure to LPS (1 pg/mL) for 3 h. Data are presented
as mean = SEM from three independent experiments (n = 3), each performed in triplicate.
Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc
test. P < 0.01 and **** P < 0.0001 when compared to control cells. * P < 0.01; #*p <
0.001 and *** P < 0.0001 when compared to LPS group.
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Figure 5 — AChE activity in astrocytes after treatment with free extract (100 pg/mL),
50% nanoencapsuled Psidium cattleianum extract (100 pg/mL) and zein (100 pg/mL) for
72 h, followed by exposure to LPS (1 pg/mL) for 3 h. Data are presented as mean = SEM
from three independent experiments (n = 3), each performed in triplicate. Statistical
analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. *** P
< 0.001 when compared to control cells. * P < 0.05 and “* P < 0.001 when compared to

LPS group. ¢ P <0.05 when compared to free extract.
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Figure 6 — Oxidative stress parameters in astrocytes after treatment with free extract (100

png/mL), 50% nanoencapsuled Psidium cattleianum extract (100 pg/mL) and zein (100
pg/mL) for 72 h, followed by exposure to LPS (1 pg/mL) for 3 h. Nitrite levels (A),
sulthydryl content (B), SOD (C) and CAT activities (D). Data are presented as mean +

SEM from three independent experiments (n = 3), each performed in triplicate. Statistical

analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. ** P <

0.01; =+ P < 0.001 and *** P P < 0.0001 when compared to compared to control. * P <

0.05, # P < 0.01; and #### P < 0.0001 when compared to LPS group. ¢ P < 0.05 when

compared to compared to free extract.
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Figure 7 - IL-10 levels in astrocytes after treatment with free extract (100 pg/mL), 50%
nanoencapsuled Psidium cattleianum extract (100 pg/mL) and zein (100 pg/mL) for 72
h, followed by exposure to LPS (1 pg/mL) for 3 h. Data are presented as mean + SEM
from three independent experiments (n = 3), each performed in triplicate. Statistical
analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. * P <
0.05 when compared to control cells *# P < 0.001 when compared to LPS group. % P <

0.01 when compared to compared to free extract.
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5. DISCUSSAO

Os resultados obtidos neste estudo evidenciaram que o extrato de
Psidium cattleianum apresenta efeitos antioxidantes e anti-inflamatérios,
possivelmente devido a presenga de compostos bioativos como quercetina,
acidos elagico, galico e cianidina-3-O-glicosideo (Oliveira et al., 2018; Pereira et
al., 2020). Esses compostos sdo capazes de neutralizar radicais livres, quelar
metais de transi¢do, reduzir a formagao de radicais via reacdo de Fenton e
modular vias de sinalizacdo como Nrf2 e NF-kB, estimulando a expressao de
enzimas antioxidantes (Liu et al., 2025; Ali et al., 2018; Aboonabi, Singh, 2015).
Ainda, EI-Deeb e colaboradores (2024) demonstraram que compostos bioativos
presentes no extrato de P cafttleianum também sao capazes de reduzir
mediadores pré-inflamatérios em macréfagos expostos ao LPS.

As acgbes biolégicas do extrato de araga vermelho podem ser
potencializadas com a utilizagdo de nanocarreadores. O processo de
nanoencapsulagcao diminui a instabilidade de compostos como as antocianinas
frente a fatores ambientais como luz, pH e temperatura (Yang et al., 2015). Nesse
sentido, a nanoencapsulagdo surge como estratégia eficiente para proteger
compostos fendlicos, controlar sua liberacdo e intensificar a interagcdo com
células-alvo. Adicionalmente, nanoestruturas produzidas a partir da zeina, tém
se mostrado promissoras nesse contexto (Kasaai, 2018; Luduvico et al., 2024;
Tadele, Islam, Mekonnen, 2025). O uso da zeina como matriz de encapsulagao
€ capaz de potencializar os efeitos antioxidantes e anti-inflamatérios, uma vez
que pode proteger os polifendis da degradagéo e permitir liberagédo controlada,
prolongando sua agao (El-Deeb et al., 2024).

E bem estabelecido na literatura que os compostos fendlicos possuem
agdes neuroprotetoras em diferentes modelos experimentais (De Mello et al.,
2023; Spohr et al., 2022; Soares et al., 2021). A neuroinflamacgao associada ao
estresse oxidativo constitui um dos principais mecanismos patogénicos em
doencgas neurodegenerativas (Rekatsina et al., 2020). A produgao continua de
espécies reativas de oxigénio e nitrogénio provoca danos as biomoléculas,
sustentando ciclos de ativacao glial e levando ao comprometimento da fungéo
cerebral (Dash et al., 2024).
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Em condigdes fisioldgicas, os astrocitos desempenham papel essencial
no status redox do SNC removendo radicais livres, sintetizando e regenerando
a glutationa, além de auxiliar na atividade de enzimas antioxidantes como SOD
e CAT (Valles et al., 2023). Contudo, sob insultos oxidativos intensos, a
capacidade protetora dos astrocitos pode diminuir fazendo com que eles
contribuam para a amplificagdo do dano oxidativo e da resposta inflamatdria (You
et al., 2017). Desta forma, compostos naturais surgem como candidatos
promissores, uma vez que suas propriedades antioxidantes e anti-inflamatoérias
podem restaurar o equilibrio redox e diminuir a neuroinflamacao
consequentemente, protegendo o tecido neural.

Neste estudo, primeiramente foi avaliado o extrato livre e
nanoencapsulado de P. cattleianum em tecido cerebral em um modelo de
estresse oxidativo in vitro. A exposicdo combinada de H,0, com FeSO,
desencadeia reacdes do tipo Fenton, peroxidacado lipidica e desequilibrio
nitrosativo, simulando danos oxidativos tipicos de doengas do SNC (De Mello et
al., 2023; Spohr et al., 2019).

Apo6s uma hora de exposi¢cao a H,0,/FeSO,, observou-se um aumento
significativo nos niveis de TBARS, marcador de peroxidacgao lipidica, sugerindo
a geracao de *OH via reacédo de Fenton e consequente oxidagao de lipidios de
membrana (Mariutti, 2022). O tratamento com extrato de arag¢a na forma livre e
nanoencapsulada (100 e 200 pg/mL), foram capazes de reduzir de forma
semelhante esse aumento nos niveis de TBARS.

Dados da literatura ja tem relatado que polifendis presentes no araga
atuam neutralizando espécies reativas, protegendo membranas, quelando ferro
e reduzindo a propagacao de reagdes tipo Fenton (Padilla-Hernandez et al.,
2025; Cardoso et al., 2023; Cavichiolli et al., 2022; Oliveira et al., 2018). As
analises de nitritos e do conteudo tidlico total corroboraram com esses
resultados. A reducédo de nitritos sugere modulagdo da via iINOS/peroxinitrito
(Pacher, Beckman, Liadeut, 2007), enquanto a preservagao dos grupos sulfidrila
indica protecao de cisteinas proteicas e manutencao dos niveis de glutationa,
principal antioxidante intracelular (Forman, Zhang, Rinna, 2007).

Considerando que o periodo de uma hora pode néao ter sido suficiente
para a liberagdo dos compostos bioativos do araca, neste estudo as amostras

de tecido cerebral também foram incubadas com H,O,/FeSO,, extrato livre e
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extrato nanoencapsulado por um periodo de trés horas. Dos parametros
analisados (TBARS, nitritos e conteudo tidlico) pode-se observar que extrato
nanoencapsulado foi mais eficiente em reduzir os niveis de TBARS quando
comparado ao extrato livre. As nanocapsulas, especialmente a formulagao a
50% e a concentragcdo de 100 ug/mL, neste tempo, restauraram os niveis de
sulfidrila, indicando maior eficacia antioxidante pela preservagcdo e
prolongamento da biodisponibilidade dos compostos fendlicos. Esse efeito
superior a formulacédo de 30% pode estar relacionado ao maior teor fendlico e ao
menor tamanho de particula, que favorecem a internalizagdo celular (Bhardwaj,
Kundu, 2010).

Ja a baixa eficacia da concentragédo de 200 pg/mL pode estar relacionada
com um comportamento hormésico, em que ndo ha uma caracteristica linear
para dose-resposta, mas sim, bifasicas. Portanto, podem haver melhores efeitos
em menores concentragdes. Alguns fitoquimicos, incluindo a curcumina, o
resveratrol e a tomatidina (Calabrese, Mattson, Calabrese, 2010; Calabrese et
al., 2019; Fang et al.,, 2017) tém sido relatados como benéficos em baixas
concentragdes e pode se tornar prejudicial em niveis mais elevados. A zeina, por
sua composicao hidrofébica, protege compostos fendlicos da degradacao por
luz, pH ou temperatura e facilita sua liberagao sustentada, possiveis fatores que
explicam o desempenho robusto da nano-formulagao (Li, Yu, 2020; Patel et al.,
2010).

O efeito glioprotetor das formulagdes também foi evidenciado em cultura
primaria de astrocitos exposta ao LPS. Neste protocolo, verificou-se que o LPS
causou uma reducao da viabilidade celular, diminuicao da atividade de SOD e
CAT, aumento dos niveis de nitritos, elevacao da atividade da AChE e diminuicao
dos niveis de IL-10 (Alvez et al., 2021; Fachel et al., 2020). Tais alteragcdes estao
associadas a ativagdo do receptor TLR4, que desencadeia cascatas pro-
inflamatdrias mediadas por NF-kB, resultando na producdo exacerbada de
citocinas pro-inflamatérias além de ROS e RNS. Esse ambiente inflamatério e
oxidativo compromete a integridade estrutural e metabdlica dos astrocitos,
favorecendo disfungdes e perpetuando a neuroinflamacgéao (Batista et al., 2019).

Embora as formulagdes ndo tenham induzido citotoxicidade em astrocitos
saudaveis, a concentracao de 100 pg/mL apresentou melhor efeito protetor sobre
a viabilidade, justificando seu uso nos ensaios subsequentes para avaliagao das
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atividades anti-inflamatérias e antioxidantes. O extrato de araca vermelho,
especialmente na forma nanoencapsulada a 50%, reduziu os niveis de nitritos,
preservou grupos tiol e preveniu as alteragdes na atividade da SOD e CAT
induzidas pelo LPS. A nanoformulacido mostrou protecdo mais efetiva dessas
enzimas, confirmando evidéncias anteriores de que nanossistemas fendlicos
potencializam a defesa antioxidante dos astrocitos frente ao estresse
inflamatdrio (Simdes et al., 2024; Fachel et al., 2020).

Outro resultado de grande relevancia foi o aumento nos niveis de IL-10 do
extrato nanoenpasulado quando comparado ao extrato livre. A IL-10, uma das
principais citocinas anti-inflamatérias no SNC, é responsavel por controlar
respostas inflamatdrias excessivas através da ativacédo da via JAK/STAT3 e da
inducdo de genes regulatorios, contribuindo assim para o restabelecimento da
homeostase tecidual (Saraiva, Vieira, O’Garra, 2019). Astrocitos apresentam
altos niveis de receptores para IL-10 e quando expostos a essa citocina secretam
TGF-B, um mediador capaz de reduzir a ativagao microglial e a produgao de
citocinas pro-inflamatorias, como IL-13 e IL-6.

Assim, um aumento nos niveis de IL-10 em um ambiente inflamatdrio,
como observado neste estudo, sugere um mecanismo crucial de regulagao
(Norden et al., 2014). Ainda, o extrato de P. cattleianum, especialmente em sua
forma nanoencapsulada, apresentou maior capacidade de inibir a atividade da
AChE em astrocitos expostos ao LPS. Essa diminuigdo na atividade desta
enzima, pode aumentar os niveis de acetilcolina, uma molécula com ag¢des anti-

inflamatorias.

6. CONCLUSAO

Os resultados demonstram que tanto o extrato livre quanto o
nanoencapsulado de P. cattleianum foram capazes de prevenir alteragdes
induzidas em tecido cerebral em modelo in vitro de estresse oxidativo, bem como
em astrécitos expostos ao LPS. No entanto, a formulacdo nanoencapsulada
destacou-se por sua maior eficacia em restaurar a atividade das enzimas
antioxidantes, da acetilcolinesterase e em aumentar os niveis de IL-10,
evidenciando um papel mais robusto na protegdo celular contra os danos

oxidativos e inflamatdrios em astrocitos expostos ao LPS. Tais efeitos podem
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estar relacionados a maior estabilidade, biodisponibilidade e as interagdes
celulares direcionadas dos compostos bioativos quando em sua forma
nanoencapsulada. Esse estudo reforca o potencial dos compostos fendlicos
nanoestruturados como uma estratégia promissora para ampliar os efeitos
terapéuticos de agentes naturais em doengas neurologicas associadas a

neuroinflamacao.
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PARECER N° 1/2023/CEUA/REITORIA
PROCESSO N° 23110.035420/2022-89
Certificado

Certificamos que a proposta intitulada “Avaliacao farmacoldgica de
produtos naturais encapsulados pela técnica de electrospraying em modelo
animal de comportamento tipo-depressivo”, registrada com o
n° 23110.035420/2022-89, sob a responsabilidade de Francieli Moro Stefanello - que
envolve a producdo, manutencdo ou utilizacdo de animais pertencentes ao filo
Chordata, subfilo Vertebrata (exceto humanos), para fins de pesquisa cientifica (ou
ensino) — encontra-se de acordo com os preceitos da Lei n° 11.794, de 8 de outubro de
2008, do Decreto n° 6.899, de 15 de julho de 2009, e com as normas editadas pelo
Conselho Nacional de Controle de Experimentagdo Animal (CONCEA), e recebeu
parecer FAVORAVEL a sua execugio pela Comissdo de Etica no Uso de Animais da
Universidade Federal de Pelotas, em reuniao de 23/09/2022.

Finalidade ( x ) Pesquisa ( ) Ensino

Inicio: 15/10/2022 Término:

Vigéncia da autorizagdo 15/10/2025

Mus musculus / Swiss
Espécie/linhagem/raga
Rattus norvergicus / Wistar

300 camundongos
IN° de animais
36 ratos

Idade |6O dias - camundongos

https://sei.ufpel.edu.br/sei/controlador.php?acao=documento_imprimir_web&acao_origem=arvore_visualizar&id_documento=2287472&infra_sist...
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SEI/UFPel - 2031164 - Parecer

1-3 dias - ratos

30/01/2023 16:52

Machos - camundongos

Sexo
Nao estipulado - ratos

|Origem Biotério Central - UFPel

Codigo para cadastro n® CEUA 035420/2022-89

Priscila Marques Moura de Leon

Coordenadora da CEUA

] Documento assinado eletronicamente por PRISCILA MARQUES MOURA DE

=
JEl! Ij LEON, Professor do Magistério Superior, em 30/01/2023, as 16:27, conforme
horario oficial de Brasilia, com fundamento no art. 49, § 3¢, do Decreto n?

10.543, de 13 de novembro de 2020.

assinatura
{ eletrénica

1 acao=documento_conferir&id_orgao_acesso_externo=0, informando o cédigo
verificador 2031164 e o cddigo CRC 539A7821.

Referéncia: Processo n2 23110.035420/2022-89 SEI n? 2031164

https://sei.ufpel.edu.br/sei/controlador.php?acao=documento_imprimir_web&acao_origem=arvore_visualizar&id_documento=2287472&infra_sist... = 2/2


http://www.planalto.gov.br/ccivil_03/_Ato2019-2022/2020/decreto/D10543.htm
https://sei.ufpel.edu.br/sei/controlador_externo.php?acao=documento_conferir&id_orgao_acesso_externo=0
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